
i 

I 
i 
I. 
I 
I 
I 
I 
I 
I 
I 
I 
I 

NEW APPLICATIONS OF ANALYTICAL TECHNIQUES TO FOSSIL FUELS 
Introduction to the Symposium 

H.L. Retcofsky and M.B. Perry 

U.S. Department of Energy 
Pittsburgh Energy Technology Center 

P.O. Box 10940 
Pittsburgh, PA 15236 

The "New Applications of Analytical Techniques to Fossil Fuels" symposium 
was envisioned as a forum for researchers to describe (1) new twists to 
established techniques, (2) techniques only recently applied to fossil 
fuels, and ( 3 )  potentially useful techniques that have not as yet been 
applied to such materials. The response to our call for papers was over- 
whelming, the result being a four-day symposium consisting of thirty-six 
technical presentations. The podium will be shared by speakers from indus- 
trial, government, and university laboratories. We are pleased to 
acknowledge participation by three countries -- Canada, United Kingdom, and 
the United States -- all of which have well-established, on-going fossil 
fuel programs. 

ORGANIZATION OF THE SYMPOSIUM 

We resisted the urge to organize the papers into sessions according to 
analytical technique by structuring the symposium so as to place primary 
focus on the materials examined and the type of information obtained. Thus, 
one session is devoted to coal or coal macerals as total (unseparated) 
materials, while other sessions emphasize analyses for particular functional 
groups. Another session deals with compound identification, while others 
address process-oriented analysis and measurements of dynamic processes. 
Logistical consideration dictated that the three invited magnetic resonance 
papers be organized into a single session. 

Most of the symposium papers deal with instrumental methods of analysis. 
This was not unexpected because applications of modern instrumental tech- 
niques have experienced phenomenal growth since their introduction in the 
mid- and late-1940's. Figure 1 depicts historically the introduction of a 
few such techniques into the coal research programs at the Pittsburgh Energy 
Technology Center; the timetable of Figure 1 closely parallels that for 
other fossil fuels research organizations located throughout the world. The 
large number of techniques that will be described during this symposium 
suggests that periodic updates of such plots are appropriate at relatively 
short intervals. Among the many techniques included in the symposium are 
laser induced fluorescence, inverse gas chromatography, ultraviolet 
resonance Raman spectroscopy, and zero field nuclear magnetic resonance, as 
well as many of the hyphenated techniques, such as TGA-FTIR, GC-FTIR, and 
LC-MS. Classical wet methods, nonetheless, are not ignored. 
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SOME THOUGHTS FOR THE FOSSIL FUEL ANALYST 

The cu r ren t  r o l e  o f  t h e  f o s s i l  f u e l  a n a l y s t  i n  t h e  r e sea rch  environment is 
one i n  which h e  f u n c t i o n s  as an i n t e g r a l  member o f  t h e  r e sea rch  planning 
team. The a n a l y s t  faces a number of t e c h n i c a l  cha l l enges  t h a t  r e q u i r e  a 
very broad s c i e n t i f i c  knowledge covering a number o f  d i f f e r e n t  d i s c i p l i n e s .  
The lack o f  such knowledge may very Well l e a v e  t h e  f o s s i l  f u e l  a n a l y s t  
vulnerable  t o  a v a r i e t y  o f  " p e r i l s  and p i t f a l l s "  t h a t  i n  some c a s e s  are 
unique to  t h e  f o s s i l  f u e l  a r e a .  The fol lowing though t s  are given (wi th  per- 
haps a deg ree  o f  " tongue i n  cheek") t o  draw a t t e n t i o n  to  s e v e r a l  o f  t h e s e .  

Perils and Pitfalls 

Thou shalt have many samples before thee, and no one shall be considered sacred is, 
f o r  example, good a d v i c e  f o r  t h e  c o a l  a n a l y s t .  In  a s tudy of  s ix ty - fou r  
v i t r a i n s  from c o a l s  o r i g i n a t i n g  from n ine  c o u n t r i e s ,  a q u i t e  v i a b l e  explana- 
t i o n  f o r  t h e  e l e c t r o n  s p i n  resonance (ESR) c h a r a c t e r i s t i c s  o f  t h e  samples 
was presented ( 1 , 2 ) .  Desp i t e  t h e  l a r g e  number o f  samples and t h e  wide geo- 
g raph ica l  d i s t r i b u t i o n ,  a more r e c e n t  s tudy  r e v e a l e d  "unusual" c o a l s  that  do 
no t  adhere t o  t h e  c o r r e l a t i o n s  e s t a b l i s h e d  du r ing  t h e  earlier s tudy  ( 3 ) .  
Needless t o  s a y ,  such f i n d i n g s  o f t e n  l e a d  to new r e s e a r c h  o p p o r t u n i t i e s  and 
improved understanding of c o a l  s t r u c t u r e .  

I n  a similar ve in ,  Thou shalt have a varlety of analytical methods before thee, and 
again, no one shall be considered sacred This s t a t emen t  is motivated by r e s u l t s  
from an ex tens ive  l a b o r a t o r y  s tudy  of f i v e  methods t h a t  are c o m o n l y  used 
f o r  the determinat ion of a spha l t enes  (4,s). I n  t h e i r  i n i t i a l  s tudy ,  which. 
was confined t o  a coal-der ived l i q u i d ,  S c h u l t z  and Mima found ( n o t  
unexpectedly) t h a t  t h e  r e s u l t s  were dependent on t h e  method t h a t  was 
used (4 ) .  The method dependency was f u r t h e r  confirmed ( a g a i n ,  no t  
unexpectedly) i n  t h e i r  second s tudy,  which extended the  t e s t i n g  of t h e  
methods t o  a coal-der ived s o l i d  (5) .  Subsequent a n a l y s i s  of  t h e  d a t a  for 
both samples ( F i g u r e  2) revealed a sample dependency in  a d d i t i o n  t o  t h e  
method dependency, t h u s  precluding t h e  use  of a c o n s t a n t  f a c t o r  t o  compare 
t h e  r e s u l t s  of a n a l y s e s  performed by t h e  d i f f e r e n t  procedures  ( 6 ) .  

With r e spec t  t o  t h e  c o a l  a n a l y s t ' s  need f o r  a broad knowledge o f  a v a r i e t y  
o f  s c i e n t i f i c  d i s c i p l i n e s ,  it is we l l  t h a t  Thou shalt remember thy physics and 
honoritsrelevance. Drawing aga in  from t h e  ESR l i t e r a t u r e ,  it has  been shown 
t h a t  misleading g v a l u e s  and s p e c t r a l  i n t e n s i t i e s  may r e s u l t  from t h e  l a c k  
o f  a t t e n t i o n  g iven  t o  t h e  phys ica l  bases  t h a t  u n d e r l i e  bo th  t h e  ESR 
phenomena and t h e  microwave techniques employed t o  obse rve  t h e  
resonances ( 7 ) .  

F o s s i l  f u e l  a n a l y s t s  shou ld  no longer  permit  themselves  t o  be viewed as con- 
veyers of d a t a ,  and t h e y  must Recognize that "data, however fascinating, is not 
Insight"@). The p r e s e n t  au tho r s  feel t h a t  coinage o f  t h e  ph rase  "da ta  base" 
is unfo r tuna te  i n  t h a t  it fa i l s  t o  communicate t h a t  it is t h e  s t o r a g e  of 
information o r  t h e  t r a n s l a t i o n  o f  d a t a  i n t o  u s e f u l  information that  should 
be emphasized. 

Analysts, i n  g e n e r a l ,  s t r i v e  to  ach ieve  r e s u l t s  o f  h igh  p r e c i s i o n .  I t  is 
our  f ee l ing  t h a t  a more appropr i a t e  goa l  is t o  s t r i v e  f o r  t h a t  p r e c i s i o n  

2 



necessary to solve the problem at hand. It is important that analysts Know 
thy data and thy precision, and use both wisely. Some recent work undertaken in 
our laboratory to respond to a challenge of the doublet state free radical 
interpretation of the ESR behavior of coals (9)  serves to illustrate this 
point. Careful reanalysis of the data from reference 9, the results of 
which are summarized in Table 1, showed no reason to choose a model that 
includes both doublet and triplet states over the Curie law model, which 
is, in part, the basis for the doublet state free radical 
interpretation (10). 

Fossil fuel analysts often face the problem of long-term storage instability 
of samples. Although the problem has been well documented (11-13),  it is 
appropriate to remind analysts that they should Honor thy sample, for its 
integriv (or lack thereof) may very well reflect upon their own. Long-term sample 
stability is but one of many concerns. Certainly, analytical results on 
second-hand samples are suspect, and those on samples of questionable origin 
should be rejected outright. Additionally, short-term sample stability has 
received little attention despite a study that showed measurable changes in 
spectral properties of coal within a few hours after removal from the mine 
atmosphere (14) .  The lack or improper use of sampling protocols is yet 
another problem that often confronts the fossil fuel analyst. Unless he 
asserts himself as a member of the research team, the problems associated 
with improper sampling are likely to be ignored. 

A Closing Thought 

The final thought that we would leave with the audience is that analytical 
methods that have been applied successfully t o  other materials frequently 
are not directly transferable to the analysis of fossil fuels. Rare is the 
coal analyst who has not on occasion identified with Figure 3.  We offer 
this closing thought for consideration by the speakers as we open this sym- 
posium. 

ACKNOWLEDGMENTS 

Helpful discussions with D.H. Finseth, R.F. Sprecher, H. Schultz and 
S. Castellano and editorial assistance by M.S. Edmunds are gratefully 
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Table 1. FSR In-tv-Temperature (IT) Behavior for a Sinale C d  

Temperature Range, K 126 to 264 

IT (Measured], Arbitrary Units 23.4 to 28.95 

IT (Measuredl - IT (Predicted) -0.45 to 0.25 
(CURIE L A W  MODEL1 

IT (Measured) - IT (Predicted) -0.47 to 0.37 
(CHARGE TRANSFER MODEL) 
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LASER-INDUCED FLUORESCENCE MICROSCOPY OF COAL MACERALS 
AND DISPERSED ORGANIC MATERIAL 

W.L. Borst, M.W.  P l e i l ,  
and G.W. S u l l i v a n  

Department of Physics  
Texas Tech Universi ty  
Lubbock, Texas 79409 

and 

J . C .  C re l l i ng  and C . R .  Landis 
Department of Geology 

Southern I l l i n o i s  Universi ty  
Carbondale, I l l i n o i s  62901 

INTRODUCTION 

Fluorescence microscopy has  been a use fu l  a n a l y t i c a l  t o o l  f o r  cha rac t e r i z ing  
o r g a n i c  m a t e r i a l  i n  v a r i o u s  c o a l s  and r o c k s  (1-9).  T e i c h m u l l e r  and Wolf (3 ,7 )  
discovered new f l u o r e s c i n g  c o a l  macerals ,  which a l s o  were found by Spackman (6 )  i n  
U.S. coa l s .  Ottenjahn e t  a l .  (9) r e l a t e d  t h e  f luo rescence  p r o p e r t i e s  of macerals  t o  
t e c h n o l o g i c a l  p r o p e r t i e s  of  c o a l .  Van C i j z e l  ( 8 )  h a s  o r g a n i z e d  s p e c t r a l  
f l uo rescence  p r o p e r t i e s  f o r  comparison. Since 1983, we have extended f luo rescence  
mic ropho tomet ry  from t h e  s p e c t r a l  t o  t h e  time domain by u s i n g  a p u l s e d  l a s e r  f o r  
f l u o r e s c e n c e  e x c i t a t i o n .  F l u o r e s c e n c e  decay t i m e s  a r e  measured a s  t h e  new 
c h a r a c t e r i z i n g  p a r a m e t e r s  f o r  t h e  d i s p e r s e d  o r g a n i c  m a t e r i a l .  S i m u l t a n e o u s l y ,  
i n d i v i d u a l  s p e c t r a  of  t h e  v a r i o u s  f l u o r e s c i n g  components i n  t h e  m a t e r i a l  a r e  
obtained. This paper desc r ibes  the  new time-resolved f luo rescence  microscopy and 
its a p p l i c a t i o n  t o  c o a l  and s h a l e  cha rac t e r i za t ion .  

SYSTEM DESCRIPTION 

The l a s e r  f l u o r e s c e n c e  mic roscopy  system is r e p r e s e n t e d  s c h e m a t i c a l l y  i n  
Figure 1. F u r t h e r  s p e c i f i c a t i o n s  a r e  g i v e n  i n  T a b l e  1.  A p u l s e d  l a s e r  and t h r e e  
s o u r c e s  o f  c o n t i n u o u s  wave (c.w.) i l l u m i n a t , i o n  a r e  i n t e r f a c e d  w i t h  a L e i t z  MPV3 
microscope. The tungsten lamp is  used f o r  s p e c t r a l  c a l i b r a t i o n  and surveying the  
sample under white l i g h t .  The mercury and xenon a r c  lamps are used f o r  f luorescence 
e x c i t a t i o n  and a r e  c o u p l e d  t o  t h e  e x c i t a t i o n  monochromator. The EC&C n i t r o g e n  
pumped dye l a s e r  with a BDBP dye provides  in t ense  n e a r - u l t r a v i o l e t  l i g h t  pu l se s .  
The l a s e r  i s  c o u p l e d  t o  t h e  mic roscope  v i a  a l i q u i d  l i g h t  gu ide .  The modu la r  
c o n s t r u c t i o n  of t h e  mic roscope  a l l o w s  v a r i o u s  o p t i c a l  components  t o  be r e a d i l y  
interchanged. The emit ted f luo rescence  is de tec t ed  by a f a s t  two-stage mult ichannel  
p l a t e  ( M C P )  p h o t o m u l t i p l i e r  t u b e  (Hamamatsu R1564U-01) w i t h  a n  enhanced r e d  
response. The output  of t h e  MCP is d i r ec t ed  e i t h e r  t o  a picoammeter when acquir ing 
c o n v e n t i o n a l  C.W. s p e c t r a  o r  a T e k t r o n i c s  7912AD f a s t  waveform d i g i t i z e r  when 
acquir ing t ime-resolved spectra .  
and passes  t h e  average The e x t e n s i v e  
software,  developed in-house, c o n s t i t u t e s  a l a r g e  po r t ion  of t h e  development time. 

The d i g i t i z e r  sums a number of MCP ou tpu t  pu l se s  
t o  t h e  4052A T e k t r o n i c s  desk  t o p  computer .  
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TAULL I - InsLrumenL ParaiiieLers and Fluorescence S igna l s  

S i z e  or c o a l  niaceral 
Diameter of analyzed a r e a  
Tuning range of emiss ion  monochromator 
Range used 
Monochromator bandwidth 
Continuous Fluorescence Exc i t a t ion  
luning range of-emat ion monochromator TY--  I- -- 
Typica l  e x c i t a t i o n  wavelength 
Monochromator bandwidth 
Fluorescence E x c i t a t i o n  by Pulsed L m c r  
Dye l a s e r  pu lse  d u r a t i o n  (FWHM) 
pulse  energy (EDUP dye, 373nm. 1Otlz) 
Peak power 
Laser bandwidth (I'WIIM) 
Dye l a s e r  tuning range 
Exc.i tation wavelenuth used 
Pulse  r e p e t i t i o n  r a t e  
Number of photons emi t t ed  per  pu l se  (BDOP dye) 
Photons onto sample 
Photons onto measured r eg ion  of sample ( 1.5 pm) 
Typica l  f luorescence  y i e l d  
Photons reaching  MCP pho tomul t ip l i e r  a f t e r  pass ing  

emission monochromator 
Typica l  number of pho toe lec t rons  per pu l se  
Instrument func t ion  r i s e t i m e  ( l a s e r  pu l se  + photomul t ip l ie r  + 

d i g i t i z e r  p reampl i f i e r )  
FWHM of  ins t rument  f u n c t i o n  
S ing le  pulse  d i g i t i z a t i o n  r a t e  
Number or pu l ses  s i g n a l  averaged, t y p i c a l  

10-50 um 
5 urn 

220-600 nm 
300-800 nm 

1-7 nul 

220-000 nm 
365 nm 
1-7 nm 

0.7 n s  
10 UJ 
10 kW 

0.04 nm 
360-600 nm 

373 n m  
1-100 lip 

2x101-I 
x1013 

104  
10*-103 

101 1-1 012 
0.001 

0.7 ns 
1.1 ns 

10-100 CHz 
64 

MGTHOD 

T ime- re so lved  f l u o r e s c e n c e  e m i s s i o n  s p e c t r a  a r e  o b t a i n e d  i n  10  nm s t e p s  by  
scanning the  emission monochromator of t h e  MPV3 from 400 to  700 nm and acqui r ing  the 
f l u o r e s c e n c e -  decay  a t  each  wavele ,ngth . '  T h i s  t a k e s  a b o u t  10  seconds  a t  each  
wavelength or 5 minutes t o t a l .  The da ta  - reduct ion  y i e l d s  the m u l t i p l e  decay times, 
Component S p e c t r a ,  and  r e l a t i v e  i n t e n s i t i e s  and t a k e s  a b o u t  4 m i n u t e s  a t ' o n e  
w a v e l e n g t h  or 1-2 h o u r s  t o t a l .  C o n v e n t i o n a l  s p e c t r a  a r e  o b t a i n e d  w i t h  C.W. 
i l l u rn ina t ion  and con t inuous ly  scanning t h e  emission monochromator. . This takes  about 
60 seconds, i nc lud lng  c o r r e c t i o n  f o r  o p t i c a l  system response and smoothing. Very 
s i m i l a r  spec t r a ,  as expec ted ,  a r e  obta ined  by i n t e g r a t i n g  t h e  t ime-resolved r e s u l t s .  

For r o u t i n e  da t a  c o l l e c t i o n ,  a tungsten lamp 1s used to  determine the  spectral 
r e s p o n s e  of t h e  sys tem.  The lamp is c r o s s  c a l l b r a t e d  wi th  a s t a n d a r d  lamp of a 
known s p e c t r a l  output. Th i s  is done by measurlng the  raw spectrum, which inc ludes  
t h e  system response of bo th  the  tungs ten  and s t anda rd  lamps. The r a t l o  of the raw 
tungs ten  spectrum Tr( 4 t o  the  raw s tandard  lamp spectrum E, ( A  ) 1s independent of 
t h e  s y s t e m  r e s p o n s e ,  a n d ,  when m u l t i p l i e d  w i t h  t h e  known s t a n d a r d  lamp speot rum 
E(A)t r e s u l t s  i n  the t rue tungs ten  spectrum T(A)  
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The d e t e r m i n a t i o n  of t h e  r e l a t i v e  s p e c t r a l  r e s p o n s e  S ( h )  of  a chosen  o p t i c a l  
conf igura t ion  (ob jec t ive ,  d i c h r o i c  f i l t e r ,  ape r tu re s )  is done r o u t i n e l y  by measuring 
t h e  raw t u n g s t e n  spec t rum Tr(h) and d i v i d i n g  by t h e  t r u e  t u n g s t e n  spec t rum T ( A ) :  

The cor rec ted  f luo rescence  emission 
by taking t h e  r a t i o  

2)  

spectrum A ( h )  from a sample is then  determined 

where R r ( X )  is the raw f luo rescence  . 
b u i l t  i n t o  t h e  software. I n  t h i s  way, normalized f luo rescence  spec t r a  a r e  obtained 
independently o f  t he  p a r t i c u l a r  op t i ca l  components chosen. 

3 )  

s o e c t r u a  The above c a l i b r a t i o n  procedures a r e  

The a c q u i s i t i o n  and  r e d u c t i o n  of the  p u l s e d  f l u o r e s c e n c e  d a t a  r e q u i r e  much 
care. The ind iv idua l  anode pu l ses  from t h e  MCP PMT conta in  t h e  f luorescence  decay 
F ( t )  and the  temporal ins t rument  response I(t). The measured s i g n a l  M ( t ) i s  given by 
t he  convolu t ion  i n t e g r a l  

t 
M ( t )  = 1 I(T) l.'(t-T)dT 4 )  

- m  

The task i s  t o  o b t a i n  t h e  f l u o r e s c e n c e  decay  f u n c t i o n  F ( t )  and ,  from t h i s ,  t h e  
v a r i o u s  decay  t i m e s  and p e r c e n t a g e  c o n t r i b u t i o n s  from the  ind iv idua l  f l uo resc ing  
components. T h i s  is done  w i t h  an i t e r a t i v e  r e c o n v o l u t i o n  t e c h n i q u e  and l e a s t  
squares  f i t t i n g  ( see  below), F i r s t ,  t he  instrument func t ion  has  t o  be  determined. 
If F(t-T) i n  t h e  above  i n t e g r a l  is a d e l t a - f u n c t i o n  6 ( t -71 ,  t hen  t h e  measured 
s i g n a l  M ( t )  is I(t). Exper imenta l ly ,  a mir ror  is used in p l a c e  of t h e  sample, which 
c o r r e s p o n d s  t o  r e p l a c i n g  F ( t - r )  w i t h  d(t-T). Thus t h e  i n s t r u m e n t  r e s p o n s e  is 
o b t a i n e d  and  c o n t a i n s  t h e  c o n t r i b u t i o n s  from t h e  l a s e r  p u l s e ,  p h o t o m u l t i p l i e r  
response and p reampl i f i e r  bandwidth (1CHz) of t h e  waveform d i g i t i z e r .  

V a r i o u s  d e c o n v o l u t i o n  t e c h n i q u e s  h a v e  been  examined by o the r  i n v e s t i g a t o r s  
( 1 5 , 1 6 , 1 7 ) .  We h a v e  l o o k e d  i n t o  t h r e e  s u c h  t echn iques .  The s o f t w a r e  d e v e l o p e d  
allowed u s  t o  mathemat ica l ly  model t he  f luo rescence  experiments by convolu t ing  a 
synthesized instrument response,  i nc lud ing  random Gaussian noise ,  wi th  an assumed 
m u l t i - e x p o n e n t i a l  f l u o r e s c e n c e  decay. The s y n t h e s i z e d  s i g n a l  M(t )  was t h e n  
deconvoluted using the  d i f f e r e n t  t echn iques  t o  see how t h e  c a l c u l a t e d  pa rame te r s  
(decay times and pre-exponent ia l  c o e f f i c i e n t s )  compared with the  known parameters 
set a t  t he  beginning. We Pound t h a t  the  Four ie r  transform method r equ i r e s  i n t e n s i v e  
opera tor  i n t e r a c t i o n  and its a b i l i t y  t o  d i sce rn  a sum of two o r  more exponent ia l s  
was questionable.  The method of moments could  r e s o l v e  s i n g l e  and double  exponential  
f l u o r e s c e n c e  decays .  However, ex tens ion  t o  th ree  exponent ia l  waveforms has  
p roved  t o  be d i f f i c u l t .  The t e c h n i q u e  we found t o  g i v e  t h e  b e s t  r e s u l t s  is t h e  
i t e r a t i v e  r e c o n v o l u t i o n  method, which was a l s o  found t o  be most s a t i s f a c t o r y  by 
O'Conner e t  a l .  (15). We a r e  able t o  s u c c e s s f u l l y  deconvolu te  d a t a  conta in ing  up t o  
th ree  d i f f e r e n t  f luorescence  decays. 

The i t e r a t i v e  reCOnVOlutiOn method assumes  t h a t  t h e  f luo rescence  decay F( t )  
from t h e  sample  1s a sum of e x p o n e n t i a l  terms c o r r e s p o n d i n g  t o  emission from n 
i n d i v i d u a l  f luorophores :  

n 

la1 
F ( t )  =.I Ai exp ( - t / T i )  5) 
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Combininn t h i s  w i t h  Eauat ion 4 g i v e s  the  f i t t i n g  func t ion  

n~ 
l"lo(t)= 1 Ai I(T) exp [-(t-T)/Ti] dT 6 )  

i=l - _  
where A i  and T~ a r e  t h e  parameters  t o  be ad jus t ed  u n t i l  a best  f i t  to t h e  measured 
s i g n a l  M(t)  is found. 

This bes t  f i t  is obtained when t h e  e r r o r  sum x 2  is minimized, where 

and N is t h e  t o t a l  number of channels  (128 or 512) used. 

The weight a i2 is t h e  sqliore of t h e  unce r t a in ty  i n  t h e  measurement of the  i t h  
channel and is given by 

where a o 2  is t h e  b a s e l i n e  n o i s e  (0.01mV2), CM(ti) is t h e  count ing e r r o r  ( l m V 2 ) ,  
is  t h e  t ime  a x i s  j i t t e r  c a u s e d  by s m a l l  f l u c t u a t i o n s  i n  t h e  t r i g g e r  p u l s e  
( u t  s4Ops )  and A t  (1.0.25 c h a n n e l s )  is  t h e  f r a c t i o n a l  c h a n n e l  s h i f t  i n  ou r  time 
a x i s  l i n e u j  rout ine.  T y p i c a l  v a l u e s  f o r  t h e  l as t  two terms in Equation 8 a r e  2mV2 
and 0.25mV , r e s p e c t i v e l y .  

a 

Minimiz ing  t h e  x e r r o r  sum is  a n  i t e r a t i v e  p r o c e s s ,  which i n v o l v e s  
i n c r e m e n t i n g  t h e  p a r a m e t e r s  A i  and T~ and t h u s  s u c c e s s i v e l y  r e d u c i n g  The 
method employed (20) is a combi,nat ion of a g r a d i e n t  s e a r c h  a l o n g  t h e  X 2  
hypersurface and l i n e a r i z a t i o n  of t he  f i t t i n g  funct ion.  When f a r  from t h e  su r face  
minimum, t h e  g rad ien t  p l a y s  the  dominant r o l e  in determining the  increment _changes. 

A s  t h e  sea rch  c l o s e s  i n  on t h e  minimum, t h e  l i n e a r i z a t i o n  of  t he  - f i t t i n g  .function do- 
minates.  The parameter increments  a r e  given by 

x2. 

where BJ - (Ai, T i ) ,  and B k  and a J k  are given by the  r e l a t i o n s :  

M t ( t i )  is t h e  b e s t  f i t  from t h e  p r e c e d i n g  i t e r a t i o n s ,  A is a w e i g h t i n g  f a c t o r  and 
6i1( 1s t h e  Kronecker  d e l t a .  The w e i g h t i n g  f a c t o r  d e t e r m i n e s  t h e  r e l a t i v e  
c o n t r i b u t i o n  t o  t h e  i n c r e m e n t s  from t h e  g r a d i e n t  s ea rch  on t h e  hypersurface t o  
t h e  l i n e a r i z a t i o n  of t h e  f i t t i n g  funct ion.  
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APPLICATION TO COAL MACERAL ANALYSIS 

An example f o r  t ime-reso lved  f luo rescence  a n a l y s i s  is g iven  i n  Figure 2 f o r  a 
s p o r i n i t e  c o a l  m a c e r a l  (SIU sample  1 4 4 4 ) .  The t o p  p a r t  shows a s i g n a l - a v e r a g e d  
f luo rescence  pu l se  ( s o l i d  l i n e )  and t h e  bes t  2-exponential  f i t  (dashed l i n e ) .  The 
e m i s s i o n  monochromator was s e t  a t  500 nm. The f i t  y i e l d s  t h e  p r e - e x p o n e n t i a l  
c o e f f i c i e n t s  Ai and decay times T ~ .  The component percentages  a r e  g iven  by 

1 2 )  

The accuracy of t h e  f i t  can  b e  a s s e s s e d  from t h e  r e s i d u a l s  and  t h e  reduced  
(201, where X <  '1 i n d i c a t e s  a good f i t .  I d e a l l y ,  t h e  r e s i d u a l s  s h o u l d  be 

random. They a r e  not  because of a f i n t e  number of channels ,  i n t e r p o l a t i o n  between 
channels ,  Small time a x i s  j i t t e r ,  and s m a l l  p u l s e  shape va r i a t ions .  A Z-COmpOnent 
decay f i ts  the  p re sen t  d a t a  well ,  and the  assumption of a 3-component decay would 
show redundance in t h e  t h i r d  component. The q u a n t i t y  T m  is t h e  mean decay tiole a s  
def ined  by 

X, 

T m  = ZPi r i /700  

The bottom of F igu re  2 

and has  proved u s e f u l  f o r  comparisons. 

shows a comple t e  t i m e - r e s o l v e d  s p e c t r a l  a n a l y s i s ,  
where t h e  p a r a m e t e r s  Ai, and P i  a r e  plotted v e r s u s  e m i t t e d  wave leng th .  The 
c o e f f i c i e n t s  A i ( A )  a r e  t h e  i n d i v i d u a l  component spec t ra .  The i n d i v i d u a l  decay times 
T~ of t en  remain n e a r l y  cons tan t  over t he  s p e c t r a l  range, as would be expected for  
pure substances.  

I n  order  t o  determine the  use fu lness  of time-domain f luo rescence  a n a l y s i s  a s  an 
extension of convent iona l  f l uo rescence  a n a l y s i s  of  organic  ma te r i a l s ,  two sets of 
s a m p l e s  were s t u d i e d .  One s e t  was a s e r i e s  of  k e r o g e n - r i c h  s h a l e  s a m p l e s  a t  
d i f f e r e n t  l e v e l s  of m a t u r a t i o n  from t h e  N e w  A lbany  Format ion  from t h e  I l l i n o i s  
Basin. In these  samples  Type I kerogen is abundant as a l g i n i t e  Tasmanites, and a l l  
measurements were t a k e n  on t h i s  m a t e r i a l ,  Whi l e  t h e  m a t u r a t i o n  t r e n d s  of  t h i s  
ma te r i a l  in  the  I l l i n o i s  Basin have been s tud ied  using v i t r i n i t e  r e f l e c t a n c e  and 
q u a l i t a t i v e  and q u a n t i t a t i v e  f luo rescence  techniques  (Zl,22,23), nothing p rev ious ly  
was known of the t ime-resolved f luo rescence  p r o p e r t i e s  of these  ( o r  any) samples. 
The o t h e r  s e t  was a s e r i e s  o f  s a m p l e s  from t h e  lower  K i t t a n n i n g  seam from 
P e n n s y l v a n i a  and Oh io ,  which r ange  i n  r ank  f rom h i g h - v o l a t i l e  b i t u m i n o u s  C t o  
medium-volati le bituminous, 

One o b v i o u s  a d v a n t a g e  o f  t h e  t i m e - r e s o l v e d  a n a l y s i s  is i l l u s t r a t e d  i n  
F igure  3. The continuous-type f luo rescence  spectrum f o r  a sample of t he  a l g i n i t e  
Tasman i t e s  (uppe r  d i ag ram)  can  be t i m e - r e s o l v e d  i n t o  two s e p a r a t e  s p e c t r a  ( lower  
diagram). The t ime-reso lved  a n a l y s i s  i n d i c a t e s  t h a t  t he  continuous spectrum der ived  
from s tandard  f luo rescence  con ta ing  i n  t h i s  case, t he  combined cont r ibu t ionsf rom ( a t  
least)  two f l u o r e s c i n g  components w i th  their own d i s t i n c t  spec t ra .  

The f l u o r e s c e n c e  decay  t i m e s  o f  o r g a n i c  m a t e r i a l s  i n  bo th  sets o f  s amples  
showed some s u r p r i s i n g  s i m i l a r i t i e s .  F i r s t ,  i n  a l l  ma te r i a l  s tud ied ,  Tasmanites in  
t h e  New Albany s h a l e ,  and f l u o r i n i t e ,  s p o r i n i t e ,  r e s i n i t e ,  and c u t i n i t e  macerals i n  
t he  Lower Ki t tanning  seam, the t ime-reso lved  d a t a  showed good agreement wi th  a two- 
component decay model. Thus, t he . f luo rescence  of  a l l  o f  t hese  ma te r i a l s  appears  t o  
be composed of two f l u o r e s c i n g  components wi th  l i f e t i m e s  i n  the  subnanosecond and 
nanosecond ranges. I n  add i t ion ,  t h e  fast l i f e t i m e  component (about 200 p s )  seems to 
be c o n s t a n t  I n  a l l  s a m p l e s  and m a c e r a l  t ypes .  A l though  t h e s e  r e s u l t s  a r e  
pre l iminary ,  a working hypothes is  is t h a t  t he  two f luo rescence  lifetimes a r e  
from two d i f f e r e n t  f l uo rophores ,  one of which is common t o  a l l  the m a t e r i a l s  s tud ied  
( a l g i n i t e ,  f l u o r o n i t e .  resinite, c u t i n i t e  and spor in l t e ) .  
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When t h e  f l u o r e s c e n c e  decay  times were p l o t t e d  a g a i n s t  r ank  ( a s  d e f i n e d  by 
v i t r i n i t e  r e f l e c t a n c e ) ,  t he  a l g i n i t e s  and s p o r i n i t e s  showed the  c l e a r e s t  t r ends  a s  
s e e n  i n  F i g u r e s  4 and  5. T h e  decay  times do n o t  seem t o  change  much w i t h  i n c r e a s e  
i n  t h e r m a l  m a t u r a t i o n  or r a n k .  However, t h e  p e r c e n t a g e  c o n t r i b u t i o n  o f  each  
component t o  the  o v e r a l l  s p e c t r a  do show a sys temat ic  change a s  i l l u s t r a t e d  in  the 
same f igures .  I n  t h e  case of t he  a l g i n i t e ,  t h e  f a s t  component i nc reases  with rank, 
t h e  slow component d e c r e a s e s ,  and t h e  t r e n d s  a r e  r e v e r s e d  f o r  t h e  s p o r i n i t e s .  
Although these  d a t a  are pre l iminary ,  t h e  hypothes is  (be ing  inves t iga t ed  fu r the r )  is, 
t h a t  i n  the  matura t ion  process  one f luorophore  is  transforming i n t o  another.  

To f u r t h e r  t es t  o u r  e x p e r i m e n t a l  p r o c e d u r e s ,  model compounds (e.g. POPOP. 
a n t h r a c e n e )  i n  s o l u t i o n  and t h e i r  m i x t u r e s  were s t u d i e d .  We found  t h a t  two 
compounds can be d i s t ingu i shed  i n  a mixture and the  c o r r e c t  f l uo rescence  decay times 
and spec t r a  a r e  obta ined .  

CONCLUSIONS 

1 .  Time-domain a n a l y s i s  is a power fu l  e x t e n s i o n  o f  c o n t i n u o u s  f l u o r e s c e n c e  

2. C h a r a c t e r i s t i c  l i f e t i m e s ,  percentages,  and i n c e n s i t i e s c a n  be determined. 
3 .  The spec t r a  of a v a r i e t y  of organic  materials can be  r e so lved  i n t o  two d i s t i n c t  

components, one i n  t h e  subnanosecond range and one i n  t he  nanosecond range. 
4. Within the  r e s o l u t i o n  l i m i t s  of t he  system (100 ps) ,  i t  appears t h a t  the  ' f a s t  

l i f e t i m e  component is  t he  same in  a v a r i e t y  of organic  mater ia l s .  
5. With the  new technique, mixtures of shor t  and long l i f e t i m e  model compounds can 

be r e s o l v e d  i n t o  t h e i r  o r i g i n a l  component spec t ra  and f luo rescence  decay times. 
6. In a l g i n i t e s  and s p o r i n i t e s ,  f l u o r e s c e n c e  l i f e t i m e s  a p p e a r  t o  be n e a r l y  

cons tan t  wi th  changes i n  rank. 
7. I n  a l g i n i t e s  and s p o r l n i t e s ,  the percentage con t r ibu t ion  from each component 

changes wi th  rank. 

ana lys i s .  

Time-resolved laser spectroscopy improves the  s p e c i f i c i t y  of convent iona l  
f luorescence  microphotometry of coals  and o i l  sha l e s .  
cechnique in  s t u d i e s  of  d i spe r sed  organic  mat te r  i n  s h a l e s  and expect t o  understand 
b e t t e r  t h e  m a t u r a t i o n  of t h e  o r g a n i c  m a t e r i a l  i n  s o u r c e  r o c k s  

We have been using the  new 

( 2 4 ) .  
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I 

I N TROD U CJ-IQN 

The macromolecular structure of a material affects a range of 
physical characteristics. It affects whether the material is a hard 
solid or a soft rubber, or whether it is a viscoelastic fluid or a low 
viscosiry liquid. The macromolecular structure affects such 
properties as solubility, penetration by liquids and gases, and the 
ease of breaking down the structure. For  coals, the macromolecular 
structures play a significant part in a number of processes. By 
understanding the macromolecular structure better we may hope to more 
effectively i~tilize coals. 

Mechanical measurements on a material above its glass transition 
is one of the most effective means of probing its macromolecular 
structure 1 1 , 2 1 .  However, for undegraded coals above their glass 
transition in their rubbery state, no information has been available. 
Virtually all of the numerous mechanical measurements on undegraded 
coals have been below the glass transition temperature where the coals 
are in a glassy or semicrystalline state. This is to be expected 
since this is the natural state of coals under ambient conditions. On 
the other hand, the macromolecular chain segments have very limited 
mobility below the glass transition temperature, so they can not be 
probed very effectively. It is desirable to make measurements on 
coals in their rubbery state where the macromolecules can move and 
respond to stimuli. Measurements of the degree of swelling l 3 , 4 )  have 
given some information on solvent-swollen coal, but the information 
that can be obtained is limited. Also the interpretation of those 
results depends on solution thermodynamics, and the need to determine 
the interaction parameter is a particular problem. 

Previously we had been able to demonstrate that high volatile 
bituminous coals could attain a rubbery state when immersed in an 
appropriate solvent 15,151. Having established this, it became highly 
desirable to characterize macromolecular parameters of the rubbery 
coals using mechanical measurements. Unfortunately, though, 
satisfactory samples of rubbery coals had never been prepared. The 
problem which prevented the preparation of adequate samples of rubbery 
coals was the tendency of the coal to decrepitate when it is immersed 
in a good swelling solvent ( 7 ) .  In fact, solvent-swelling has been 
proposed as a beneficiation process to break down coal into particles 
( 8 ) .  However, in our earlier work we had shown that coals in the form 
of thin sections could be swollen without much damage occurring. But 
such thin samples are not amenable to mechanical measurements. For 
this reason a program was undertaken to determine whether it was 
possible to develop new techniques for preparing adequate samples. 
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EXPERIMENTAL 

A procedure has now been developed which for many coals enables 
the preparation of samples in the rubbery state which are satisfactory 
for mechanical measurements. The technique involves selecting 
relatively homogeneous regions of vitrinite which have low mineral 
matter content. The selected region of the sample is isolated by 
cutting on a wafering saw or by grinding away the unwanted material 
using a coarse grit. The isolated region is further ground to remove 
microcracked or weakened parts. The samples are ground dry on a 
revolving horizontal grinder using a Sic disk. Prior to swelling, 
typical samples are from 0.5 to 2.0 mm thick with top and bottom 
surfaces roughly 20 sq. mm in area. In the final grinding of the 
samples the top and bottom surfaces are ground parallel on a 600 grit 
Sic disk. 

Sometimes samples can be swollen in the liquid form of the 
swelling agent without appreciable crack formation; but there has been 
better success by more slowly swelling the sample in the vapor of the 
solvent wherein it5 vapor pressure is well below its saturation value. 
Usually conditions have been used in which the swelling occurs over 
about one day. Although after swelling the top and bottom surfaces 
may no longer be precisely parallel, they are generally sufficiently 
parallel to be satisfactory for measurements. The effect of the 
deviation from parallelity can be observed in stress-strain curves as 
a "foot" or as a lower modulus region at the start of the curve. Once 
they are swollen, the samples are not allowed to dry. Drying usually 
causes many more cracks than the swelling does. The fully swollen 
samples have excellent retention of the original shape, and contain 
few, if any, cracks. 

With the coherent specimens of solvent-swollen coals, physical 
qualities could be readily observed. The highly solvent-swollen 
specimens of coal have a distinct rubbery feel when pressed between 
the fingers -- somewhat firmer than a typical rubber band. However, 
the coals are poor quality rubbers. They split easily when stretching 
forces are applied to them so they have low tensile strength. The 
splits tend to have relatively smooth sides, and once a small split 
forms only a small force is needed to lengthen the crack. On the 
other hand, under compression the rubbery coals can generally undergo 
compressions of 15% or even more without splitting occurring. 

The coals used in this study were Illinois No. 6 ,  which is of 
high volatile C rank, and Pittsburgh No. 8 ,  which is of high volatile 
A rank. The samples were extracted in pyridine prior to the 
measurements. The measurements were made at room temperature. The 
apparatus utilized was an Instron mechanical tester Model No. 1122. 
The measurements were made in the compression mode. Measurements in 
the tensile mode are disadvantageous because of the difficulty in 
clamping the rubbery coal and because it is very weak under tensile 
stresses. The samples were fully immersed in pyridine during testing. 
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RESULTS and DISCUSSID 

Stre.5 s - S t r a i n M-ca-s u r eme n t s 

Stress-strain measurements involve compressing the sample at a 
constant rate until the desired degree of deformation is obtained. 
Then instantaneously the direction of movement of the crosshead is 
reversed and the sample undergoes decompression. When more than one 
cycle was taken, there was a one minute waiting period between the end 
of the previous cycle and the start of the next cycle. This allows 
for some recovery of the sample between cycles. 

Stress-strain results for pyridine-immersed, rubbery Illinois 
No. 6 coal are shown in Figure 1. The curve actually consists of two 
compression/expansion cycles. The closeness of the two cycles 
demonstrates excellent reproducibility. At the maximum strain the 
compression was about 10%. The stress-strain behavior of the 
pyridine-swollen coal is characteristic of a rubbery material. The 
modulus is in the range of conventional rubbers, there is rapid 
rebound during the decompression, and the curves exhibit good 
reproducibility over successive cycles. 

The stress-strain curve for pyridine-immersed rubbery Pittsburgh 
No. 8 coal is shown in Figure 2. Two stress-strain cycles are shown. 
The heavy curves are the first cycle and the light lines are the 
second cycle. It is seen that the first and second cycles are very 
close to the same shape, but there is a slight displacement of the 
second cycle with respect to the first. The displacement is caused by 
incomplete recovery of the rubbery coal after the first cycle; a 
slight deformation or "set" was retained in the sample. Some of this 
"set" relaxes if a longer waiting time between cycles is used. 

The shape of the decompression curve in the region of low force 
for the Pittsburgh No. 8 coal is considerably different from the 
Illinois No. 6 coal shown in Figure 1. The curve for the Pittsburgh 
No. 6 coal actually reaches zero force well before the crosshead 
returns to its initial position. This is a manifestation of 
incomplete recovery of the Pittsburgh coal at the test rate used. The 
macromolecular chains in the coal are no t  able to reorient fast enough 
to keep up with the crosshead. The point at which the force becomes 
non zero near the start of the second cycle for the Pittsburgh coal is 
at a considerably lower stain than where the force became zero during 
the decompression of the first cycle. This demonstrates that during 
the one minute waiting period before starting the second cycle, the 
coal has recovered to near its original height. 

The slope of the stress-strain curve gives the dynamic Young's 
modulus. The dynamic moduli of the Illinois No. 6 and Pittsburgh No. 
8 coals determined near the top of the compressional part of their 
stress-strain curves are given in Figure 3. Both elastic and viscous 
effects contribute to the dynamic Young's modulus. The elastic 
component is caused by the instantaneous effective cross-link density 
in the coal including temporary entanglements. The viscous drag 
results from the resistance of the macromolecular chain segments 
sliding past each other. The dynamic Young's modulus of the coals is 
influenced by how fast the macromolecular chain segments are able to 
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reorient in response to the applied stresses. If the reorientation is 
fast compared to the imposed strain rate, then the modulus should show 
relatively little dependence on the strain rate; whereas, if the 
reorientation rate is comparable to the strain rate, a large 
dependence on strain rate would be expected. The dynamic modulus is 
also affected by some of the solvent being squeezed out of or absorbed 
into the rubbery coal during portions of the cycle. 

Figure 4 shows the effect of deformation rate on the dynamic 
Young's modulus of the coals. For a change in deformation rate of a 
factor of 2 5 ,  the Pittsburgh No.  8 coal shows relatively little change 
in modulus. For'the Illinois No. 6 coal the change in modulus is 
slightly larger even though the difference in rate is a factor of 10 
rather than 2 5 .  It is not clear whether this change is related to the 
higher deformation rates used with the Illinois No. 6 coal (which 
would suggest that more of the macromolecular relaxation occurs at 
higher rates) or whether the change is indicative of structural 
differences between the Illinois No. 6 and Pittsburgh No. 8 coals. 

The area enclosed by the stress-strain curve is the integral of 
force times distance over the cycle, so it is the net work done by the 
apparatus on the rubbery coal. This energy is dissipated i n  the 
sample as heat. The energy dissipation arises from the viscous 
movements of the macromolecular chain segments and also from some 
solvent being released from or absorbed by the rubbery sample during 
the cycle. The ratio of the net energy dissipated over the cycle to 
the maximum energy stored in the sample during the cycle is commonly 
used as a figure of merit to quantify the energy dissipation of a 
rubbery substance. A table showing the energy dissipations of the 
Illinois No. 6 and Pittsburgh No.  8 coals is given in Figure 5 .  The 
Pittsburgh coal exhibits a particularly high energy dissipation. Both 
coals show high energy dissipation as compared to most conventional 
rubbers, such as the rubber band. 

-_ Stress-Relaxation - Measurements __ 
The stress-relaxation behavior of macromolecular materials is an 

important probe of the rates of segmental motion of the substance. In 
a stress-relaxation measurement the sample is rapidly compressed by a 
selected amount, after which the deformation is held fixed. The 
stress on the sample is then measured as a function of time. 

A stress-relaxation curve for Illinois No. 6 coal in its 
pyridine-swollen rubbery state is shown in Figure 6 .  The observed 
behavior can be explained as follows. A s  the sample is rapidly 
compressed, the structure deforms and the stress increases. When the 
sample first attains the selected deformation after the rapid 
compression, the macromolecular chains have not yet reached their 
equilibrium state. With time the macromolecular chain segments 
rearrange (within the constraints of the cross-links) to more probable 
configurations. A s  the macromolecular chain segments move past each 
other and the reorganization proceeds to a more entropically favorable 
state, the stress exerted by the rubber on the fixed constraining 
plates decreases. This is seen as a downward slope in a plot of 
stress versus time, such as  is seen in Figure 6. Some degree of 
Stress relaxation is characteristic of most rubbery materials. Slow 
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1 stress-relaxation indicates low mobility of some of the macromolecular 
chain segments, or high internal viscosity. 

F o r  liquid-saturated rubbers some of the liquid is squeezed out 
under compressive stress. This loss of liquid contributes to the 
stress-relaxation, though, it is a diffusional process involving small 
solvent molecules as contrasted to the segmental rearrangement of the 
macromolecular structure. For most swollen polymers this loss of 
fluid is small. For the pyridine-immersed coal samples there will 
also be loss of some liquid as a result of compression and it will 
contribute to the stress-relaxation. The extent of fluid loss under 
compression for coals has not been established. It is thought that 
the slower relaxation at longer times is caused primarily by this 
diffusion of solvent out of the rubbery coal. 

SUMMARY 

The first mechanical measurements on satisfactory samples of 
rubbery coals have been made. The rubbery character of highly 
solvent-swollen coals has now been substantiated by direct mechanical 
measurements. The techniques developed allow us to apply many of the 
methods and approaches of polymer science to the understanding and 
characterization of macromolecular properties of coals. 
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Fig. 1. Stress-strain curve for pyridine-immersed rubbery Illinois No. 6 coal 
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Fig. 2. Stress-strain curve for pyridine-immersed rubbery Pittsburgh No.8 coal 
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Fig. 3 .  RUBBERY MODULI OF C O W R O M  STRESS-STRAIN CURVES 

MODlJLUS 
lDsi 1 %C (dmmfl. 

Illinois No. 6 80 600 

Pittsburgh No. 8 85 300 

Flg 4 _EF-FECT OF_DEFORMATION_RATS -ON_ MOD-UUL_US 

HIGH LOW Ratio of Moduli 
Deformation Rate Deformation Rate Lou Rate- 

CQ AL SC _I.inch/min.J (inch/min.) - Hiah Rate- 

ILLINOIS NO. 6 80 .2 .02 . ?  

PITTSBURGH NO. 8 85 .05 ,002 . a  

RATIO OF ENERGY DISSIPATED PER CYCLE 
_ _  C O A L  -~ %C _____ TO MAXIMUM _ _  WORK . _ _ _ _  OF DEFBRMATION 

ILLINOIS No. 6 8 0  .30 

PITTSBURGH No. 8 8 5  .50 
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Slaw R e W o n  

Stress relaxation of pyridine-immersed rukbery Illinois No.6 c o a l  

24 



THE APPLICATION OF INVERSE GAS CHROMATOGIUPHY TO COALS AND OXIDIZED COALS* 

P. H. Neil1 and R. E. Winans 
Chemistry Mvi sion, Ar gonne National Laboratory 
9700 South Cass Avenue, Argonne Illinois 60439 

Introduction 

In a previous paper (1) we reported the preliminary results concerning the 
application of Inverse Gas Chromatography (IGC) to coals. This paper will cover the 
extension of the technique to coals of various ranks and degrees of air oxidation. 

The objective of this study is to provide detailed information on possible 
changes in the chemical and physical structures of the Argonne Premium Coal Samples 
during storage. In meeting this objective, new fundamental data will be obtained on 
this unique set of coal samples. The use of a broad range of experiments is planned 
in this study, but only one approach will be described here. While it is known that 
subtle changes in the physical and chemical structure of bituminous coals can effect 
changes in the plasticity upon heating, the techniques traditionally used to measure 
plasticity do not yield information which can be used to understand these changes. 

A new approach, inverse gas chromatography (IGC), a technique widely used for 
studying polymers, is being used to study phase transitions in coals upon heating. 
Inverse GC has been applied to polymers to measure the glass transition temperature, 
the degree of crystallinity, melting point, thermodynamics of solution, and chemical 
composition (2-4). In contrast to classical GC, inverse chromatography probes the 
stationary phase, a coal, by determining the retention time of known compounds on 
it. This transposition of known and unknown in the GC experiment gives rise to the 
term "inverse chromatography". The coal samples w i l l  be chosen to examine varia- 
tions with rank and to investigate structural changes in ground coals, both in air 
and in the absence of air, as a function of time. These approaches show promise for 
providing chemical information on subtle variations in coal structure. 

Experimental 

The coals used in this study included an Illinois No. 2 hvC bituminous, an 
Upper Freeport mv bituminous which is, an Argonne Premium Coal Sample, and a 
Bruceton hvA bituminous. The elemental compositions are shown in Table 1. The 
I l l i n o i s  No. 2 was was ground to -100 mesh and soxhlet extracted with an azeotropic 
mixture of benzene and ethanol. and dried under vacuum at llO°C. The other two 
fresh coals were used as received. The oxidized Upper Freeport was exposed to air 
in an oven at 100°C f o r  90 hrs. The coals were thoroughly mixed with non-porous 
glass beads (-40 to -60 mesh) to give a mixture approximately 10% coal on a weight 
basis. The six foot by 1/4" glass columns were packed with ca. 30 grams of the 
mixture. 

*Work performed under the auspices of the Office of Basic Energy Sciences, Division 
of Chemical Sciences, U . S .  Department of Energy, under contract number W-31-109- 
ENG-38. 
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The GC equipped with a s i n g l e  FID could be cont ro l led ,  wi th in  one degree C,  
from an ex terna l  computer. The i n j e c t o r  was a computer cont ro l led  Carle gas 
sampling valve i n  a thermostated box. Flow cont ro l  was provided by two flow 
c o n t r o l l e r s  one with a 0-5 ml/min. element and the  second with a 0-60 ml/min. 
element. The 0-60 mllmin. c o n t r o l l e r  w a s  connected t o  the i n j e c t o r  though a 
computer control led solenoid.  The experiment w a s  cont ro l led  and t h e  data  analyzed 
by a I B M  PC computer. The probe, methane, was i n j e c t e d  onto the  column and i t ' s  
re ten t ion  time at t h e  s p e c i f i c  temperature was determined. In the  experiment 
chromatograms were obtained in th ree  degree increments between 50 and 45OOC. The 
i n j e c t o r  was held a t  100°C and t h e  de tec tor  a t  4OOOC. 

I 

, 

Resul ts  and Discussion 

The r e t e n t i o n  volume may be re la ted ,  through t h e  p a r t i t i o n  c o e f f i c i e n t ,  t o  the  
f r e e  energy o r  enthalpy of adsorpt ion,  and a p l o t  of In tre VS. 1/T gives a s lope  
proport ional  Changes i n  t h e  thermodynamics oh r e t e n t i o n  r e s u l t  i n  
d i s c o o t i n u i t i e ~ o o r % ~ n g e s  i n  t h e  s lope of t h e  plot .  P l o t s  of t h e  three  unoxidized 
coa ls  are presented i n  Figure 1, with temperatures of s i g n i f i c a n t  t r a n s i t i o n s  given 
i n  Table 2. They do not  appear t o  vary g r e a t l y  in an o v e r a l l  gross  sense. Each has 
what appears t o  be a t r a n s i t i o n  a t  r e l a t i v e l y  low temperatures as i l l u s t r a t e d  by TA 
i n  the f igure.  This t r a n s i t i o n  is most l i k e l y  due t o  the loss of water from the  
sur face  and from the pores of t h e  coal. The second region of i n t e r e s t  is a t  TB. 
This d ip  i n  the otherwise smooth port ion of t h e  curves can be a t t r i b u t e d  t o  the loss 
of chemical water. This t r a n s i t i o n  v a r i e s  i n  temperature with the  coal ,  however 
there  does not appear t o  be a rank dependence. The Bruceton coa l  seems t o  loose 
i t ' s  water a t  t h e  lowest temperature while  t h e  Upper Freeport  a t  the  highest .  

A t  T a number of small t r a n s i t i o n s  begin t o  occur f o r  each of the  coals. This 
i s  a l s o  t%e region where r e l a t i v e l y  l a r g e  amounts of v o l a t i l e  mater ia l  is beginning 
t o  be released.  h e  t o  t h e  small thermodynamic changes in the  i n t e r a c t i o n  between 
t h e  probe and t h e  c o a l  i t  i s  d i f f i c u l t  t o  ass ign  a s t a r t i n g  temperature f o r  t h i s  
region, however i t  does appear t o  begin a t  a higher temperature f o r  t h e  Upper 
Freeport  mv coal  than t h e  Bruceton hvA coal. Comparisons between the  I l l i n o i s  No. 2 
hvC coal and the o t h e r s  would be specula t ive  s ince  t h i s  coal was pre-extracted. 
Thus, a la rge  percentage of t h e  v o l a t i l e  matter has  been removed. 

The primary t r a n s i t i o n  in t h e  p l o t s  occurs a t  T In  each case there  is a 
marked increase  i n  the  r e t e n t i o n  time followed by a r a p l i  decrease. This t r a n s i t i o n  
c o r r e l a t e s  well with t h e  onset of p l a s t i c i t y  in each of the  coa ls ,  occurr ing 10 t o  
15OC before the  i n i t i a l  sof ten ing  temperature. The temperature a t  which t h e  major 
t r a n s i t i o n  occurs is a l s o  cor re la ted  with rank. The I l l i n o i s  No. 2 exhib i t s  the  
t r a n s i t i o n  a t  a lower temperature, followed by t h e  Bruceton and t h e  Upper 
Freeport. The Bruceton hvC coal  is the  only one t h a t  appeared t o  have a leve l ing  
of f  of the  s lope of t h e  curve by T The Giesler p l a s t i c i t y  measurement shows t h a t  
t h i s  coal r e s o l i d i f i e s  j u s t  above tff, maximum temperature of t h i s  experiment. Thus, 
i t  appears t h a t  some of the  post  f l u i d  pore s t r u c t u r e  has  appeared and is showing up 
i n  the IGC data. 

I 

I 

Figure 2 i l l u s t r a t e s  t h e  e f f e c t  of ox ida t ion  on t h e  IGC pat tern.  There does 
not seem t o  be t o  much e f f e c t  on the lowest temperature t r a n s i t i o n  although i t  may 
occur  a t  a s l i g h t l y  h igher  temperature. The loss of water seems t o  occur a t  a 
s i g n i f i c a n t l y  lower temperature. This is not s u r p r i s i n g  s ince  the oxidized coal was 
heated in a i r  a t  100°C f o r  90 hrs .  A vast  major i ty  of the water i n  t h i s  sample 
should be loosely held s ince  i t  probably adhered t o  t h e  sur face  of the  coal  a f t e r  i t  
w a s  cooled. Tne major di f fe rence  between t h e  two coa ls  i s  i n  t h e  t r a n s i t i o n  t h a t  
should occur a t  higher temperatures. In  the  heavi ly  oxidized sample t h e r e  i s  almost 
no change i n  s lope  i n  this region i n d i c a t i n g  t h a t  t h e  coa l  has probably not  gone 
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f lu id .  There does appear t o  be some change occurring. which is a t r a n s i e n t  a t  
approximately 330°C. 

Overall IGC appears t o  be a very s e n s i t i v e  method f o r  fol lowing the  chemical 
and physical  changes t h a t  occur when coals  a r e  heated i n  an i n e r t  atmosphere. 
Differences between coals  of var ious ranks can be seen e a s i l y ,  a s  can the d r a s t i c  
e f f e c t s  of a i r  oxidation. 
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TABLE 1. Composition of t h e  Three Coals Studied. 

Coal % C (dmmf) Empirical Formula 

Upper Freeport mv Bituminous 89.0 C100H70N1.5S0.502.5 

Bruceton hvA Bituminous 82.3 C100H78N1. 6'0.3O9.3 
I l l i n o i s  No. 2 hvC Bituminous 73.4 C100H87Hl. 3'0.8'18 

f 

TABLE 2. R a n s i t i o n  Temperatures f o r  IGC Data Shown i n  Figure 1. 

Sample 

Temperature O C  

TA TB TC TD TE TF 

I l l i n o i s  No. 2 hvC 

Bruceton hvA 

Upper Freeport MV 

111 138 240 326 352 398 

110 130 230 341 368 429 

115 158 248 360 370 430 
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Figure 1 .  Data from inverse GC experiments. Vret represents the retention volume; 
T is  temperatures i n  OK. - I l l i n o i s  No. 
2 hvC bituminous coal. ..... Bruceton hvA bituminous coal, --- Upper Freeport mv 

Values for TA-Tp are given i n  Table 2. 
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Comparison of data from an oxidized and a fresh sample of Upper Freeport 
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ELECTRON MICROPROBE TECHNIQUE FOR QUANTITATIVE 
ANALYSIS OF COAL AND COAL WERALS 

Frank R. Karner, Jean L. Hoff, Tim P. Huber, and Harold H. Schobert 

U n i v e r s i t y  of Nor th Dakota Energy Research Center 
Box 8213, U n i v e r s i t y  S ta t i on  

Grand Forks, Nor th Dakota 58202 

Elect ron microprobe analys is  i s  a powerful t o o l  f o r  analyz ing t h e  chemical 
canposi t ion o f  canponent g ra ins  and whole samples when sample q u a n t i t i e s  are t o o  
small f o r  o ther  a n a l y t i c a l  techniques. A q u a n t i t a t i v e  procedure f o r  microanalys is  
of elements such as Na, Mg, A l ,  S i ,  P, S, C1, K, Ca, T i ,  Mn, Fe, S r ,  Ba i n  coal and 
coal macerals i s  h i g h l y  des i rab le  but  development o f  q u a n t i t a t i v e  techniques f o r  
microanalys is  o f  organic ma te r ia l s  has lagged behind progress i n  t h e  ma te r ia l  
sciences. The heterogeneous character ,  l ow  densi ty ,  and l i g h t  element composit ion 
of organic ma te r ia l s  present spec ia l  problems not accounted f o r  i n  t h e  usual 
m ic roana ly t i ca l  methods employing standard ZAF c o r r e c t i o n  procedures app l i cab le  t o  
mineral ogy and metal 1 urgy. 

A l t e r n a t i v e  procedures developed by workers i n  t h e  b i o l o g i c a l  sciences, which 
minimize t h e  problems s p e c i f i c  t o  work w i t h  organic ma te r ia l s ,  might be b e t t e r  
s u i t e d  f o r  analys is  o f  coal than standard ZAF techniques. Q u a n t i t a t i v e  methods have 
been most ex tens i ve l y  developed f o r  th in-sect ioned specimens. Those techniques, 
which inc lude H a l l ' s  (1968) peak-to-continuum and Russ's (1974) elemental r a t i o  
methods, r e l y  on t h e  assumption t h a t  absorpt ion and f luorescence e f f e c t s  may be 
neglected because o f  t h e  extremely shor t  path l eng th  f o r  e x i t i n g  x-rays. For t h i c k  
specimens these assumptions must be modif ied. Techniques i nc lude  the  standard ZAF 
c o r r e c t i o n  procedures f o r  mater ia l  w i t h  l i g h t  element matr ices (Love and Scott,  
1980) and peak-to-background methods ( M i l l e r  and Corbet, 1972). Other techniques 
c l o s e l y  r e l a t e d  t o  our approach are t h e  peak-to-continuum (P/C) methods used f o r  t h e  
ana lys i s  o f  p a r t i c l e s  by Statham and Pawley (1978) and Small and others (1980). 

Most o f  t h e  P/C methods r e l y  on t h e  hypothesis t h a t ,  as an i n i t i a l  
approximation, continuum and c h a r a c t e r i s t i c  r a d i a t i o n  are s i m i l a r l y  a f fec ted  by 
changes i n  pa r t i c l e -s i ze ,  densi ty ,  o r  specimen thickness. Thus t h e  r a t i o  o f  peak 
i n t e n s i t y  t o  continuum i n t e n s i t y  i s  approximately constant f o r  a g iven elemental 
concentrat ion. The P/C method should thus so lve t h e  major problems w i t h  
microanalys is  o f  organic mater ia ls :  a dominantly 1 i g h t  elemental composit ion which 
i s  not d i r e c t l y  measurable by microprobe techniques, inhomogeneity, and v a r i a b l e  
density. Even though t h e  analyzed elements have a l ow  concentrat ion i n  a l i g h t -  
element ma t r i x  t h e  quest ion remains as t o  whether t h e  assumption o f  n e g l i g i b l e  
absorpt ion and f luorescence e f f e c t s  i s  v a l i d  f o r  t h i s  method. 

Methods 

A se t  o f  organic reference standards has been analyzed as t h e  f i r s t  s tep i n  
es tab l i sh ing  a P/C procedure f o r  e lec t ron  microanalys is  o f  minor and t r a c e  elemental 
concentrat ions i n  organic ma te r ia l s  such as coal macerals. The one-to-one l i n e a r i t y  
o f  publ ished t o  observed elemental concentrat ions i s  used as a t e s t  o f  t h e  v a l i d i t y  
o f  t h e  P/C method and i t s  i n t e r n a l  assumptions. Programmed c o r r e c t i o n  f a c t o r s  
r e l a t i n g  peak i n t e n s i t y  t o  concentrat ion are obtained fran best  f i t  procedures and 

Nine National Bureau o f  Standards (NBS) reference standards o f  se lected organic  
ma te r ia l s  were chosen f o r  t h i s  eva lua t i on  o f  t h e  P/C method. The standards cons is t  
of four bituminous and two subbituminous coals, c i t r u s  and tomato leaves, and p ine  
needles. Samples were ground t o  a f i n e  powder, vacuum-dried, and compressed under 
10 tons pressure t o  form t w o  f l a t  p e l l e t s  f o r  each standard. The p e l l e t s  were then 
carbon-coated f o r  e lec t ron  microprobe analysis. 

1 

I are  then used f o r  analys is  o f  unknowns o f  s i m i l a r  canposit ion. 
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Microprobe opera t i ng  condi t ions dur ing a c q u i s i t i o n  o f  chemical analyses were 15 
keV acce le ra t i ng  vo l tage  and 920 picoamperes beam current .  The probed area was 
approximately one square m i l  l ime te r .  F i f t y - t h r e e  400 second analyses were obtained 
du r ing  May and June 1985. F i ve  analyses o f  incomplete ly  ground and/or improperly 
coated samples were removed from t h e  data set. 

Between fou r  and t e n  analyses were combined t o  o b t a i n  a s ing le  averaged spectrum 
f o r  each reference standard. The reg ion 2.00-5.00 keV was chosen f o r  measurement o f  
continuum i n t e n s i t y .  A re ference l i b r a r y  o f  pure element and oxide standard spectra 
was used w i t h  the  Tracor-Northern XML l e a s t  squares f i t t i n g  r o u t i n e  t o  generate 
peak-to-continuum elemental r a t i o s  f o r  each averaged spectrum. This r a t i o  was 
canputed by t h e  r e l a t i o n s h i p :  c o r r e c t i o n  f a c t o r  x (peak i n tens i t y ) / ( con t i nuum 
i n t e n s i t y )  . 

The peak-to-continuum r a t i o ,  assumed i n  t h e  P/C method t o  be propor t ional  t o  
absolute elemental concentrat ion,  was p l o t t e d  against repor ted concentrat ion f o r  
each element o f  i n t e r e s t  (Na, Mg, A l ,  S i ,  P, S, C1, K, Ca, T i ,  Fe). The amount o f  
d e v i a t i o n  o f  t h e  b e s t - f i t  l i n e  through the  o r i g i n  from t h e  hypothet ica l  one-to-one 
r e l a t i o n s h i p  between observed P/C and repor ted concentrat ions was used t o  change the  
reference l i b r a r y  s to red  co r rec t i on  fac to rs .  The peak-to-continuum r a t i o s  were then 
canputed w i t h  t h e  adjusted co r rec t i on  f a c t o r s  and f i n a l  p l o t s  f o r  each element were 
made. 

Results 

Resul ts  are summarized i n  Table 1 and Figures 1 and 2. Some questions t o  be 
considered wh i l e  eva lua t i ng  t h e  peak-to-continuun r e s u l t s  i nc lude :  whether t h e  data 
show the l i n e a r  one-to-one r e l a t i o n s h i p  between repor ted element concentrat ion and 
P/C r a t i o s  t h a t  would i n d i c a t e  the  method and i t s  assumptions a re  v a l i d  f o r  t h e  
elements examined; whether s c a t t e r  i n  t h e  data i n d i c a t e  poss ib le  add i t i ona l  e f f e c t s  
on x-ray i n t e n s i t i e s  o r  a n a l y t i c  o r  sample preparat ion problems; and what trends are 
s p e c i f i c  t o  c e r t a i n  elements o r  appear t o  a f f e c t  a l l  elements. Examination o f  t he  
data f o r  each element o f  observed versus l i t e r a t u r e - r e p o r t e d  concentrat ions y i e l d  
t h e  fo l l ow ing  observations: 

1. 

2. 

3. 

4. 

Si l i con ,  phosphorus, and c h l o r i n e  were not present i n  both observed and reported 
analyses o f  enough standards t o  generate a s i g n i f i c a n t  number o f  data points. 
Although the  th ree  da ta  po in ts  graphed f o r  each o f  these elements appear t o  show 
t h e  des i red l i n e a r i t y ,  they are t o o  few t o  permi t  conc lus ive i n t e r p r e t a t i o n  o f  
the resu l t s .  

Magnesium and t i t a n i u m  were only present i n  very low concentrat ions, most ly  as 
less than 0.2 wt%. Mg does show 
l i n e a r i t y  w i t h  two p o i n t s  a t  s l i g h t l y  h ighe r  concentrat ions, b u t  t he  c lustered 
data po in ts  o f  bo th  elements show some s c a t t e r  from t h e  l i n e a r  r e l a t i o n s h i p .  I n  
par t ,  t h i s  may be accounted f o r  by t h e  d e t e c t a b i l i t y  l i m i t s  o f  t h e  EOS 
microprobe system and by t h e  r e l a t i v e l y  h ighe r  e r r o r  o f  5%-10% repor ted i n  
microanalys is  o f  organic  ma te r ia l s  as compared t o  work i n  t h e  mater ia l  sciences. 

Aluminum (F igure l ) ,  calcium, s u l f u r ,  and potassium show a l i n e a r  r e l a t i o n s h i p  
between observed and l i t e r a t u r e  values. Data po in ts  are spread over a range of 
concentrat ion values o f  up t o  7% and show a low degree o f  sca t te r .  These 
elements appear t o  be behaving i n  conformi ty  w i t h  t h e  assumptions o f  t he  peak- 
to-continuum method and might be expected t o  y i e l d  v a l i d  r e s u l t s  f o r  unknowns. 

Sodium, known t o  be subject  t o  elemental mass l o s s  problems du r ing  sample 
Preparation and microprobe analys is ,  i s  on l y  present i n  concentrat ions o f  (0.3 
wt%. Most data p o i n t s  c l u s t e r  near the o r i g i n  bu t  do not  show as much sca t te r  
as would be expected i f  mass l o s s  had occurred. 

The data points  thus c l u s t e r  near t h e  o r i g i n .  
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Table 1. Results o f  Microprobe Analysis  of NBS Coal and Botanica l  Standards 
Comparing Observed and Reported Weight Percentages 

REF Na Mg 
OBS - RPT OBS RPT - 0 - - -  N - C - STD - H - 

1 1632 3.85 66.00 1.23 18.80 0.08 0.07 0.12 0.13 
2 1635 4.07 62.60 1.26 24.60 0.24 0.19 0.10 0.10 
3 2682 4.70 75.00 0.80 0.10 0.08 0.20 0.19 
4 2683 5.00 79.00 1.60 0.05 0.05 0.05 0.06 
5 2684 4.80 68.00 1.60 0.03 0.05 0.08 0.12 
6 2685 4.60 66.00 1.10 0.08 0.11 0.10 0.16 
7 1572 0.58 0.57 
8 1573 5.08 37.80 4.97 0.06 0.10 0.69 0.62 
9 1575 6.48 51.40 1.20 0.01 0.13 0.13 

REF A1 S i  P S c1 
STD RPT OBS RPT OBS RPT OBS RPT OBS RPT OBS _ _ - - - - - - - - -  

1 1632 3.01 2.79 6.01 5.65 0.03 1.58 1.46 0.08 0.08 
2 1635 0.31 0.29 0.54 0.61 0.01 0.33 0.42 0.00 
3 2682 0.46 0.41 0.60 0.47 0.58 0.09 
4 2683 0.86 0.75 1.27 1.85 1.93 0.19 
5 2684 1.10 1.21 2.73 3.00 3.12 0.09 
6 2685 1.70 1.93 3.95 4.62 4.16 0.06 
7 1572 0.01 0.02 0.21 0.13 0.14 0.41 0.52 0.10 
8 1573 0.09 0.09 0.55 0.34 0.28 0.62 1.07 1.07 
9 1575 0.05 0.06 0.03 0.20 0.12 0.14 0.10 0.19 0.01 0.04 

REF K Ca T i  Fe  
STO RPT OBS RPT OBS RPT - OBS - RPT OBS 

1 lm 0.42 m5 0.24 0.23 0.17 0.11 1.12 1.04 
2 1635 0.01 0.55 0.66 0.02 0.23 0.37 
3 2682 0.01 1.10 1.35 0.05 0.05 0.24 0.40 

5 4 2683 0.08 0.09 0.20 0.18 0.04 0.05 0.76 0.47 5 2684 0.20 0.27 0.44 0.33 0.06 0.06 1.50 0.90 
6 2685 0.26 0.38 0.52 0.53 0.09 0.10 2.90 1.23 
7 1572 1.82 1.72 3.15 2.95 0.01 0.07 
8 1573 4.42 4.17 2.92 2.69 0.01 0.02 0.10 
9 1575 0.37 0.37 0.42 0.43 0.02 0.10 
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5. I r o n  data (F igu re  2) shows the  l e a s t  l i n e a r i t y  and g rea tes t  sca t te r  o f  the 
analyzed elements. Observed values o f  samples with t h e  l e a s t  i r o n  are too  
large;  measured values f o r  samples w i t h  h ighe r  i r o n  content are t o o  low. There 
does no t  appear t o  be a consis tent  t r e n d  t o  these va r ia t i ons .  I r o n  i s  t he  
heaviest element analyzed i n  t h e  organic standards and the  assumption o f  
n e g l i g i b l e  f luorescence and absorpt ion e f f e c t s  may not be va l i d .  However, such 
e f f e c t s  would be expected t o  cause data po in ts  t o  be cons is ten t l y  o f f s e t  i n  one 
d i r e c t i o n  and cannot f u l l y  exp la in  what i s  observed. 

The peak-to-continuum method has performed we l l  f o r  c e r t a i n  elements - A l ,  Ca, 
S, K. Evaluat ion o f  standards w i t h  a greater  range i n  concentrat ion i s  requi red t o  
conf i rm t h a t  t h e  method works as wel l  f o r  elements such as Mg, T i ,  and Na. Problems 
w i t h  evaluat ing Fe content  might be e luc ida ted  by ana lys i s  o f  add i t i ona l  reference 
standards o r  a se t  o f  standards created us ing standard add i t i ons  o f  know quan t i t i es  
o f  Fe. 

App l i ca t i on  

I n i t i a l  s tud ies us ing t h e  peak-to-continuum method f o r  microprobe analyses o f  
organic ma te r ia l s  (Karner and others, 1984, Karner and others, 1985) show exce l l en t  
po ten t i a l  f o r  ob ta in ing  va luable geochemical data f o r  coal l i t h o t y p e s  and 
macerals. The f i r s t  survey o f  l i t h o t y p e s  i n  l i g n i t e  o f  t h e  Beulah-Zap bed o f  t he  
Sent ine l  B u t t e  Formation (Paleocene) i n  Nor th Dakota examined v i t r a i n ,  fusa in and 
a t t r i t u s  a t  several l o c a t i o n s  w i t h i n  t h e  seam (Karner and others, 1984). Common 
inorganic  elements associated w i t h  these l i t h o t y p e s  included Na, Mg, A l ,  S i ,  S ,  K,  
Ca, and Fe. Samples o f  v i t r a i n  from a s i n g l e  v i t r a i n  l a y e r  i n  t h e  seam have q u i t e  
uniform elemental canposi t ions wh i l e  v i t r a i n  fran d i f f e r e n t  l e v e l s  i n  the seam have 
s i g n i f i c a n t l y  d i f f e r e n t  concentrat ions o f  elements p a r t i c u l a r l y  Mg, S, and Ca. 
Fusain and a t t r i t u s  were q u i t e  d i f f e r e n t  f r a n  v i t r a i n  i n  chemical composition, 
genera l ly  con ta in ing  h i g h e r  Ca, Mg, and S i ,  and l ower  A l ,  S, and Fe. 

A survey (Karner and others, 1985) o f  the inorganic  chemistry o f  huminite group 
macerals i n  f o u r  low-rank coa ls  inc luded analyses o f  u l m i n i t e  representat ive o f  t h e  
Beulah-Zap (BZ) and Hagel (HG) l i g n i t e s ,  NO, t he  M a r t i n  Lake (ML) l i g n i t e ,  TX; and 
v i t r i n i t e  o f  t h e  Rosebud (RB) subbituminous coal ,  MT. Major d i f f e rences  i n  maceral 
chemistry between coals  and composi t ional ly  d i s t i n c t  maceral types w i t h i n  coals are 
shown by c h a r a c t e r i s t i c  analyses g iven i n  Table 2. 

Table 2. 
Group Macerals i n  Four Uni ted States Low-Rank Coals Given i n  Weight Percent. 

C h a r a c t e r i s t i c  Compositions Determined by Microprobe Analyses o f  Huminite 

s&ca&* 
Beulah-Zap (BZ) U l m i n i t e  1 0.32 0.11 0.22 0.10 0.45 0.49 0.51 0.04 2.24 
Beulah-Zap (BZ) U l m i n i t e  2 0.54 0.38 0.18 0.12 0.43 1.54 0.79 0.06 4.04 
Hagel (HG) U l m i n i t e  1 0.06 0.15 0.16 0.08 0.59 1.03 0.24 0.01 2.32 
Hagel (HG) U l m i n i t e  2 0.07 0.42 0.24 0.17 0.51 2.40 0.68 - 4.49 
Mar t i n  Lake (ML) U l m i n i t e  1 0.15 0.38 0.32 0.28 1.25 1.69 0.45 0.05 4.57 
Mar t i n  Lake (ML) U l m i n i t e  2 0.06 0.42 0.16 0.07 1.16 1.67 0.36 0.06 3.96 
Rosebud RE) V i t r i n i t e  1 0.06 0.20 0.33 0.05 0.76 0.71 0.08 0.03 2.22 
Rosebud 0.12 0.32 0.18 0.11 0.73 0.86 0.06 0.04 2.42 [ RB) V i t r i n i t e  2 

Comparing t h e  f o u r  coals: BZ u lm in i tes  have h igh  Na and Fe and low S and t o t a l  
const i tuents ;  HG u l m i n i t e s  have h igh  Ca and low  Na and S; ML u lm in i tes  have low Na 
and high Mg, S and t o t a l  const i tuents ;  w h i l e  RB v i t r i n i t e  has moderate t o  low values 
f o r  a l l  elements. W i t h i n  t h e  c o a l s  BZ and HG u lm in i tes  tend t o  occur as e i t h e r  low 
o r  high Na+Mg+Ca types; ML u l m i n i t e  as a low o r  h igh Al+Si t ype  and RB v i t r i n i t e  
types vary fran low t o  h igh  Mg/Al. The chemistry o f  t h e  humin i te  group macerals and 
t h e  bulk composit ions o f  t he  f o u r  coals have s t r i k i n g  s i m i l a r i t i e s ,  inc lud ing the 
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h igh  Na and low S f o r  BZ, h igh  Ca and low Na and S f o r  HG, and low Na and h igh  S f o r  
ML. U lm in i te  chemical v a r i a t i o n  between coa ls  and w i t h i n  seams suggests t h e  
importance o f  hydrogeochemical processes du r ing  diagenesjs. 

The r e s u l t s  o f  these s tud ies show important pa t te rns  o f  concentrat ions and 
v a r i a b i l i t y  o f  numerous inorganic  elements. These geochemical c h a r a c t e r i s t i c s  may 
have great s ign i f i cance  f o r  development o f  our understanding o f  coal formation and 
u t i 1  i zation. 
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PIXE - A NEW ANALYTICAL TECHNIcvE EO7 THE 
ANALYSIS OF CXAL AND CXAL DERIVED RTELS 

Swadesh S. Raj 

Department of Chemistry, W i l l i a m  Paterson College, Wayne, N.J. 07470 

ABSTRACT 

A new technique, PIXE - particle induced x-ray emission scanning, for analyzing con- 
centrations of sodium through uranium w i t h  detection limits i n  the order of ppb and 
ppn is explained in this paper. and the target can be 
med over a distance of 8 inches in any direction for surface or depth analysis.  
PIXE is performed by scanning the taryet, i n  i n c m n t s  ranging fran 1 to 8 mn 
adjustable diameter of proton bean, line by line, using a ccmputer controlled Deadal 
m t o r  driven linear translation stage in the needed directions. 

The experimental r e s u l t s  obtained f r u n a n m k r  of coal and ash samples, using PIXE 
technique are presented. The degree of accuracy of the PIXE technique relative to 
other techniques is also discussed. The technique is very useful for coal and ash 
analyses, deposit analysis, and analyses of corrcded and ercded surfaces using coal 
and coal derived fuels. PIX3 is a unique technique which provides quantitative data 
on concentration of inorganic constituents, its oxidation state and depth simultan- 
eously. Total  analyses time in this technique, including sample preparation, varies 
fran 8 - 10 minutes per sample. 

The accuracy of scan is 1 

JNIRiXNrnICXl 

Coal is a heterogeneous assembly of mcerals and minerals schematically s t n m  i n  
Fig. 1 {l}. This figure is similar to Schlosberg of Exxon. A nunker of investi- 
gators; Given {2}, Wiser {3} and Larsen {4) etc. have.attempted to fomlate a model 
fo r  the organic ccmponents of coal (Figures 2,3 & 4) based upon the cumulative exper- 
imental results. 

substantial understanding of coal structure has been obtained. 
tures still 20 not prwide clues to the solution of many engineering problems exper- 
ienced due to coal uti l ization. 
the p3or understanding of chemical, thermdynamic and kinetic reactivity of coal 
in the process of canbustion or conversion. 

emission, with the use of coal in  industry can be achieved i f  multidimensional pro- 
perties of coal are studied simultaneously. 
indicates that coal can be best analyzed for its structure (organic, inorganic, 
trace elenents, porous and petrographic structure) under two main methods of 
study: D i r e c t  and Indirect. 

In  t h e D i r e c t  method, coal can be analyzed for  its gross characteristic such as 
elanental ccmposition, petrographic canposition, Btu value, ca lor i f ic  value, etc. 
using COnVentiOMl analytical tools. 
methods Q not provide reasons for  two coals exhibiting different chemical behavior 
although possessing similar gross characteristics and vice versa. Indirectmethods, 
on the other hand, provide the core information mst essential  to the understanding 
of reaction mechanism and cause of many industrial problems {S}. U n d e r  Indirect 
methods controlled conditions may be used to obtain the recognizable chemical units 
of coal (representative of whole coal) without altering the chemical nature of coal. 
I t  is only through the Indirect methods that the canposition of inorganic andorganic 
constituents can be established (6,7}. 

The experimental results were obtained through different exper- 
I mental techniques and using wide variety of analytical tools. In this regard a 

Hmver, these struc- 

of these problem may be attributed towards 

The resolution to the engineering 
, problems; deposits, corrosion, erosion, slag f o m t i o n ,  m, *, and particulate 

Industrial experience w i t h  coal (S} 

The results obtained through the D i r e c t  
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.I 
Inorganic constituents of coal and coal pmducts are analyzed by a n m h r  of tech- 
niques. These techniques are reviewed in references [8 & 9} by Weaver and Fuller. 
The analytical techniques used are AAS, NAA, ICP, Dcp, XRF, SW, etc. Saw of the 
techniques used are time consuming, some possess 1- detection l imits and some do 
not provide m~lti-eienwtal detections w i t h  depth profile. The P I E  (particle 
induced x-ray emission) technique overcaws the above mentioned difficult ies.  
This technique even differentiates between the oxidation state of ions. 
to Khan and Cnmpkon {lo}, the PIXE technique is reliable and repeatable. 
technique has been widely used in the study of b io logica l t i s sue( l l ) ,  meteoritic 
samples (12}, rain and snm {13 & 14}, and environmental samples  [15} to analyze con- 
centrations of trace elanents sodium through uranium in ppb. In this paper, PIXE 
technique is reviewed and preliminary results on coal and coal ash using PIXE are 

1 
I 

According 
PIXE 

, 
presented. I 

PIXE (particle induced x-ray emission) in general involves k m b r h n t  of elgnents 
withanyparticles: alpha, beta, gamm, electron, proton, etc.  In the present study, 
however, the instrument generated a proton beam to excite electrons of K and/or L 
shells of a m .  The spectra of K and K x-rays and L and L x-rays are sufficient 
to detect even heavy elements. 
bcmbards K and L she l l s  of electrons of an element (15,161. The electrons af ter  
absorbing the proton energy migrate to higher energy levels and leave the vacant 
spots in K and L orbi ts .  
orbitals takes place to f i l l  the vacant spot i n  the K and L orbits.  
of electrons f m n  higher energy to 1-r energy orb i t s  accanpanies with the mission 
of electramqnetic radiations. The emitted radiation carries an amount of energy 
equivalent to the eneqy  difference between t v m  shells of the electron transition. 
These emissions correspond to K and L x-ray radiations. The wave length of the prc- 
duced radiations are characteristic of the elements and varies f m  element to 
el-t. 
s p e c t m .  
of the x-ray emission a t t r ibu tes  to the el-tal identification. 
under a peak i n  the spec.tnnn directly relates to the concentration of individual 
el-ts. 
detai l  by Johansson and Johansson [17}. 

Proton beam with the energy strength of 4 MeV 

The transition of electrons fran higher energy "allcwed" 
The transition 

The corresponding K and L x-ray intensities are recorded in  the form of a 
Since these x-rays are characteristic for  each element, the fingerprints 

The area covered 

The principle of PIXE and the developrent of PIXE is explained i n  great 

The experimental program w a s  conducted i n  three steps. The f i r s t  step was involved 
with the generation of the harageneous beam of protons with a given intensity. The 
second step dealt w i t h  the preparation of samples and exposing the samples to the 
beam of protons. 
tra and ccmpare it w i t h  that of standard elarents. 

Hamgen- beam of pmtons, w i t h  the energy of the order of 4 MeV, is generated 
using Tandem/Vdn de Graff accelerators. 
metals. 
The proton team passes through a diffuser foi l ,  several collimators and finally 
through a 25 p! diameter Kapton w i n h .  The purpose to pass the beam through a 
number of obstacles was to scatter the beam to obtain uniformity and subsequently 
to refocus it to obtain hawgeneity. The tkamgeneity of the beam was checked by 
us- h u m  standard el-t. The test section where the sample w a s  introduced 
was f i l l ed  with helium. The beam when projected on a sample covered an estimated 
diameter of 0 mn. The Kapton win- in the set up w a s  changed every 12 burs so 
as to avoid pick up of anyinteraction effects in tlae final spc tra .  The Faraday 
cup was used to integrate the charge. "his cup was m t e d  daJnstream of the 
sample. The detection was done by the Ge Princeton Gama Tech. detector. 
detector possessed energy resolution of 150 ev a t  the Mn 5.9 KeV K line. 

I 

The th i rd  s tep  w a s  carried out to obtain the  elmental  x-ray spec- 

This energy is sufficient to detect heavy 
The beam of protons travels along way before it hits the coal sample. 

' I p s  
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Several other pmtective measures were taken in the PIXE set-up to maintain the sen- 
s i t i v i ty  o f t h e e x p e r h n t .  
The insertion and the m a l  of the slides was controlled autanatically. 

Coal and ash samples were analyzed as a thin sl ide on kimfol film. 
mixed w i t h  an appropriate binding agent and the mixture was then transferred on to 
kimfol film slides. Binding agent used for coal w a s  cellulose acetate (Polystyrene) 
in  toluene where as ash samples were mixed w i t h  6F Hri€)3 doped w i t h  100 ppn y t t r i u m .  
Coa l  and ash samples were mixed w i t h  their appropriate binding agent in the r a t io  of 
300 mg to 300 p1 of this mixture were deposited on the kimfol film sl ides  and 
irradiated directly. Kimfol is a polyvinyl very thin material, easy to handle, re- 
s is tant  to chemical a t t ack  and can withstand high proton beam currents. 

The concentration of an e l m t  i n  a sample was determined by canparing the area of 
the K (or L) peak of the element of interest  with that of a reference element that 
contained w o n ,  Rhodium or yttrim as the internal standard. The standard refer- 
ence spectra were obtained from banbarding high purity atanic absorption standards 
in a m a t r i x  of boric, perchloric, ni t r ic ,  and hydrofluoric acid under the sam con- 
ditions (i.e. target thickness, type of backing and its thickness, integrated charge, 
and current) as the samples. 
to x-ray absorption and x-ray production cross sections. 
systen and the slide projector are autcmatically controlled by a PDP 11/44 canputer 
{16}. The thickness profile is obtained by banbarding the sample w i t h  variable pro- 
ton energies that can pass through the sample. The stopping p e r  of proton (depth 
penetration) is a function of its energy and the thickness of the sample understudy. 

The sample s l ides  were munted i n  a slide projector. 

Samples were 

This nonmlization prccedure r m e d  uncertainties due 
The data acquisition 

EXPERDERTAL RESULTS, DISCUSSION AND CoNCulSIONS 

The characteristics of coal samples analyzed by PIXE methods are sham i n  Table 1. 

TABLE 1 

COAL AND ASH SAMPLFS 

Rank % C -  % M D r y  - -  Sample # Oriqin 

1. Coal-psco 95 (Washington) HVA 84.39 23.75 
2. Coa l  - PSOC 124 (W. Virginia) HVA 83.48 9.71 
3. Coa l  - PSOC 245 (No. Dakota) Lignite 73.39 15.38 
4. Coa l  - Psoc 251 (Kansas) HVA 83.73 19.99 
5. Coal - Low Temp. Ash F m  coal sample #1 
6. Coal - Low Temp. Ash F m  Coal sample #3 

Inorganic constituents in  coals are de t r i t a l  and authigenic. 
f o d  as a r e s u l t  of coalification process consists of mnbmrillonite,  chlorite,  
kaolite, pyrite, gypsum, h a l i t e ,  s ider i te  and calcite.  The detrital Constituents 
include m m r i l l o n i t e ,  quartz, plagicclose, alkali feldspar, bioli te,  chlorite,  
volcanic glass and rock fragments. 
N i ,  Zn, As,Se,Ru, Ag, Cd, Sb, Cs,  Ba, Sn, La, Ce, Eu, Yb, Th, U etc. are the inor- 
ganic elanents respnsible for  the formation of the mineral mtter in coals. Major 
mineral matter which is not bonded with the organic structure of coal is widely 
known and can be taken out in the cleaning prccesses by physical or chemical means. 
Haever, this is cmhrscme, expensive and the consuming process and changes the 
chanistry of whole coal. These are sane of the reasons why direct use of coal is 
encouraged. 

In the present investigation, m e r  form of coal samples was used. 
PIXE analysis of coal samples presented contain elenental concentration of total 
mineral contents. Fig. {5} through {lo} illustrates the concentration distri- 
bution of various major elanents i n  the Sample. 

Minerals a c h  are 

N a ,  Mg, A l ,  K, Ca ,  T i ,  Fe, Sc, V, Cr ,  Mn, Co, 

Therefore, the 

Sure of the peaks are not seen on 
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I plots due to scaling. 

i than 1 ppa which have not been identified due to presence of one of the el-ts 
tar excess capred to others and which controlled the vertical  scale. Detection 

I the elenwts belm 1 ppn concentration m y  be possible in future work. Since it 
a preliminary investigation, it provided us an input to set up scales for future 

k on the coal mineral and ash investigation. Nevertheless, it was the f i r s t  
ort to analyze coal using the PIXE technique. 

These hidden peaks represent the elenentai concentration 
. llhe order of one p ~ n .  In between the adjoining @as, there are also elemnts 

sence of Na, A l ,  S i ,  K i n  large quantities also interferred with the Ar - stan- 
rd used to i h t i f y  trace elements. Fe, Ca, Al, Na,  Si ,  K, Mg, Ea, etc. are not 
ace elements (concentration range is higher). 
iys and quar tz  incorporated into coal during the coalification process. M,. co, 
, V, Zn, Sr, Cr ,  As, Se,  Sn, Pb, Cu, Th, U etc.  are the trace elemnts. Concen- 
ition of these elements vary fran few ppn to below hundreds. 

These e l a n t s  ccme frun pyrite, 

results of PIXE analysis are s m i z e d  in Table 2. 
their concentration levels match with the ones obtained f m n  other n~thods aiven 

The identified elements 

references 7, 9 and 18, which deronstrates the accuracy of the method. 

TABLE 2 

GENERALTRENDIN 

CONCEWTRATION OF ELENWE (PPM) 
-- 

Coal 
Sample 

W a s h i n g i x m  
m 
W. Virginia 
m 
Kansas 
HVA 

N o r t h  Dakota 
LIQlIT?i 

coal Ash 

Coal Ash 

)oncentration of Elements 
Va, Ca, Mg, Fe, Al, Si, Ki, 
Ba 

H u n d r e d s  

To 

ThOUSands 

Ppn 

Concentration of E l e m e n t s  
Se, V, T i ,  Co, Zn, Sc,  C r ,  
As, Pb, Cu, Cd, Sr, Sb, 
cs, sm, T h ,  u 

Under One 

To 

Under Hundred 
P P  

- 
? experiment was conducted while the author was at  the Rutgers University. The 
hor espresses her grati tude t o  D r .  G. Hall for  arranging the spectra presented 
th is  paper- - 
Raj, S., and Raj, R., ADIE  roc., IGE, cuai Utilization, NO. 826T-116, 1982. 

38 



2. Given, P.H., Fuel, 39, 1960. 

3. Wiser, W.H., D3E Sym. Ser., 46, 1978. 

4. Larsen, J.W., Acs Prcc. Sym., Fuel Ckm.,  30-4, 1985. 

5. Raj, S., and Raj, R., papr sutmitted to ASME IGIC, Coal Utilization, 1985. 

6. Gorhty, 
N e w  York, 1982. 

M.L., Larsen, J .W.,  and Wender, I., Coal Structure, Academic Press, 

7. Meyers, R.A., Coal Structure, Academic Press, New York, 1982. 

8. 

9. Fuller, E.L., Acs Sym. Ser. 205, 1982. 

Weaver, J.N., Methcds f o r  Coal and Coal Products, Academic Press, New York, 1978. 

10. Khan, Md. R., and Cnrmpton, D., CRC Critical Reviews in Analytical Chemistry, 
May, June 1981. 

11. Walter, R.L., e t  al ,  Analytical chem., Vol .  46, 843, 1974. 

12. H e n c g ,  G., and Kuzel, H.W., Nuclear Instnnn. Methods, V o l .  142, 301, 1977. 

13. Tanks, S., Darzi, M., and Winchester, J.W., Environ. Sci. & Tech., Vol. 15, 
355, 1981. 

14. Jervis, R.E. e t  al ,  Nuclear Instrum. Methods, Vol .  193, 323, 1982. 

15. Raj, S., et al, Intemtl. Conf. on PIXE, Max Plank Inst. Fur Kemphysik, 

16. R a j ,  S., Raj, R., and H a l l  G., ASME Prcc., IGIC, Coal Utilization, No. 8 4 c T -  

Heidelberg, 1983. 

213, 1984. 

17. Johansson, S.A.E., 
1976. 

and Johansson, T.B., Nucl. Instrum. M e t h o d s ,  V o l .  137, 275, 

18. ACS Preprints, Div. of Fuel Chan., 1983, 1984. 



F i g .  2: Hypothetical chemical Structure of Coal mlecule by G i v e n .  
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Fig. 5: X-Pay SPeN a of Coal sanple 1. 
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Over the past three years, PhotoAcoustic Infrared Fourier Transform 
(PAIFT) spectra of coal samples have been acquired in our laboratory for a 
data base now amounting to some 6000 spectra. Various preliminary reports of 
OUT results have-been presented (1-5). 

Among the manifold advantages of PAIFT spectroscopy in the study of coals 
are minimal sample preparation, insensitivity of signal to degree of 
subdivision, and the ability to observe surface infrared absorbing features 
generated by chemical manipulation. Subtraction to yield difference spectra 
revealing such introduced features is straightforward and avoids arbitrary 
scaling procedures. 

Although it is often stated that application of FTIR spectroscopy has 
revitalized the applications of infrared spectroscopy to coals, the truly new 
results reported as a consequence of this revitalization are very limited, and 
the recent literature contains several examples of unwarranted and probably 
incorrect conclusions arising from subjective applications of curve-resolving 
techniques and calibrations of relative intensities of spectral features. 

In this paper, we report detection by PAIFT spectroscopy of new oxygen 
functionality produced by base-promoted decomposition of precursor peroxide 
species ubiquitously present at the surface of all except the most freshly 
prepared samples of powdered bituminous coals. The occurrence of this reaction 
process has escaped detection previously since KBr-pellet transmission FTIR 
and Diffuse Reflectance FTIR measurements involve randomization of the 
superficial infrared-absorbing groups as a consequence of the grinding 
procedures associated with sample preparation using these techniques. 
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(902)-867-3992 

ABSTRACT 

Work in our laboratories over the last three years has demonstrated that 
PhotoAcoustic infrared Fourier Transform (PAIFT) spectroscopy provides unique 
qualitative and quantitative information about the surface functionalities of 
bituminous coals. 

We now report evidence detected by PAIFT techniques of new carbonyl-type 
oxygen functionality in such coals, which is generated both by base-promoted 
and thermal decomposition of precursor peroxide species, which we propose are 
ubiquitous constituents of the surfaces of all except the most freshly 
prepared samples of powdered bituminous coals. 

INTRODUCTION 



EXPERIMENTAL. 

PAIFT spectra were a c q u i r e d  u s i n g  a Bruker  IFSl lO purge-type I n f r a r e d  
F o u r i e r  System employing a G e  on KBK b e a m s p l i t t e r .  The spec t rometer  was 
i n t e r f a c e d  t o  a n  E G S G P r i n c e t o n  Applied Research Model 6003 Photoacous t ic  
Accessory equipped w i t h  a z i n c  s e l e n i d e  window and t h e  a m p l i f i e d  photoacous t ic  
o u t p u t  was t r a n s m i t t e d  t o  t h e  d a t e  a c q u i s i t i o n  sys tem of  t h e  IFS110. The purge 
f l o w  was i n t e r r u p t e d  d u r i n g  Scanning. 
Coal  samples were ground t o  f i n e r  t h a n  60 mesh under  l i q u i d  n i t r o g e n  us ing  
Brinkmann P u l v e r i z e r ,  and d r i e d  a t  100 d e g r e e s  C under  vacuum b e f o r e  t r a n s f e r  
t o  t h e  sample cup o f  t h e  p h o t o a c o u s t i c  accessory .  For r o u t i n e  o p e r a t i o n ,  10-50 
mg of d r i e d  c o a l  were p laced  i n  t e sample cup,  and 128 p h o t o a c o u s t i c  
i n t e r f e r o g r a m s  were c o l l e c t e d  a t  8 cm r e s o l u t i o n  w i t h  a z e r o - f i l l i n g  f a c t  K 

of  2 ,  cor responding  t o  a f i n a l  t ransformed spec t rum encoded every  4 cm . 
P h o t o a c o u s t i c  s p e c t r a  were obta ined  by r a t i o i n g  a g a i n s t  t h e  energy output  
(black-body response)  f rom a s i m i l a r l y  prepared  sample of F i s h e r  Carbon 
Lampblack C- 198. 
The i n t e r f e r o m e t e r  mirror v e l o c i t y  w a s  0.08333 cm s-l , and s p e c t r a  were 
a c q u i r e d  from 400-4,000 cm-' 

-9 
-P 

DISCUSSION AND RESULTS 

Bituminous c o a l  samples  may be methyla ted  q u a n t i t a t i v e l y  u s i n g  t h e  
p h a s e - t r a n s f e r  c a t a l y z e d  p r o c e s s  developed by L i o t t a  and co-workers a t  Exxon 
Research and E n g i n e e r i n g  Company ( 6 , 7 ) .  The procedure i n v o l v e s  i n i t i a l  
format ion  of  a n i o n i c  c e n t r e s  and a s s o c i a t e d  s w e l l i n g  of  t h e  c o a l  by t r e a t m e n t  
w i t h  tetrabutylammonium hydroxide  i n  aqueous t e t r a h y d r o f u r a n  under n i t r o g e n ,  
fo l lowed by SN2 r e a c t i o n  w i t h  methyl  i o d i d e ,  t h a t  is: 

COAL.OH + N B ~ ~ +  + OH- --> COAL.O- + N B ~ ~ +  + H ~ O  

COAL.O- + C H ~ I  --> COAL.O.CH~ 

PAIFT s p e c t r a  f o r  a t y p i c a l  sample of  f r e s h l y  ground, newly mined 
bi tuminous c o a l  ( f rom Cape Bre ton  I s l a n d ,  Nova S c o t i a )  and of i t s  
q u a n t i t a t i v e l y  m e t h y l a t e d  s p e c i e s  a r e  reproduced i n  t h e  two s p e c t r a  o f  Figure 
1. 

In p r e v i o u s  work (1-4) we observed  t h a t  many methyla_tled c o a l s  e x h i b i t  
d i s t i n c t  carbonyl  a b s o r p t i o n  i n  t h e  r e g i o n  1680-1705 cm , which i s  not 
p r e s e n t  i n  t h e  s t a r t i n g  c o a l .  Although w e  thought  a t  f i r s t  t h a t  a 
high-frequency s h i f t  o f  a p r e - e x i s t i n g  carbonyl  s p e c i e s  ( o c c u r r i n g  a s  a 
consequence of t h e  e l i m i n a t i o n  of hydrogen-bonding i n t e r a c t i o n s )  accounted f o r  

i r r e v e r s i b l y  a t  t h e  s t a g e  of format ion  of t h e  c o a l  a n i o n s  ( t h a t  i s ,  before  
m e t h y l a t i o n )  ( s e e  t h e  o v e r l a y  spectrum of  F igure  2) .  and i s  unchanged by 
r e - a c i d i f i c a t i o n  o f  the r e a c t i o n  m i x t u r e ;  t h u s  t h e  new peak cannot  involve  
d isp lacement  of a c a r b o x y l a t e / c a r b o x y l i c  a c i d  ra t io ,  nor, a s i m p l e  frequency 
s h i f t  accompanying methyla t ion .  

We a t t r i b u t e  t h e  format ion  of  t h e  new absorb ing  e n t i t y  t o  t h e  
base-promoted decomposi t ion  of peroxide  s p e c i e s ,  t h a t  is :  

t h i s  phenomenon, f u r t h e r  work shows t h a t  t h e  new carbonyl  i s  genera ted  \ 
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COAL.CHR.O.O.R' + OH- --> COAL.C:O.R + R'.o- + n20 

R = alkyl or aralkyl, R' = H, alkyl, or aralkyl 

This is a well documented reaction (8-10) whose possible relevance to coal 
transformations has not been recognized previously to our findings. 
The difference spectrum between the sample of Figure 1 and the corresponding 
reprotonated (re-acidified and washed) "coal anion", which was presented in 
overlay-form in Figure 2 ,  is reproduced as Figure 3,  and exhibits a maximum at 
1686 cm . We have been able to define the nature of the carbonyl feature as 
ketonic, since it is quantitatively reduced to an alcohol species by 
tetrabutylammonium borohydride in aqueous tetrahydrofuran. 

Derivatization of the same coal through acetylation using the standard 
procedure where the coal is heated to reflux with acetic anhydride dissolved 
in pyridine does not produce added ketone-type carbonyl species 
(see Figure 4) .  Under these conditions, we suggest that it is likely that 
the peroxide species transfers oxygen directly to the pyridine solvent, and 
the formed pyridine-1-oxide undergoes the known rearrangement/hydrolysis to 
give 2-acetoxypyridine and thence 2-pyridone. 

Although the overlay and difference spectra referred to above bear a 
general resemblance to those observed for oxidation at higher temperatures 
(see Figures 5 and 6) , the band shapes are different, with the carbonyl peaks 
from the base-generated ketones obviously being simpler, and the carbonyls 
shown in Figure 6 possessing multiple contributing components. Also we wish to 
point out that the intensity of the ketone carbonyl peaks in the difference 
spectra derived from base-treatment of coals stored in the laboratory at 
around 2OoC for six and for twelve months (Figures 7 and 8)  increases 
progressively: "fresh" coal, 0.020 intensity units, after six months, 0.059; 
after 12 months, 0.089. 
Finally, we find that thermal decompositions of these coal samples occur in 
vacuo between 150 and 200 degrees C to generate carbonyl functions whose 
origin we are confident lies with surface peroxides, although the course of 
these reactions is more complex than for the base-promoted decompositions. 

CONCLUSIONS 
PAIFT spectroscopy of coals treated with phase-transfer base followed by 

reacidifcation provides evidence that previously unquantified and undetected 
peroxide species are significant features of coal surfaces exposed to air at 
ambient temperatures; thermal decompositions at coal surfaces similarly 
involve contributions from peroxide --> carbonyl conversions. The proportion 
of peroxides on a coal surface is surely playing an important, hitherto 
unguessed, role in determining the course of coal pyrolyses. 

I 
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THE RUTHENIUM(VII1)-CATALYZED OXIDATION OF ILLINOIS NO. 6 BITUMINOUS COAL. AN 

APPLICATION OF GC-FTIR SPECTROSCOPY FOR STRUCTURAL ANALYSIS. 

Leon M. Stock and Shih-Hsien Wang 

Department of Chemistry, University of Chicago, Chicago, IL 60637 USA 

INTRODUCTION 

Sharpless and his coworkers pointed out that ruthenium tetroxide could be 
used very effectively for the oxidation of aromatic compounds in the presence 
of acetonitrile (1 1. For example, 4-(l-pentyl)biphenyl is converted almost 
quantitatively to a mixture of hexanoic acid, benzoic acid and 4-pentylbenzoic 
acid. 
No. 6 coal and the quantities of many aliphatic and aromatic mono-, di-, tri-, 
and tetracarboxylic acids have been determined for several different coals (2- 
5). Mass spectroscopy has been used almost exclusively in these studies. In 
related work, Mal lya and Zingaro (6) investigated the ruthenium ion-catalyzed 
oxidation of Texas lignite using infrared spectroscopy. They pointed out that 
thelstretching bands of the carbon-carbon bonds of,the aromatic ring at 1600 
cm decreased and a new carbonyl band at 1700 cm- appeared. Their work and 
other factors prompted us to consider the uti 1 ization of GC-FTIR spectroscopy 
for the further analysis of the product distribution obtained in the oxidation 
of Illinois No. 6 coal. 

EXPERIMENTAL PART 

This reagent has been used successfully for the oxidation of Illinois 

Coal Sample.--Illinois No. 6 coal [77.2%C, 5.6%H, 0.68%N, 0.15%Cl, 2.95% 

The sample was extracted 
organic S, 0.89% pyritic S, 0.00% sulfate, and 12.5% 0 (by difference)] was 
obtained from the Peabody mine in Pawnee, Illinois. 
before oxidation with aqueous hydrochloric acid, aqueous sodium hydroxide, 
benzene-methanol , and chloroform as described by Hayatsu and coworkers (7). 

Oxidation Procedure.--The oxidation reactions were carried out as de- 
scribed previously (3,4,5) using coal (400 mg), ruthenium(II1) chloride tri- 
hydrate (12 ms), and sodium periodate (49) in a mixture of carbon tetra- 
chloride (8 ml), acetonitrile (8 ml) and water (12 ml). The mixture was 
stirred for about 24 hours at room temperature. 
filtration and the organic and the aqueous phases were retained. 
acidic aqueous layer was washed with four portions of ether (15 ml). 
solid was also washed with ether. 
dried with sodium sulfate. The solvents were removed with a rotary evaporator 
at 40°C. The acids in the concentrated solution were methylated using 0.35M 
diazomethane in ether (10 ml). The ether was carefully removed using a rotary 
evaporator at room temperature. This procedure was repeated three times and 
the final solution was examined by gas chromatography-Fourier transform infra- 
red spectrometry and mass spectrometry. 

Gas Chromatography-Fourier Transform Infrared Spectrometry. --An HP Model 
5890 gas chromatograph and a Nicolet Model 60SX Fourier Transform Infrared 
Spectrometer were used in this study. The chromatograph was equipped with a 
0.53mm X 25 meter, OV-1701 megabore column supplied by J & W Scientific, Inc. 

The solids were separated by 

All the organic extracts were combined and 

The mildly 
The 
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Typical conditions for the analysis are noted: injection port, 250OC; the oven 
temperature was programmed to hold at 50°C for one minute then to heat to 270°C 
at the rate of 4:F/min and then to hold at 270°C. For all the spectra, 4 scans 
measured at 4 cm 

Gas Chromatography-Mass pectrometry.--The GC-MS results were obtained 
using an HP Model 5790A gas chromatograph with a VG Model 70-250 mass spectro- 
meter. 
illary column supplied by Quadrex Corporation, Inc. The conditions for the 
analysis are noted: injection port, 250°C; the oven temperature was programmed 
to hold at 50°C for one minute then to heat to 27OOC at the rate of 7"C/min 
and then to hold at 270°C. 
solution, electron impact mass spectral analyses. 

resolution were co-added. 

The chromatograph was equipped with a 50 meter, OV-1701 (0.2511) cap- 

One scan per second was recorded in these low re- 

RESULTS AND DISCUSSION 

The ruthenium(VII1) ion-catalyzed oxidation reaction of Illinois No. 6 

The GC-FTIR chroma- 

bituminous coal produces a large array of different carboxylic acids. These 
acids were quantitatively converted to the corresponding methyl esters by 
repetitive esterification reactions with diazomethane. 
tograms obtained using conventional capillary columns were not entirely suit- 
able. However, the separations obtained using megabore capillary columns were 
more than satisfactory and suitable infrared spectra could be recorded for 
most of the reaction products. Chromatographic procedures were developed to 
enable facile comparison of the mass and infrared spectra. 

Many aliphatic di-, tri-, and tetracarboxylic acids as well as the ben- 
zenedi-, tri-, tetra-, and pentacarboxylic acids can be readily detected and 
identified by GC-MS procedures (4,5). However, certain of the products cannot 
be unambiguously identified by MS tactics alone. We were particularly con- 
cerned that certain hydroxyacids and lactones might have escaped detection. 

served in the vapor phase, the infrared spectra were systematically scanned 
for the appearance of this absorption. Only three compounds among the host of 
reaction products exhibited this absorption. Inasmuch as these substances are 
produced only in trace amounts, this finding confirms the previous conclusion 
that aromatic hydroxylic compounds such as naphthol are oxidized to benzenedi- 
carboxylic acid and that aliphatic hydroxylic compounds are degraded to simple 
aliphatic mono-, di-, and tricarboxylic acids. The absence of significant 
amounts of hydroxy compounds in the reaction product is in accord with the ob- 
servations of Sharpless and coworkers ( 1  ) who reported that 3-phenyl-l,2- 
butanediol is oxidized to 2-phenylpropanoic acid under the experimental con- 
ditions, equation ( 1 ) .  

Inasmuch as sharp oxygen-hydrogen stretching frequencies are readily ob- 

( 1 )  C6H5CH( CH3)CHOHCH20H - 92% C6H5CH( CH3)C02H 

The position of the carbon-oxygen double bond stretching frequency is 
very dependent upon its structural environment with significant differences in 
the absorption frequencies o f  aromatic and aliphatic esters, lactones, anhy- 
drides and so forth. The carbonyl stretching frequencies of the methyl esters 
of- l i  hatic acids, for example, dimethyl butane-I ,4-dioate, appear near 1760 
cm ', ihereas the corresponding frequencies of methyl benzenecarboxylates, for 
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example, trimethyl benzene-l,2,3-trioate, appear near 1750 cm-’. The carbonyl 
frequencies were examined to establish that proper structural assignments had 
been made in the previous work. No discrepencies were uncovered. However, 
several new compounds were detected. 
non-abundant compounds, not more than 1% of the abundance of dimethyl butane- 
1,4-dioate are listed in Table 1. 

The carbonyl frequencies for these rather 

Table 1. The carbonyl bands of several novel substances in the oxidation of 
Illinois No. 6 coal 

Compound Frequency and Intensity 

1 

2 

3 

4 

5 

aliphatic ester 

aromatic ester 

1720 (vs), 

1820 ( s ) ,  

1824 ( m), 

1806 ( m), 

1809 ( m), 

704 (vs) 

755 ( s )  

758 (vs) 

755 (vs) 

754 (vs) 

around 1760 

around 1751 

Compound 1 i s  quite yolatile and exhibits a very intense carbonyl absorp- 
The absence of significant intensity in the car- tion centered at 1710 cm- . 

bon-hydrogen stretching region indicates that the substance is not a methyl 
ester. Indeed, the infrared spectrum is reminiscent of butane-2,3-dione. 
Hence, we infer that this non-abundant substance may be a 1,2-diketone pro- 
duced as a byproduct of the principal reaction sequence. 

Compound 2 efhibits two broad, equally intense carbonyl absorptions at 
1755 and 1820 cm- . 
imply that this substance is  an aryl anhydride derivative. 

very similar carbonyl absorption frequencies. 
relative sharp bands inlthe carbonyl region. 
tween l8?4 and 1809 cm- 
1758 cm- . 
tions. 
ester groups in the same molecule. These substances may form as illustrated 

These observations and the strong absorption at 742 cm- 

Compounds 3,4, and 5, which differ considerably in volatility, exhibit 

and the stronger band is centered between 1754 and 
These compounds all exhibit rather intense carbon-hydrogen absorp- 

In each case, there are two 
The weaker band is centered be- 

We postulate that these compounds are lactones with from one to three 

in equation (2). 

CH302C CH3 O2 ‘mJ3 0 
(2)  
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The abundance of lactones in the oxidation products o f  this bituminous coal 
appears to be much less than in the oxidation of  Texas lignite (6). 

CONCLUSION 

Gas chromatography infrared spectroscopy provides useful information con- 
cerning the oxidation products o f  coals. 
nique confirm earlier conclusions concerning the l o w  abundance of hydroxyl 
compounds among the oxidation and indicate that lactones are formed in low re- 
lative abundance during the oxidation o f  a bituminous coal. 
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INTRODUCTION 

Since  t h e  development of the  l a s e r  s e v e r a l  workers have used i t s  unique 
c h a r a c t e r i s t i c s  t o  s tudy  t h e  p y r o l y s i s  of c o a l  (1-11). The use of a focused l a s e r  
beam t o  pyro lyze  o r g a n i c  m a t e r i a l s  o f f e r s  t h r e e  advantages.  The h igh  degree  of 
l o c a l i z a t i o n  of s u r f a c e  h e a t i n g  a l lows  t h e  s e l e c t i v e  p y r o l y s i s  of micro components 
i n  a heterogeneous m a t e r i a l  such  a s  t h e  macera ls  i n  coa l .  The s p e c i e s  r e s u l t i n g  
from l a s e r  h e a t i n g  a r e  emi t ted  from the  hea ted  s o l i d  s u r f a c e  w i t h  a minimum of 
i n t e r a c t i o n  w i t h  t h e  s o l i d  o r  o t h e r  p y r o l y s i s  products  t h u s  i n c r e a s i n g  t h e  
p r o b a b i l i t y  of d e t e c t i n g  pr imary s t r u c t u r a l  f ragments  of t h e  s o l i d  r a t h e r  than 
products  formed a s  a r e s u l t  of secondary r e a c t i o n s .  P y r o l y s i s  c o n d i t i o n s  can  be s e t  
where s e l e c t i v e  bond breakage occurs ,  such a s  t h e  r u p t u r e  of a l k y l  b r i d g e s  i n  c o a l .  

The coupl ing  of l a s e r  micropyro lys is  w i t h  mass s p e c t r o m e t r i c  d e t e c t i o n  of 
the  emi t ted  s p e c i e s  o f f e r s  a method of s t r u c t u r a l  a n a l y s i s  of  n o n v o l a t i l e  o r g a n i c  
s o l i d s .  

EXPERIMENTAL 

The l a s e r  micropyro lys is  mass spec t rometer  used i n  t h i s  i n v e s t i g a t i o n  is a n  
upgraded v e r s i o n  of  the  one used i n  prev ious  s t u d i e s  (1) .  The h e a t i n g  s o u r c e  used 
was a 0.1 J pulsed ruby l a s e r .  The l a s e r  ou tput  was focused by a 2X microscope 
o b j e c t i v e  l e n s  onto  the  s u r f a c e  of a po l i shed  c o a l  sample placed i n  t h e  i o n i z a t i o n  
chamber of a CVC 12-107 t ime-of-f l ight  mass spec t rometer .  The a r e a  t o  be pyrolyzed 
was s e l e c t e d  by viewing the s u r f a c e  through the  same o p t i c a l  system a s  used t o  
focus t h e  laser beam. The zone of p y r o l y s i s  ranges  between 10 and 200 D m  i n  
d iameter ,  the s i z e  being dependent upon the  power s e t t i n g  of t h e  l a s e r .  The h i g h l y  
l o c a l i z e d  h e a t i n g  a l l o w s  t h e  s e l e c t i v e  p y r o l y s i s  of i n d i v i d u a l  c o a l  macera ls  t o  be 
made. 

The p y r o l y s i s  products  formed by l a s e r  h e a t i n g  are ionionized  by a 500 n s  
pulse  of 18 ev e l e c t r o n s .  Mass r e s o l u t i o n  i s  accomplished by a c c e l e r a t i n g  t h e  i o n  
packet and measuring t h e  time of f l i g h t  of t h e  r e s p e c t i v e  ions i n  t h e  packet  o v e r  a 
g iven  d i s t a n c e .  The d u t y  c y c l e  of  t h e  spec t rometer  is governed by t h e  f l i g h t  t ime 
of t h e  h e a v i e s t  ion .  For t h e  work wi th  c o a l ,  a c y c l e  t i m e  of 5 0 ~  was s u f f i c i e n t  t o  
skan t o  mass 400. The major  modi f ica t ion  of t h e  micropyro lys is  mass spec t rometer  
was t h e  replacement  of t h e  osc i l loscope-  photographic  record ing  system w i t h  an 
u l t r a  h i g h  speed ana log  t o  d i g i t a l  c o n v e r t e r  (TRW model TDC 1007) coupled  t o  a 
s p e c i a l l y  designed cache memory which a l lows  t h e  d i g i t i z a t i o n  and s t o r i n g  of 32 
s e q u e n t i a l  s p e c t r a  over  a 1.6 m s  per iod.  A major d i f f i c u l t y  i n  a n a l y z i n g  t h e  
spectrum produced by.a s i n g l e  pulse  of a TOF spec t rometer  is t h a t  t h e  s m a l l  number 
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of ions  produced d u r i n g  a s i n g l e  i o n i z a t i o n  p u l s e  r e s u l t s  i n  a l a r g e  s t a t i s t i c a l  
v a r i a t i o n  in peak i n t e n s i t y  between s p e c t r a  of t h e  same m a t e r i a l  whether t hey  a r e  
taken success ive ly  o r  i n  d i f f e r e n t  experiments .  By t a k i n g  a s u i t e  of 32 s e q u e n t i a l  
s p e c t r a ,  computer ave rag ing  can be used t o  g r e a t l y  improve t h e  r e p r o d u c i b i l i t y  of 
t h e  spec t r a .  For t h e  a n a l y s i s  of coal  p y r o l y s i s  products  i t  was found t h a t  t h e  
optimum r e s u l t s  were ob ta ined  when t h e  a c q u i s i t i o n  of spec t r a  commenced a f t e r  t h e  
l a s e r  pulse.  During t h e  pe r iod  of l a s e r  i r r a d i a t i o n  t h e r e  i s  e x t e n s i v e  
fragmentat ion of t h e  p roduc t s  due t o  t h e i r  i n t e r a c t i o n  with t h e  l a s e r  beam. For a 
per iod of approx ima te ly  2 m s  a f t e r  t h e  l a s e r  is ex t ingu i shed  p y r o l y s i s  products  can 
be d e t e c t e d ,  by r eco rd ing  s p e c t r a . d u r i n g  t h i s  per iod a n a l y s i s  is confined t o  those 
s p e c i e s  being emi t t ed  from a h o t  coal  su r f ace .  

RESULTS AND DISCUSSION 

The s p e c t r a  f o r  t h e  s u i t e  of c o a l s  l i s t e d  i n  t a b l e  1 a r e  shown in f i g u r e s  
la and lb. Severa l  f a c t o r s  a r e  d i sce rned  in t h e  examinat ion of t h e  spec t r a .  The 
r e s o l u t i o n  of a mass spectrum is not s u f i c i e n t  t o  g i v e  u n i t  mass r e s o l u t i o n ,  what 
is  de tec t ed  is a s e r i e s  of mass c l u s t e r s .  These c l u s t e r s  a r e  numbered from 1 t o  15 
wi th  t h e  number being equ iva len t  t o  t h e  number of carbon o r  carbon p l u s  oxygen 
atoms t h a t  c h a r a c t e r i z e  t h e  s p e c i e s  con ta ined  in a g iven  c l u s t e r .  Tab le  2 l i s t s  
some of t he  most l i k e l y  s p e c i e s  t h a t  would account  f o r  each mass c l u s t e r .  

There is a h i g h  degree of s i m i l a r i t y  between t h e  p y r o l y s i s  s p e c t r a  of t h e  
d i f f e r e n t  c o a l s ,  t h e  major d i f f e r e n c e  being t h e  r e l a t i v e  i n t e n s i t i e s  and shapes of 
t he  mass c l u s t e r s .  Ana lys i s  of t hese  v a r i a b l e s  r e v e a l s  s e v e r a l  rank r e l a t e d  t r ends .  
Each mass c l u s t e r  encompasses a mass range. The l o c a t i o n  of t h e  c l u s t e r  is 
determined by t h e  number of carbon or carbon p l u s  oxygen atoms i n  the  p y r o l y s i s  
f ragments ,  w h i l e  t h e  wid th  of t h e  c l u s t e r  is determined by t h e  d i s t r i b u t i o n  of 
s p e c i e s  of va ry ing  d e g r e e s  of hydrogen s a t u r a t i o n  p lus  the occurrence of oxygen 
containing s p e c i e s .  These c h a r a c t e r i s t i c s  can be seen by examination of t he  dashed 
l i n e s  on f i g u r e s  la and lb which a r e  drawn a t  mass p o s i t i o n s  78 and 128, t hese  
masses r e p r e s e n t  one r i n g  and two r i n g  aromatic  s p e c i e s ,  benzene and napthalene.  
Both c l u s t e r s  6 and 10 over l ap  these mass l i n e s ,  i on  i n t e n s i t y  on the  h igh  mass 
s i d e  o f  t he  l i n e  is an i n d i c a t i o n  of hydroa romat i c i ty ,  t h e  ove r l ap  on t h e  h igh  mass 
s i d e  of the mass 128 l i n e  is g r e a t e r  than t h a t  of t he  78 mass l i n e  i n d i c a t i n g  t h a t  
hydronapthalene d e r i v e d  s p e c i e s  a r e  more p reva len t  t han  cyclohexane de r ived  
spec ie s .  I t  can a l s o  be seen t h a t  the high mass o v e r l a p  i n c r e a s e s  a s  rank dec reases  
and t h e  H / C  r a t i o  i n c r e a s e s .  The ove r l ap  of t h e  c l u s t e r s  on t h e  low mass s i d e  is 
i n d i c a t i v e  of t h e  f r e e  r a d i c a l  na tu re  of t he  p y r o l y s i s  products.  There is a gene ra l  
t r end  of en i n c r e a s e  i n  c l u s t e r  width t o  h e i g h t  r a t i o  as t h e  rank of t h e  c o a l  
dec reases  and t h e  H / C  and O/C r a t i o s  inc rease .  

The a r o m a t i c i t y  of t h e  p y r o l y s i s  p roduc t s  can be determined by examination 
of mass c l u s t e r s  6 and g r e a t e r .  For comparison the  a romat i c  mass reg ion  can be 
d iv ided  i n t o  two f a m i l i e s .  The f i r s t ,  c l u s t e r s  6,7,8 and 9, c o n s i s t s  of s i n g l e  r i n g  
s p e c i e s  plus  s i n g l e  r i n g  s p e c i e s  with 1,2 and 3 s u b s t i t u e n t  groups,  t h e  second 
f ami ly ,  c l u s t e r s  10,11,12 and 13, comprises t h e  same p a t t e r n  f o r  two r i n g  spec ie s .  
Examination of t h e s e  f a m i l i e s  r e v e a l s  t h a t  a l k y l  and hydroxy s u b s t i t u t e d  r i n g  
S t r u c t u r e s  a r e  more p r e v a l e n t  t han  u n s u b s t i t u t e d  r i n g  s t r u c t u r e s ,  i .e. .  c l u s t e r s  
7,8.9>6 and 11,12,13>10. A t r e n d  with rank is seen  wi th  the  s h i f t  of t h e  major 
c l u s t e r  in t h e  two r i n g  family.  In t h e  h ighe r  rank c o a l s ,  t h o s e  wi th  a v i t r i n i t e  
r e f l e c t i v i t y  g r e a t e r  t h a n  0.7 percen t ,  d i s u b s t i t u t e d  s p e c i e s ,  c l u s t e r  12, dominate 
the t w o  r i n g  region.  For t h e  lower rank c o a l s ,  t hose  wi th  a v i t r i n i t e  r e f l e c t i v i t y  
l e s s  than 0.7 p e r c e n t ,  t r i s u b s t i t u t e d  p roduc t s ,  c l u s t e r  13, a r e  the  major group i n  
t h e  region. T h i s  t r end  i n  a s h i f t  of t h e  major c l u s t e r  t o  p roduc t s  w i t h  a h ighe r  
degree of s u b s t i t u t i o n  as rank dec reases  i s  found as w e l l  in t h e  s i n g l e  r i n g  
family-  The d i s t r i b u t i o n  of c l u s t e r s  in t h e s e  two f a m i l i e s  i n d i c a t e s  t h a t  t h e  

L 
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process  of l a s e r  p y r o l y s i s  is s e l e c t i v e  i n  bond breakage. Bond rup tu re  Occurs 
predominately a t  t he  weaker a l i p h a t i c  l i nkages  a s  evidenced i n  t h e  much g r e a t e r  
abundance of  d i -  and t r i -  s u b s t i t u t e d  products .  The s t r o n g e r  a r y l - a l k y l  bond 
r e s u l t s  i n  a much lower c o n c e n t r a t i o n  of mono- and u n s u b s t i t u t e d  r i n g  fragments  
where a t  l e a s t  one a r y l - a l k y l  bond would have t o  be broken. 

Another t r end  t h a t  can  be observed i n  t h e  high mass r eg ion  i s  the  
appearance and i n c r e a s i n g  i n t e n s i t y  of c l u s t e r s  14  and 15 a s  rank dec reases ,  t h e  
inc rease  of t h e  H / C  and O / C  r a t i o s  wi th  dec reas ing  rank r e s u l t s  i n  a h ighe r  
p r o b a b i l i t y  o f  f i n d i n g  r i n g  s t r u c t u r e s  wi th  s u b s t i t u e n t  groups.  Although c l u s t e r  14 
would be the  f i r s t  p o s s i b l e  occurrence of t h r e e  r i n g  s t r u c t u r e s  the  f a c t  t h a t  
u n s u b s t i t u t e d  one and two r i n g  p y r o l y s i s  f ragments  have lower concen t r a t ions  than 
t h e i r  s u b s t i t u t e d  p roduc t s  would lend support  t o  t h e  conclusion t h a t  c l u s t e r s  14 
and 15 a r e  predominately h i g h l y  s u b s t i t u t e d  two r i n g  spec ie s .  For  t h e  case  of t h e  
lowest  ranked c o a l s  t h e  r e l a t i v e  i n t e n s i t y  of t h e  h igh  mass f ragments  r a p i d l y  
d imin i shes  l eav ing  one r i n g  s t r u c t u r e s  as t h e  major spec ie s .  

F u r t h e r  i n fo rma t ion  can be de r ived  from the  lower molecular  weight 
c l u s t e r s .  C l u s t e r  1 i s  due t o  water ,  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  methane O K  

methyl groups a r e  not  a major  product r e s u l t i n g  from l a s e r  p y r o l y s i s .  C l u s t e r  2 i s  
dominated by carbon monoxide and n i t r o g e n ,  s p e c i e s  p re sen t  as background gases  i n  
the  mass spectrometer  i n  a d d i t i o n  t o  being gene ra t ed  by the  p y r o l y s i s  process .  
A l i p h a t i c  fragments r e s u l t i n g  from c o a l  p y r o l y s i s  can be seen  i n  c l u s t e r s  3 ,4 ,5  and 
p a r t  of 6. C l u s t e r  3 shows a bimodal d i s t r i b u t i o n  i n  many of t he  spec t r a .  The low 
mass peak of t h i s  c l u s t e r  corresponds t o  potassium, mass 39. under c o n d i t i o n s  of 
l a s e r  h e a t i n g  potasium is the rma l ly  ion ized ,  g r e a t l y  i n c r e a s i n g  i t s  d e t e c t i o n  
s e n s i t i v i t y  (12).  The major fragment i o n s  f o r  t h e  C3-C6 a lkane  s e r i e s  would appear 
a t  masses 43. 57, 71 and  85. c l u s t e r s  3, 4, 5 and 6. For each of these  c l u s t e r s  
t h e r e  i s  l i t t l e  evidence of t h e  presence of t h e s e  i o n s ,  t h e  mass of major i n t e n s i t y  
f o r  each of t hese  mass c l u s t e r s  is lower by 2-4 mass u n i t s  i n d i c a t i n g  t h a t  t he  
a l k y l  f ragments  a r e  hydrogen d e f i c i e n t .  T h i s  hydrogen d e f i c i e n c y  i n d i c a t e s  t h a t  t he  
s p e c i e s  d e t e c t e d  tend t o  be unsa tu ra t ed .  In a d d i t i o n ,  i t  i s  l i k e l y  t h a t  thermally 
gene ra t ed  f r e e  r a d i c a l  f ragments  of t h e  p y r o l y s i s  p rocess  a r e  being de tec t ed .  
Add i t iona l  evidence f o r  t h e  d e t e c t i o n  of f r e e  r a d i c a l  s p e c i e s  can be seen  a t  a t  
mass l o c a t i o n s  78 and 128, t h e  dashed l i n e s  on f i g u r e s  la and lb .  A t  t h e  low 
i o n i z a t i o n  p o t e n t i a l s  used t o  o b t a i n  these  s p e c t r a  t h e  major i o n  peak f o r  benzene 
and napthalene would be t h e i r  molecular  i on  a t  mass 78 and 128 r e s p e c t i v e l y .  
However i n  t h e  c o a l  p y r o l y s i s  s p e c t r a  t h e  peaks a s s o c i a t e d  w i t h  these  s p e c i e s  
appears  on t h e  low mass s i d e  of t h e s e  assignments  i n d i c a t i n g  t h a t  benzyl and 
napthyl  f r e e  r a d i c a l s  a r e  being de tec t ed .  The most l i k e l y  o r i g i n  of t he  low 
molecular  weight hydrocarbon c l u s t e r s  i s  from a l k y l  a romat i c  l i n k a g e s  and t h e  
f r agmen ta t ion  of hydroaromatic  s t r u c t u r e s .  

CONCLUSION 

Under t h e  c o n d i t i o n s  used f o r  l a s e r  mic ropyro lys i s  of c o a l ,  primary 
products  i nc lud ing  f r e e  r a d i c a l  s p e c i e s  emanating from a heated c o a l  s u r f a c e  can be 
de t ec t ed .  By minimizing secondary condensat ion o r  c rack ing  r e a c t i o n s  t h e  complexity 
of c o a l  p y r o l y s i s  product  a n a l y s i s  i s  g r e a t l y  reduced. The p y r o l y s i s  mass s p e c t r a  
of t h e  v i t r i n i t e  p o r t i o n  of a s e r i e s  of c o a l s  has  shown t h a t  a s  t h e  degree of 
c o a l i f a c t i o n  changes t h e r e  i s  a cont inuous v a r i a t i o n  i n  t h e  r e l a t i v e  d i s t r i b u t i o n  
of a small number O f  pr imary c o a l  p y r o l y s i s  products.  These p y r o l y s i s  products  tend 
t o  i n d i c a t e  t h a t  t h e  p r i m i t i v e  s t r u c t u r e s  found i n  c o a l  c o n s i s t  most ly  of one and 
two r i n g  a romat i c  and hydroaromatic  groups l i nked  by s h o r t  a l i p h a t i c  br idges.  
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C l u s t e r  I 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

13 

1 4  

15 

TABLE 2 

CHEMICAL ASSIGNMENTS FOR MASS CLUSTERS 

Mass Range 
m/z t o  m l z  _-- 
15 -- 18 

28  -- 34 

39 -- 44 

55 -- 58 

65 -- 72  

17  -- 8 6  

9 1  -- 96 

105 -- 110 

119  -- 124 

128  -- 134 

1 4 1  -- 1 4 6  

155 -- 160 

166  -- 1 7 2  

1 7 8  -- 186 

1 9 2  -- 1 9 6  

C h e m i c a l  I d e n i t i f i c a t i o n  

CH3. CH4, and  H 0 

C a l k a n e s  and  a l k e n e s ,  N 2 ,  CO, C 0 2 ,  and  H2S 

C a l k a n e s  and  a l k e n e s ,  K+, and  C 0 2  

C a l k a n e s  and  a l k e n e s ,  and  k e t o n e s  

C a l k a n e s  and  a l k e n e s ,  and  d i e n e s  

C6 a l k a n e s ,  c y c l o a l k a n e s ,  a l k e n e s  and  

2 

2 

3 

4 

5 

b e n z e n e  

M e t h y l  b e n z e n e s ,  p h e n o l s  and  c y c l o a l k e n e s  

D i m e t h y l ,  h y d r o x y  m e t h y l  and d i h y d r o x y  
b e n z e n e s  

A l k y l  and h y d r o x y - a l k y l  b e n z e n e  and  i n d a n s  

N a p h t h a l e n e ,  h y d r o x y - a l k y l  b e n z e n e  and 
d i h y d r o n a p h t h a l e n e  

M e t h y l  and h y d r o x y  n a p h t h a l e n e  and  c y c l o -  
a l k a n e s  

A l k y l  and  h y d r o x y - a l k y l  n a p h t h a l e n e s  and  
t e t r a l i n s  

A l k y l  and  h y d r o x y - a l k y l  n a p h t h a l e n e s  and 
f l u o r e n e s  

P h e n a n t h r e n e s ,  a n t h r a c e n e s  and  a l k y l  
n a p h t h a l e n e s  

A l k y l  p h e n a n t h r e n e s  and  a n t h r a c e n e s  
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EFFECT OF WTER OW CP/MAS 13C MR SPECTRA OF LOU-RANK COALS 

S y l v i a  A. Farnum, Donald D. Messick and Bruce W. Farnum 

U n i v e r s i t y  o f  Nor th Dakota Energy Research Center 
Box 8213, U n i v e r s i t y  S ta t i on  

Grand Forks, Nor th Dakota 58202 

Studies are being c a r r i e d  out  d i rec ted  toward e luc ida t i ng  t h e  s t r u c t u r e  o f  low- 
rank coals and t h e  mechanisms o f  t h e i r  canbustion, g a s i f i c a t i o n ,  s l u r r y  p repara t i on  
and l i que fac t i on  a t  t h e  U n i v e r s i t y  o f  Nor th Dakota Research Center. As a p a r t  o f  
t h i s  research, o u r  i n t e r e s t  i n  t h e  carbon t r u c t u r e  o f  coals before and o f  residues 
a f t e r  processing l e d  us t o  develop s o l i d  13C.CP/MAS NMR techniques s u i t a b l e  f o r  our  
samples. As we surveyed t h e  e x i s t i n g  l i t e r a t u r e  (1,2,3) and the  r e s u l t s  obtained i n  
our  1 aboratory fo r  1 ow-rank coals, we noted apparent i n t e n s i t y  discrepancies. Some 
samples gave s t ronger  s igna ls  than  others when t h e  same amount o f  carbon was i n  t h e  
r o t o r .  I n  a d d i t i o n  t o  v a r i a b l e  i n t e n s i t i e s ,  t h e  aromatic t o  a l i p h a t i c  r a t i o s  and 
t h e  r e l a t i v e  i n t e n s i t i e s  o f  praninent  peaks va r ied  f o r  dup l i ca te  samples run under 
t h e  same condi t ions.  The e f f e c t  o f  mineral mat ter  i n  the  h igh  ash coals  o r  t h e  
e f f e c t  of f r e e  r a d i c a l s  i n  the  coal were suggested as poss ib le  causes o f  these 
d i f f i c u l t i e s  (4,5). However, i n  t h e  case o f  our samples, these explanations f a i l e d  
t o  account f o r  t h e  v a r i a b i l i t y  we saw i n  samples. We had none o f  these problems 
ob ta in ing  spect ra o f  t h e  i n s o l u b l e  organic mat ter  (IOM) a f t e r  l i q u e f y i n g  these 
coals ,  even though t h e  I O M  contained up t o  70 weigh percent ash and was greater  than 
90% aromatic carbon. Signals from t h e  I O M  samples were apparently p ropor t i ona l  t o  
t h e  amount o f  carbon present and d i d  not vary. 

We had a l ready optimized a l l  o f  t h e  va r iab les  requi red by our i n t i a l  study. 
Each va r iab le  was impor tant  and needed t o  be c a r e f u l l y  assessed d i r e c t l y  on the  coal  
samples t o  be used f o r  f u r t h e r  work. The work o f  many inves t i ga to rs  emphasizes t h a t  
when proper ca re  i s  exercised, representat ive coal spectra may be obtained 
(1,6,7,8,9). Our conclus ions were i n  accord w i t h  those prev ious ly  repo r ted  with one 
important exception. f o r  low-rank coals, peats and o the r  s o l i d s  t h a t  con ta in  more 
than  a t r a c e  o f  mois ture,  t h i s  study shows t h a t  t h e  presence o f  mois ture i s  t h e  
overwhelming f a c t o r  i n  determin ing spec t ra l  i n t e n s i t y .  

Experimental 

Our NMR work was c a r r i e d  ou t  a t  50.3 MHZ us ing our Varian XL-200 NMR. A Doty 
S c i e n t i f i c ,  Inc. h i g h  s e n s i t i v i t y  carbon so l i ds  probe was in te r faced  d i r e c t l y  w i t h  
t h e  standard Var ian s o l i d s  amp l i f i e r .  The magic angle was adjusted f o r  minimal l i n e  
w id th  w i th  hexamethylbenzene, t h e  probe was tuned f o r  t h e  decoupler and t h e  observe 
s igna l  w i t h  t h e  coal  sample i n  t h e  probe, t he  f i e l d  was centered and shimmed, t h e  
power l e v e l  o f  t h e  decoupler was accurate ly  set, t h e  90" and 180' f l i p  angles were 
adjusted (tO.lus), t h e  contact  t ime f o r  c ross -po la r i za t i on  was selected t o  best  fit 
t h e  Tlp values f o r  t h e  coal and an appropr ia te de lay was chosen. The pulse sequence 
used was a t y p i c a l  c ross -po la r i za t i on  experiment which provided an accurate 90" f l i p  
for  the proton r e s e r v o i r  fo l lowed by a 90" proton phase a l t e r a t i o n  (sp in- lock) .  The 
contact  time, lms, f u l f i l l i n g  the  Hartmann-Hahn c o n d i t i o n  ( y  H ~ H  Y C ~  c), was 
followed by fou r  t imed 180' pulses o f  t h e  TOSS echo sequence $0 =ref?ocus t h e  
spinning sidebands back i n t o  t h e  i s o t r o p i c  peak( l0) .  The a c q u i s i t i o n  o f  4 K data 
po in ts  was c a r r i e d  out  w i t h  h iqh Dower Droton decouolino. The se lected recvc le  t ime  
was 1 s. Minimal da ta  enhancmeni, cons i s t i ng  o f  15 Hz-l ine-broadening, apodizat ion 
func t i on  o f  0.020 was used. 

Resul ts  and Discuss ion 

I n t r i n s i c  water  i n  low-rank coals  p lays a r o l e  i n  r e a c t i v i t y  t h a t  has never been 
p roper l y  defined. It became apparent t o  us t h a t  water was a l so  important i n  s o l i d  
CP/MAS 13C NJ4R spectroscopy. We found l i t t l e  i n  the  l i t e r a t u r e  t h a t  addressed the 
P rac t i ca l  aspects o f  t h i s  problem, therefore,  we i n i t i a t e d  a p re l im ina ry  screening 
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o f  t h e  e f f e c t .  We selected two coals  as representat ives o f  low-rank coals  i n  
general, a North Dakota l i g n i t e  from t h e  Ind ian  Head mine and a Texas l i g n i t e  from 
t h e  B i g  Brown mine (Table 1). One 
p o r t i o n  was d r i e d  overn ight  under p a r t i a l  vacuum i n  a des iccator  con ta in ing  
d r i e r i t e .  The o the r  p o r t i o n  was re ta ined  as received. AS mois ture determinat ions 
were run on these samples and on a l l  o ther  samples be fo re  spect ra were acquired. 

A sample o f  each was d i v ided  i n t o  two por t ions.  

Table 1. L i g n i t e  Analyses 

Ind ian  Head (ND) B ig  Brown (TX) 

Moisture, w t  % 22.2 23.1 

Proximate Analysis 
(wt. % d r y  bas is)  

Ash 10.5 
V o l a t i l e  Mat ter  37.2 
Fixed Carbon 52.3 

12.1 
45.9 
42.0 

63.1 68.1 

Ul t ima te  Analysis 
(wt/ % m f )  

C 
H 4.5 4.6 
N 1.2 1.3 
S 0.9 1 .o 
0 14.8 17.9 

The vacuum d r i e d  coal was loaded i n t o  a 7 mm sapphire c y l i n d r i c a l  r o t o r  and 
placed i n  t h e  Ooty probe. The r o t o r  was spun a t  3000 rps and in t roduced i n t o  t h e  47 
KGauss f i e l d  o f  our NMR. The observe and decoupler s ignals  were c a r e f u l l y  tuned 
before t h e  sample spectrum was acquired us ing t h e  optimized condi t ions f o r  t he  d r i e d  
coal sample. The d r i e d  sample was replaced by t h e  same weight o f  t h e  AR coa l  sample 
and another spectrum was acquired i n  exac t l y  t h e  same manner. The AR coal  spectrum 
gave approximately 1/5 o f  the  absolute i n t e n s i t y  o f  t h e  carbon spectrum o f  t he  d r ied  
coal .  For t h e  Ind ian  Head Zap l i g n i t e ,  f a  f o r  t h e  d r i e d  sample was 0.67 and f o r  t h e  
AR sample, on l y  0.48 (Table 2).  

Table 2. Ind ian Head L i g n i t e  Changes Due t o  AR Moisture S o l i d  13C CP/MAS NMR Data 

0 
1.8 
7.6 

13.0 
22.0 (AR)  

Absol Ute 
I n t e n s i t y  
C Signal 

242.0 
198.2 
189.5 
133.0 
50.7 

% Caromat i c 

67.6 
69.4 
69.0 
65.0 
47.7 

% C a l i p h a t i c  

32 -4 
30.6 
31 -0 
35.0 
52.3 

A ser ies o f  p a r t i a l l y  d r i ed  coal samples were prepared f o r  comparison w i th  the  
The spectra o f  these samples recorded completely vacuum d r i e d  coal and the  AR coal. 
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a t  var ious mois ture l e v e l s  a re  presented i n  F igu re  1. The absolute i n t e n s i t i e s  f o r  
each spectrum and t h e i r  apparent % C aromatic and % C a l i p h a t i c  a r e  given i n  Table 
2. 

I t  i s  apparent fran these values t h a t  t h e  presence o f  water detunes t h f  probe. 
When an attempt i s  made t o  tune t h e  observe and decoupler c o i l  w i t h  t h e  wet" AR 
coal i n  the  c o i l ,  i t  is seen t h a t  the capacitance o f  t h e  c o i l  i s  changed a great  
deal by t h e  presence o f  t h e  small amount o f  water. Modern canmercial probe design 
does not a l l ow  f o r  l a r g e  changes i n  capacitance o f  t h e  decoupler c o i l .  Tuning t h e  
observe c o i l  i s  poss ib le  but on l y  w i th  broad-band probes. Carbon-only probe observe 
s ignal  va r iab le  capacitance cannot accanodate these l a r g e  changes. 

Even i f  t h e  operator,,could optimize t h e  c r i t i c a l  tune o f  t he  decoupler c o i l  f o r  
t he  c ross -po la r i za t i on ,  c o r r e c t "  spec t ra l  i n t e n s i t i e s  o f  "wet" AR c a l s  could not 
be r e l i a b l y  obta ined because under r a p i d  r o t a t i o n  and h igh  power ?H decoupling, 
t he re  i s  a smal l  gradual d r y i n g  o f  t he  coal .  And, o f  course, as t h e  coal changes 
even s l i g h t l y  i n  water content, detuning dur ing a c q u i s i t i o n  causes a l oss  o f  s ignal  
i n t e n s i t y  and in t roduces e r r o r s  i n  the aromatic t o  a l i p a h t i c  r a t i o s  (F igu re  1, Table 

The capacitance changes observed f o r  t he  coal appear t o  be dependent on t h e  
d i e l e c t r i c  constants o f  t h e  inc luded l i q u i d .  L iqu ids o f  h igh  d i e l e c t r i c ,  as i s  
expected, cause t h e  greatest  changes i n  capacitance, hence i n  tune and s ignal  
i n t e n s i t y  (Table 3). The values o f  e ( d i e l e c t r i c  constant) are g iven f o r  l i q u i d s  
external  t o  t h e  magnetic f i e l d .  

2). 

Table 3. Dr ied Ind ian  Head L i g n i t e  Changes Due t o  Added L i q u i d  S o l i d  1 3 C  CP/MAS NMR 
Data 

Absol Ute 
Dr ied Coal + I n t e n s i t y  

E Liquid,  % C Signal Caranatic % C a l i p h a t i c  - 
H20, 19.9 17.8 
H20, 11.2 127.0 
D 0, 22.0 18.4 

- i-Octane, 20.7 216 .O 

Efhanol, 22.5 3.9 
CC14, 20.0 20 .o 

45.6 
68.6 
44.6 
51.6 
68.1 
64.7 

54.4 
31.4 
55.4 
48.4 
31.9 
35.3 

80,78 

78 
24 

2 
2 

The capacitance (and d i e l e c t r i c  constant) o f  t h e  system are a l so  temperature 
dependent. Changes i n  wet and d ry  coal spect ra as t h e  temperature i s  lowered are 
shown f o r  one o f  the l i g n i t e s  ( B i g  Brown) i n  F igu re  2. The spectra are a l l  recorded 
i n  t h e  absolute i n t e n s i t y  mode. Other fac to rs  a l so  become impor tant  as the  
tenperature i s  lowered (ll), b u t  it i s  obvious t h a t  great cau t ion  must be exercised 
i n  acqui r ing and i n t e r p r e t i n g  t h e  data. 

Fran the i n v e s t i g a t i o n  reported here, i t  appe s t h a t  under t h e  "best" 
condi t ions f a i r l y  rep resen ta t i ve ,  reproducib le  s o l i d  ?$C spectra o f  low-rank coal 
can be obtained fran vacuum d r i e d  samples. The contact  t ime  t h a t  y i e l d s  maximum 
i n t e n s i t y  i s  near 1000 ps  f o r  the aromatic p o r t i o n  o f  both l i g n i t e s  and s l i g h t l y  
sho r te r  f o r  t h e  a l i p h a t i c  por t ion.  Thus, t h e  se lec t i on  o f  1000 ps  as t h e  optimum 
contact  t i m e  s l i g h t l y  favors t h e  aromatic p a r t  o f  t h e  spectrum. This p o s i t i v e  
e f fec t  i s  o f f se t  by some aromatic s ignal  l oss ,  est imated a t  <3%, du r ing  spinning 
sideband suppression (10). We are c u r r e n t l y  i n v e s t i g a t i n g  t h e  r e l a t i o n s h i p  between 
s ignal  i n t e n s i t y  and t h e  amount o f  dry  coal carbon i n  t h e  r o t o r  both by absolute 
i n t e n s i t y  measurements and by i n t e r n a l  standard spin-counting experiments. It 
appears t h a t  t h e  d r i e d  coal samples g ive much b e t t e r  s ignal  i n t e n s i t y  re la t i onsh ips  
than coals  con ta in ing  small amounts o f  water. 
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Performing CP/MAS 13C experiments w i t h  canplex sol id  samples such as coal and 
peat i s  becoming more common. This technique has opened exciting new areas Of 
s t ructural  investigation in  coal science and will cer ta inly continue t o  grow rapidly 
i n  popularity. The coal sc ien t i s t  will have t o  become thoroughly conversant with 
such concepts as the decoupler power requirements, 90 and 180' f l i p  angles,Tlp 
values f o r  his samples, optimal cross polarization times, correct delay, spinning 
speed, presence of radicals ,  e f fec t  of coal ash and many other factors. As each new 
experiment i s  designed, new variables may be introduced. Each variable must be 
careful ly  scrutinized, par t icular ly  f o r  obvious e f fec ts  such as the one reported 
here. When a ser ies  of coal samples are  compared, o r  when low-rank coal spectra a re  
being acquired, the samples must be dry enough t o  allow tuning within the range of 
t h e  NMR probe or  erroneous in tens i t ies  and fa  values will resul t .  
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NOVEL METHODS FOR FTIR 
ANALYSIS OF COAL 

Paul  P a i n t e r ,  Brenda Bar tges  , Diane P l a s e z y n s k i ,  
Thaddeus P l a s c z y n s k i ,  Andrew L i c h t u s  and Michael  Coleman 

Polymer Sc ience  S e c t i o n  
Penn S t a t e  U n i v e r s i t y  

U n i v e r s i t y  P a r k ,  PA 16802 

FTIR was f i r s t  a p p l i e d  t o  t h e  c h a r a c t e r i z a t i o n  of c o a l  s t r u c t u r e  d u r i n g  t h e  
l a t e  1970's and has  now been a p p l i e d  t o  a range of problems i n  f u e l  s c i e n c e .  
Although t h e  technique  can  t h e r e f o r e  be c o n s i d e r e d  e s t a b l i s h e d ,  i n  some very  
fundamental  ways i t  i s  s t i l l  evolv ing .  Novel  sampling methods, p r i n c i p a l l y  d i f f u s e  
r e f l e c t a n c e  and p h o t o a c o u s t i c  t e c h n i q u e s ,  have been a p p l i e d ;  i n  a d d i t i o n ,  new 
s o f t w a r e  with t h e  p o t e n t i a l  f o r  e x t r a c t i n g  a d d i t i o n a l  i n f o r m a t i o n  from t h e  spec t rum 
has  been developed. The b a s i c  t h r u s t  of o u r  r e s e a r c h  i s  s t i l l  the  a c c u r a t e  
q u a n t i t a t i v e  d e t e r m i n a t i o n  of s t r u c t u r a l  p a r a m e t e r s ,  but  i n  t h i s  c o n t e x t  w e  have 
been s tudying  a l t e r n a t i v e  methodologies .  Here w e  w i l l  r e p o r t  a n  examinat ion  of t h e  
use of d i f f u s e  r e f l e c t a n c e  methods t o g e t h e r  wi th  two d a t a  p r o c e s s i n g  r o u t i n e s ;  
se l f -deconvolu t ion  and a program t h a t  can  g e n e r a t e  t h e  spectrum of components from 
t h e  s p e c t r a  of a s e r i e s  of m i x t u r e s .  

The a p p l i c a t i o n  of d i f f u s e  r e f l e c t a n c e  and s e l f - d e c o n v o l u t i o n  to  t h e  s tudy  of 
c o a l  has  been p ioneered  by P e t e r  G r i f f i t h s  and co-workers ( 1 , 2 ) .  We o r i g i n a l l y  
c o n s i d e r e d  t h e  advantages i n  ease of sample p r e p a r a t i o n  (compared t o  s t a n d a r d  K B r  
p e l l e t s )  t o  be r e l a t i v e l y  minor ,  g i v e n  t h e  g r e a t e r  d i f f i c u l t y  i n  o b t a i n i n g  
r e p r o d u c i b l e  q u a n t i t a t i v e  r e s u l t s ;  band i n t e n s i t i e s  not  o n l y  vary  w i t h  p a r t i c l e  
s i z e  but  a r e  a l s o  a f f e c t e d  by packing w i t h i n  t h e  sample cup. 
r a t i o  of v a r i o u s  bands,  however, such f a c t o r s  c a n  be l a r g e l y  e l i m i n a t e d  
( p a r t i c u l a r l y  f o r  modes t h a t  are c l o s e  i n  f requency  and hence a r e  almost e q u a l l y  
a f f e c t e d  by s c a t t e r i n g  f a c t o r s )  and w e  found t h a t  f o r  a p a r t i c u l a r  s e t  of samples 
we o b t a i n e d  i n f o r m a t i o n  t h a t  could  n o t  be de te rmined  by s t a n d a r d  K B r  t e c h n i q u e s .  

I f  w e  work wi th  t h e  

As mentioned above ,  w e  a r e  s t i l l  concerned wi th  t h e  measurement of f u n c t i o n a l  
groups ,  p a r t i c u l a r l y  a l i p h a t i c  and a r o m a t i c  CH c o n t e n t .  We have d i s c u s s e d  t h e  
d i f f i c u l t i e s  a s s o c i a t e d  w i t h  v a r i o u s  methodologies  i n  v a r i o u s  p a p e r s  and a recent  
review a r t i c l e  ( 3 ) .  We p o s t u l a t e d  t h a t  i f  we  c o u l d  o b t a i n  a s e t  of samples  where 
most of the  hydrogen was t i e d  up i n  one t y p e  of f u n c t i o n a l  group,  t h e n  i t  should  be 
a r e l a t i v e l y  s t r a i g h t f o r w a r d  t a s k  t o  o b t a i n  a c c u r a t e  a b s o r p t i o n  c o e f f i c i e n t s  by 
r e l a t i n g  band i n t e n s i t i e s  t o  e l e m e n t a l  hydrogen.  Accord ingly ,  we  o b t a i n e d  a set of 
h igh  rank c o a l s  (carbon c o n t e n t  > 92%)  from t h e  Penn S t a t e  c o a l  bank,  choos ing  
those  c o a l s  t h a t  a l s o  had a n  e l e m e n t a l  hydrogen c o n t e n t  of t h e  o r d e r  of 3% or more. 
To our  s u r p r i s e ,  we could  not  o b t a i n  s p e c t r a  u s i n g  s t a n d a r d  K B r  p e l l e t s ,  whi le  
d i f f u s e  r e f l e c t a n c e  r e v e a l e d  bands c h a r a c t e r i s t i c  of a c o a l  wi th  a h ighlaromat ic  CH 
and very low a l i p h a t i c  CH c o n t e n t .  The r e g i o n  between 2000 and 500 cm i s  
i l l u s t r a t e d  i n  f i g u r e  1 and it  can  be s e e n  t h a t  t h e  spectrum of t h e  s t a n d a r d  K B r  
p e l l e t  r e v e a l s  no c o a l  bands whatsoever .  We presume t h a t  t h i s  i s  due to  s c a t t e r i n g  
f a c t o r s  a s s o c i a t e d  w i t h  t h e  d i f f i c u l t y  i n  a d e q u a t e l y  reducing  t h e  p a r t i c l e  s i z e  of 
such h a r d  c o a l s .  C l e a r l y ,  d i f f u s e  r e f l e c t a n c e  h a s  overwhelming advantages  i n  t h e  
c h a r a c t e r i z a t i o n  of h igh  rank c o a l s .  We a r e  now comparing r e s u l t s  f o r  lower rank 
c o a l s  o b t a i n e d  by d i f f u s e  r e f l e c t a n c e  and K B r  p e l l e t s  i n  o r d e r  t o  de te rmine  whether  
t h e  r a t i o  of a b s o r p t i o n  c o e f f i c i e n t s  f o r  a l i p h a t i c  and a r o m a t i c  bands is t h e  same 
f o r  t h e  two methods.  

The i n f r a r e d  spectrum of c o a l  i s  c h a r a c t e r i z e d  by a set of broad ,  o v e r l a p p i n g  
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bands.  We could c e r t a i n l y  o b t a i n  a g r e a t e r  i n s i g h t  i n t o  s t r u c t u r e  i f  v a r i o u s  
c o n t r i b u t i o n s  t o  s p e c i f i c  s p e c t r a l  r e g i o n s  c o u l d  be s e p a r a t e d  or deconvoluted.  In 
previous  work,  w e  h a v e  u s e d  second d e r i v a t i v e  s p e c t r a  as a s t a r t i n g  p o i n t  f o r  
c u r v e - r e s o l v i n g ,  while G r i f f i t h s  and co-workers ( 2 )  have r e c e n t l y  a p p l i e d  a novel  
s e l f - d e c o n v o l u t i o n  procedure .  In r e f i n i n g  s p e c t r a  by improvement of t h e  s p e c t r a l  
r e s o l u t i o n ,  d e c o n v o l u t i o n  and d e r i v a t i v e  a n a l y s i s  can be cons idered  a l t e r n a t i v e  
treatments of c h o i c e .  An asymmetric s p e c t r a l  p r o f i l e  composed of t w o  o r  more 
over lapped  l i n e s ,  i s  r e s o l v a b l e  ( i n  p r i n c i p l e )  i n t o  a t  l e a s t  two component l i n e s ,  
w i t h i n  the l imits imposed by t h e  s i g n a l  t o  n o i s e  ra t io  and ins t rument  l i n e  shape of 
t h e  o r i g i n a l  spectrum. It  should  be noted  t h a t  no l i n e  i n  t h e  r e f i n e d  spectrum may 
be narrower than  t h e  ins t rument  l i n e  s h a p e ,  u n l e s s  c o n t i n u a t i o n  of t h e  
i n t e r f e r r o g r a m  i s  performed on t h e  spectrum. 

The problem t h a t  a r i s e s  i n  d e c o n v o l u t i o n  i s  t h a t  n e i t h e r  t h e  l i n e  shape nor 
t h e  f u l l  w i d t h  a t  h a l f  h e i g h t  of the  over lapped  c o n s t i t u e n t  l i n e s  i s  known. To 
e f f e c t  d e c o n v o l u t i o n ,  a l i n e  shape  mustTbe chosen  which i s  cons idered  a reasonable  
approximat ion  t o  t h a t  of t h e  i n d i v i d u a l  over lapped  l i n e s .  An optimum band width i s  
t h e n  s e l e c t e d  e m p i r i c a l l y  from a s e r i e s  of  d e c o n v o l u t i o n s  of t h e  overlapped 
s p e c t r a l  r e g i o n  s u c h  t h a t  r i n g i n g  i n  t h e  r e f i n e d  spectrum i s  reduced t o  a minimum. 

This e m p i r i c a l  t echnique  may well be d i f f i c u l t  t o  apply  i n  p r a c t i c e ,  however, 
s i n c e  the e f f e c t s  o f  over -deconvolu t ion  may be m i s i n t e r p r e t e d  as s i g n i f i c a n t  
s p e c t r a l  i n f o r m a t i o n .  
r e s i d u a l  spec t rum,  c a n  e a s i l y  t a k e  on t h e  appearance  of l i g i t i m a t e  s p e c t r a l  d e t a i l ,  
but  a r e  i n  e f f e c t  a r t i f a c t s  of t h e  technique .  T h i s  ambigui ty  i n  the  r e f i n e d  
spectrum c a n  be minimized by n o t i n g  t h a t  a symptom of over -deconvolu t ion  i s  t h e  
" s h i f t i n g "  of  l i n e s  i n  d i r e c t  r e l a t i o n  t o  t h e  e x t e n t  of deconvolu t ion .  

The s i d e l o b e s  so i n t r o d u c e d ,  when superimposed upon t h e  

Although d e c o n v o l u t i o n  a p p e a r s  to  provide  more i n f o r m a t i o n  than  d e r i v a t i v e  
a n a l y s i s ,  t h e y  a r e  fundamenta l ly  r e l a t e d .  Cameron and Moffa t t  ( 4 )  have 
demonst ra ted  t h a t  b o t h  techniques  r e l y  upon t h e  a p p l i c a t i o n  of a weight ing  f u n c t i o n  
i n  F o u r i e r  Space. T h i s  f u n c t i o n  i s  of t h e  form 

(2kt  )" 

where n is t h e  o r d e r  of t h e  d e r i v a t i v e .  T h i s  may be c o n t r a s t e d  wi th  t h e  
d e c o n v o l u t i o n  w e i g h t i n g  f u n c t i o n ,  f o r  a L o r e n t z i a n  l i n e  shape ,  of the  form 

( e b t )  

Because both p r o c e d u r e s  r e l y  on such weight ing  f u n c t i o n s ,  s i m i l a r  l i m i t a t i o n s  
e x i s t  with r e s p e c t  t o  d i s c r i m i n a t i o n  a g a i n s t  n o i s e .  Deconvolu t ion  does have t h e  
advantage  of r e t a i n i n g  t h e  i n t e g r a t e d  i n t e n s i t y  and does not s u f f e r  t h e  phase 
i n v e r s i o n  c h a r a c t e r i s t i c  of  t h e  second d e r i v a t i v e ,  but  h a s  t h e  d i s a d v a n t a g e  of more 
e a s i l y  i n t r o d u c i n g  a r t i f a c t s .  In t h i s  r e s p e c t  i t  should  be kept i n  mind t h a t  c o a l  
bands a r e  i n h e r e n t l y  broad due t o  the  chemica l  h e t e r o g e n e i t y  of t h e  m a t e r i a l  and 
i n s t r u m e n t a l l y  c a n n o t  be r e s o l v e d  i n t o  a series o f  s h a r p  over lapping  bands.  
Accord ingly ,  d e c o n v o l u t i o n  should  be a p p l i e d  w i t h  extreme c a u t i o n .  

The f i n a l  t o p i c  w e  wish t o  c o n s i d e r  i s  t h e  a p p l i c a t i o n  of a r o u t i n e  capable  of 
o b t a i n i n g  t h e  s p e c t r a  of i n d i v i d u a l  components from t h o s e  of a m i x t u r e .  
a number of approaches  t o  t h i s  problem, i n c l u d i n g  f a c t o r  a n a l y s i s ,  tha t  could be 
u s e f u l  i n  t h e  a n a l y s i s  of c o a l  s p e c t r a .  
p rocedure  d e s c r i b e d  by Honigs e t  a l .  ( 5 )  t h a t  i s  most commonly used i n  
n e a r - i n f r a r e d  a n a l y s i s  of f o o d s t u f f s .  E s s e n t i a l l y ,  the  known c o n c e n t r a t i o n s  of a 
p a r t i c u l a r  component in a set of m i x t u r e s  a r e  used  a s  weight ing  f a c t o r s  t o  
r e c o n s t i t u t e  the  spec t rum of t h a t  component from t h o s e  of  the  m i x t u r e s .  The 
a p p l i c a t i o n  i s  i l l u s t r a t e d  i n  f i g u r e  2 ,  which compares t h e  s p e c t r a  of t h r e e  

There a r e  

We have developed a program based on a 
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"mixtures" ,  each r e p r e s e n t e d  by a s i n g l e  band. 
was e a s i l y  g e n e r a t e d  and i s  shown a t  t h e  bottom of t h e  f i g u r e .  This method h a s  
S e v e r a l  i n t r i g u i n g  p o s s i b i l i t i e s  when a p p l i e d  t o  c o a l .  For example,  w e  have 
o b t a i n e d  t h e  s p e c t r a  of s e v e r a l  c o a l  e x t r a c t s ,  where t h e  a r o m a t i c  and a l i p h a t i c  
hydrogen c o n t e n t  i s  known from p r o t o n  nmr measurements. Using t h e  a r o m a t i c  (or 
a l i p h a t i c )  CH c o n t e n t s  a s  w e i g h t i n g  f a c t o r s  we should  be a b l e  t o  g e n e r a t e  a 
spectrum c h a r a c t e r i s t i c  of those  p a r t s  of t h e  molecule  a s s o c i a t e d  w i t h  such groups ,  
a s o r t  of f u n c t i o n a l  group based deconvolu t ion .  

The spectrum of a pure  component 

The method i s  promising but  p r e l i m i n a r y  resul ts  i n d i c a t e  t h a t  a c a r e f u l  choice  
of samples i s  r e q u i r e d .  I n  i n i t i a l  work we c o n s i d e r e d  t h e  s p e c t r a  of  e x t r a c t s  
o b t a i n e d  from PSOC's 785 ,  801 ,  1192, 1195,  1196 and 1198. For  c l a r i t y  of 
i l l u s t r a t i o n  j u s t  t h e  CH s t r e t c h i n g  r e g i o n  of t h e  s p e c t r a ,  wi th  t h e  OH bands 
removed by c u r v e - r e s o l v i n g  and s u b t r a c t i o n ,  a r e  i l l u s t r a t e d  i n  f i g u r e  3. Note t h a t  
t h e  a l i p h a t i c  CH s t r e t c h i n g  bands of t h e  PSOC 785 e x t r a c t ,  t h e  top  spectrum i n  t h i s  
s e r i e s ,  a r e  s t r o n g e r  and s h a r p e r  than  t h o s e  of the  o t h e r  e x t r a c t s ,  i n d i c a t i n g  a 
h i g h e r  c o n c e n t r a t i o n  of long c h a i n  a l k a n e s .  Accord ingly ,  when t h e  program was 
a p p l i e d  t o  t h e s e  s p e c t r a  w e  no t  only o b t a i n e d  t h e  bands c h a r a c t e r i s t i c  of t h e  ' 

a r o m a t i c  CH s t r e t c h i n g  mode, but  a l s o  n e g a t i v e  peaks a s s o c i a t e d  w i t h  sequences  of 
CH u n i t s ,  a s  shown i n  f i g u r e  4. In o t h e r  words ,  PSOC 785 d i d  not  be long  i n  t h i s  
s e z .  
(which were o b t a i n e d  from mucg h i g h e r  rank c o a l s )  and t h i s  r e s u l t e d  i n  t h e  n e g a t i v e  
s h a r p  peaks.  We a r e  p r e s e n t l y  o b t a i n i n g  t h e  s p e c t r a  of a wider  range of samples so 
t h a t  w e  can "clump" s i m i l a r  s p e c t r a  t o g e t h e r  f o r  a n a l y s i s .  N e v e r t h e l e s s ,  t h i s  
p r e l i m i n a r y  a p p l i c a t i o n  i l l u s t r a t e s  t h e  p o t e n t i a l  of t h e  t e c h n i q u e  and a l s o  
i n d i c a t e s  t h a t  i t  might  f i n d  a d d i t i o n a l  u t i l i t y  i n  i d e n t i f y i n g  d i f f e r e n t  t y p e s  of 
s t r u c t u r a l  f e a t u r e s .  
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Figure 1. Top; Spectrum of  PSOC 1 6 1  (92% C) prepared  as  a K B r  p e l l e t .  
Bottom; same sample r u n  i n  d i f f u s e  r e f l e c t a n c e .  
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Figure 2. Top to bottom, spectra 
of a mixture of two com- 
ponents and the generated 
spectrum of the pure 
component. 
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Figure 3. Top to bottom, CH stretching 
modes of pyridine extracts of 
PSOC's 785, 801, 1192, 1195, 
1196 and 1198. 

Figure 4 .  Generated spectrum of aromatic CH component. 
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ABSTRACT 

A controlled-atmosphere, programmed-temperature, oxidation apparatus has been 
constructed and used to characterize organic-sulfur distribution in coals, 
partially desulfurized coals, and model systems. Samples were diluted with w01 
and heated, in a stream of Ar containing 10% 02, at a programmed-temperature 
increase of 3Co/min. Concentrations of SOz, COz, CO, 0 2 ,  and H20 in the effluent 
gas were continuously measured until the runs were completed at 1000°C. Evolution 
patterns produced by the oxidation products characterize the coal and, upon inte- 
gration, provide total C-H-S analyses consistent with classical coal analysis 
methods. 
and that from the organic portion of coal produces principal evolution maxima at 
about 32OOC (attributed to nonaromatic coal structures) and at about 480OC (attri- 
buted to aromatic structures). During oxidation the H/C ratio decreases with 
increasing temperature to about 0.6-0.7 at 40OOC. The NMR spectrum of residue 
isolated to 4OO0C shows a sharp decrease in aliphatic carbon compared to the 
original coal. 

The SO2 derived from coal pyrite evolves with a maximum at about 43@C, 

INTRODUCTION 

A number of precombustion chemical-beneficiation procedures have been 
developed that remove most of the inorganic sulfur (pyritic and sulfate) and some 
of the organic sulfur from coal. These have recently been reviewed by 
Morrison (1). A method to distinguish among the organic-sulfur functional groups 
or to classify the organic sulfur present in untreated or treated coals would be 
an asset t o  those involved in coal desulfurization research. The predictive value 
of such a method would also be useful in selecting coals that will be most 
improved by beneficiation methods. Calkins recently described pyrolysis experi- 
ments aimed at the determination of organic-sulfur-containing structures in coal 
and briefly reviewed work in this area (2). The present work is a continuation of 
our efforts toward an oxidative-degradation procedure useful for characterization 
of the organic sulfur in coal (3,4). A controlled-atmosphere, programmed- 
temperature oxidation (CAPTO) apparatus has been constructed and used to charac- 
terize organic-sulfur distribution in coals,’ partially desulfurized coals, and 
model systems. The system monitors the evolution of SO*, COZ, CO, 02, and H 2 0  
from coal samples thermally degraded in the presence of oxygen and a solid 
diluent-oxidation catalyst. Distinctive patterns of SOz, CO2, and H z O  evolution 
during programmed-temperature oxidation provide insights into the structural 
characteristics of the organic matrix of coal samples. 

EXPERIMENTAL 

A diagram of the apparatus used in this study is shown in Figure 1. A mass- 
flow-controlled mixture of Ar (90 mL/min) and 02 (10 mL/min) was passed through 
minus-2OO-mesh samples dispersed ( 1 :30) in W03 (diluent-oxidation catalyst) and 
pre-positioned on quartz fibers (wool) near the center of a 1.2-cm (i.d.) x 
72.2-cm vertical quartz combustion tube. A spring-loaded tube assembly held the 
combustion tube in position between neoprene seals. Samples were positioned at 
the midpoint of a 30.8-cm vertical tube furnace that surrounds the reaction tube. 
A microprocessor was used to temperature program the furnace (normally at a rate 
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of 3Co/min). A type K dual-head, isolated-junction thermocouple extends through a 
quartz capillary rod (used to minimize dead volume) and is inserted into the 
center of the sample. One of the thermocouple signals was sent to a strip chart 
recorder, and the other, after amplification, to a digital data system. A quartz 
rod was inserted below the sample to reduce dead volume. 

A 1.9-cm x 6.7-cm secondary furnace was mounted directly below the primary 
furnace. The reaction tube in the secondary furnace hot zone contains 3.0 g of w01 
supported on quartz fibers. This furnace, maintained at 1O5O0C, was utilized to 
convert CO to C o r ,  and COS to COz and SO,, and to maintain a constant SO r /SOt  
ratio in the exit gas stream (5). A pressure transducer located just after the 
reaction tube continuously monitored the pressure of the system throughout the 
run. 

The effluent gas flowed from the reaction tube through 1/16-in.-i.d. Teflon 
tubing to the infrared analyzers that continuously monitored the concentration of 
H20, SO,, CO2, and CO. A Mg(C10 * ) z  drying tube located just after the 
HzO analyzer removed H 2 0  from the gas stream before it entered the SO, analyzer. 
A CO analyzer was utilized; however, under normal operating conditions, all CO was 
converted to COz. A paramagnetic oxygen analyzer was used for  detection of the 
oxygen content of the effluent gas. A mass flow monitor was used to measure the 
total flow of the gas stream. A l l  detector signals were sent to a multichannel 
strip chart recorder and a digital data system. The strip chart recorder provided 
immediate feedback on the progress of the experiment. The data system acquired 
raw data, applied corrections, integrated, and provided qualitative and quantita- 
tive information for the effluent gas components over any desired temperature 
range. These methods are described in an earlier report ( 4 ) .  

A typical experiment consisted of thoroughly mixing 200 mg of minus-200-mesh 
coal (dried a t  105OC) with 6.0 g of WO, and drying the mixture in a vacuum oven at 
100°C. A 3.0-g portion of WOt was placed on quartz wool in the combustion tube 
and positioned at the hot zone of the secondary furnace. The tube was placed in 
position, and the secondary furnace stabilized at 105OOC. The analyzers were 
standardized and the sample was added to the combustion tube. A flow of 90 mL/min 
A r  and 10 mL/min 02 was continued as the sample was heated from ambient tempera- 
ture to 1OoOOC at a rate of 3Co/min. 

RESULTS AND DISCUSSION 

The CAPTO instrumentation provides time-resolved data for the concentration 
of SOz, C02, CO, H20, and 02 in the effluent gas stream as a sample is oxidized at 
a programmed rate of temperature increase. The total flow, the pressure, and the 
temperature are also monitored throughout the oxidation. The gas composition 
profile with increasing temperature for untreated Indiana Minshall coal is shown 
in Figure 2. Similar information has been obtained from other coals, model sulfur 
systems, and pyrite. Initially, several heating rates, flow rates, compositions 
of the O 2  - A r  mixture, diluents, and sample/diluent ratios were examined (3,b). 
Variation of gas evolution patterns with particle size was also studied. Particle 
size studies (minus-48-mesh x 0; minus-100-mesh x 0; minus-400-mesh x 0 )  were com- 
pleted on Pittsburgh Seam (Ohio No. 8) and several other coals. Little or no 
change in gas evolution patterns with increasing temperature was noted over the 
particle size range studied. 

Temperatures of Sulfur Dioxide Evolutions from Coals 

The SO, evolution temperature maxima of seven coals oxidized using the CAPTO 
unit are shown in Table 1. A few show small SO2 evolutions in the 170oC- 
2000~ region. This is consistent with the presence of sulfur and/or volatile 
sulfides that sublime up to 2OO0C and are oxidized by the secondary furnace to 
produce soz evolution maxima. Principal S O 2  evolution maxima occur in three 
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temperature  r anges  cen te red  nea r  32OoC, 43OoC, and 480%. So t h a t  t hese  SO2 
evo lu t ion  maxima could be a s s igned  t o  coal s t r u c t u r e s ,  t h e  CAPTO u n i t  was used t o  
ox id i ze  ( 1 )  c o a l  t r e a t e d  to p a r t i a l l y  remove p y r i t e ,  ( 2 )  c o a l  p y r i t e ,  and ( 3 )  a 
s e r i e s  of model su l fu r - con ta in ing  systems. F igu re  3 compares t h e  CAPTO r e s u l t s  of 
un t rea t ed  (ROM) and t r e a t e d  ( F l o a t  1.60; F l o a t  1.30; ASTM FINO,) P i t t s b u r g h  Seam 
coa l .  Each sample contained a d i f f e r e n t  p y r i t e  concen t r a t ion .  The s h a r p  peak a t  
430012 d e c r e a s e s  wi th  dec reas ing  p y r i t e  concen t r a t ions  and was t e n t a t i v e l y  assigned 
t o  SOZ evo lu t ion  from t h e  c o a l  p y r i t e .  A D e i s t e r  t a b l e  sample o f  coa l  p y r i t e  
obtained from t h e  Robena Mine and ox id ized  us ing  t h e  CAPTO u n i t  shows sharp SO2 
evo lu t ion  a t  430OC and confirms t h e  above assignment.  

A s e r i e s  of su l fu r - con ta in ing  model systems ( 6 )  was oxidized i n  the  CAPTO 
u n i t ,  and t h e  SOz evo lu t ion  maxima temperatures  were recorded.  The r e s u l t s  a r e  
summarized i n  Tab le  2. Note t h a t  polythiophene,  polydibenzothiophene, polyaryl-  
s u l f i d e s ,  and po lya ry l su l fones  a l l  show SOz evo lu t ion  maxima temperatures  of 450°C 
or g r e a t e r .  A l l  o f  t h e s e  evo lu t ions  f a l l  near  or above t h e  h ighes t  SO2 evolut ion 
maxima observed from c o a l s  oxidized i n  t h e  CAPTO u n i t .  Poly(thiophene-tetrahydro- 
thiophene) shows two SOz evo lu t ion  maxima temperatures  (30OOC and 475OC). Th i s  
polymer c o n t a i n s  a l t e r n a t i n g  c y c l i c  s u l f i d e  and thiophenic  s u l f u r  s t r u c t u r e s .  The 
lower temperature  SOz evo lu t ion  is asc r ibed  t o  ox ida t ion  of t h e  c y c l i c  s u l f i d e  
s t r u c t u r e ;  and t h e  h ighe r  temperature  evo lu t ion ,  p re sen t  i n  approximately an equa l  
amount, t o  o x i d a t i o n  of t h e  th iophen ic  s t r u c t u r e .  Based upon t h e  model system 
r e s u l t s ,  t h e  p r i n c i p a l  c o a l  SOz evo lu t ion  maximum near  32OoC is c o n s i s t e n t  with 
nonaromatic s u l f i d e  ox ida t ion ,  and t h e  p r i n c i p a l  maximum near  480% is c o n s i s t e n t  
with th iophen ic ,  a r y l  s u l f i d e ,  and a r y l  s u l f o n e  ox ida t ion .  

Q u a n t i t a t i v e  Evaluat ion o f  t h e  E f f l u e n t  Gas Components 

The CAPTO u n i t  was i n i t i a l l y  cons t ruc t ed  t o  c h a r a c t e r i z e  p a r t i a l l y  desu l fu r -  
i zed  coals produced from Pi t t sbu rgh  Energy Technology Center oxydesu l fu r i za t ion  
experiments ( 7 ) .  These oxydesulfur ized c o a l s  had most of t h e  p y r i t e  and 401-602 
o f  the o r g a n i c  sulfur removed; however, most of t h e  mineral  ma t t e r  was r e t a ined .  
Figure 4 shows t h e  CAPTO d a t a  f o r  oxydesu l fu r i zed  ( p y r i t e - f r e e )  Ind iana  Minshall  
coa l .  The h ighe r  temperature  SO2 evo lu t ion  maximum is broadened and s h i f t e d  t o  a 
somewhat lower temperature  ( cen te red  a t  45OOC). The atomic H/C and C/S ratios 
with p rogres s ive  o x i d a t i o n  are c a l c u l a t e d  and p l o t t e d  from cont inuous measurements 
o f  the Hz0, COz, and SOz concen t r a t ions  i n  t h e  e f f l u e n t  gas  s t ream. A p l o t  o f  
t hese  ratios for t h e  oxydesulfur ized Indiana Minshall  c o a l  is repor t ed  i n  
Figure 5. The H/C ratio is abnormally h igh  n e a r  t h e  beginning of t h e  ox ida t ion  
due to  H z O  r e l e a s e d  from t h e  mineral  matter a long  with H z 0  produced from coa l  
ox ida t ion .  The H/C r a t i o  a t  t h e  32OoC SOZ evo lu t ion  maximum is abou t  2.40 and 
t h a t  f o r  t h e  e v o l u t i o n  cen te red  a t  45OoC is about  0.40. The H/C r a t i o  decreased 
t o  0.7 a t  40OoC. Th i s  sha rp  dec rease  i n  H/C r a t i o  up t o  4OOOC was observed f o r  
a l l  Coals ox id i zed  i n  t h e  CAPTO u n i t  f o r  which t h e  H/C r a t i o  was p l o t t e d .  

The oxydesu l fu r i zed  Indiana Minshall  coa l  was a l s o  oxidized i n  t h e  CAPTO u n i t  
up t o  a maximum temperature  of 4OO0C, and t h e  ox id ized  c o a l  was s e p a r a t e d  ( f l o a t -  
s i n k )  from WOr. A sharp 
decrease i n  a l i p h a t i c  carbon is noted,  bu t  t h e  coa l  has  not  been deeply oxidized.  
The s o z  evo lu t ion  maximum observed nea r  32OoC must be a s soc ia t ed  wi th  loss  of 
these  nonaromatic c o a l  s t r u c t u r e s .  Add i t iona l ly ,  t h e  SO2 evo lu t ion  observed 
beyond 4OOOC must be a s s o c i a t e d  with ox ida t ion  o f  t h e  aromatic  c o a l  s t r u c t u r e s .  
In t eg ra t ion  of the SO2 d a t a  up t o  400°C and beyond llO@C r e v e a l s  t h a t  41% of t h e  
sulfur is a s s o c i a t e d  wi th  loss of  nonaromatic carbon and about  59% is assoc ia t ed  
with ox ida t ion  of a romat i c  carbon. S i m i l a r  d a t a  have been t a b u l a t e d  (Table  3)  for 
a number of p y r i t e - f r e e  c o a l s .  The r e s u l t s  for poly(thiophene-tetrahydro- 
thiophene) are a l s o  presented i n  Table 3. A bimodal SO2 evo lu t ion  p a t t e r n  e x i s t s  
and approximately one-half  o f  t h e  s u l f u r  was l o s t  up t o  40OoC. This  is  cons i s t en t  
with soz evo lu t ion  from ox ida t ion  o f  nonaromatic carbon followed by ox ida t ion  o f  
t h e  aromatic  s t r u c t u r e s .  

The "C CP-MAS NMR of t h e  product  is shown i n  F igu re  6 .  
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The total C-H-S content can be calculated from the integrated data. The unit 
was not specifically designed to provide elemental analysis results; however, the 
values serve as indicators of complete oxidation. The analytical results Of four 
oxydesulfurized coals oxidized in the CAPTO unit are shown in Table 4 and are in 
good agreement with classical coal analyses results of these coals. 

Gravimelt-Treated Coals 

The CAPTO apparatus has been used to oxidize a number of raw and treated 
coals. The results provide information about the sulfur removed and remaining 
after coal beneficiation processes. Samples of untreated and Gravimelt- 
treated (8)  Pittsburgh Seam coal were obtained from TRW. A portion of the 
untreated coal was treated with HNO, (1:g) overnight (ASTM Method) and washed 
until acid free. The untreated, HNOS-treated, and Gravimelt-treated coals were 
oxidized in the CAPTO unit. The results are shown in Figure 7 .  The untreated 
coal produces SO2 evolution maxima at 320OC,, 430°C, and 480%. The 43OOC Sot 
maximum due to pyrite is no longer present in the HNOS-treated coal. The 
Gravimelt-treated coal shows approximately the same SO2 evolution at 32OoC, but no 
43OOC SO2 evolution is present, and the 480OC SO? evolution maximum has been 
strikingly diminished. The Gravimelt process appears to have removed the pyritic 
sulfur and most of the thiophenic and/or aryl sulfide sulfur. Integration of the 
SO2 data up to 4OO0C (H/C ratio at 0.7) shows 55.5% of the remaining 0.751 coal 
sulfur to be nonaromatic, and integration beyond 400OC shows 44.51 in aromatic 
coal structures. The available analytical results for these coals are shown in 
Table 5. Note that the H/C ratio of the Gravimelt-treated coal is considerably 
below that of the untreated coal. This is consistent with the "C NMR results, 
which show a sharp increase in aromaticity ( 9 ) .  

CONCLUSIONS 

Distinctive SOZ evolution maxima are produced at about 320°C, 43OoC, and 
48OoC for coals mixed with a diluent and oxidized at a programmed rate of tempera- 
ture increase. 

The SO2 evolution maxima temperatures for coal have been correlated with 
those produced from the oxidation of model organosulfur-containing systems and 
pyrite. The coal SOz evolution near 32OoC is ascribed to sulfur in nonaromatic 
structures; that near 430°C, to oxidation of pyrite; and that near 48OoC, to 
oxidation of thiophenic and aryl sulfide type structures. 
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TABLE 4. 
ANALYSIS OF OXYDESULFURIZED COALS 

(moisture-f ree) 

COAL TREATMENT METHOD ASH% C% H %  5 %  HIC US 

Indiana 
Minrhall 

Rank: HvBb 

Illinois 

No. 6 

Rank: HvCb 

Middle 

Kittanning 
Rank: HvCb 

Upper 
Freeport 

Rank: Mvb 

None 
Oxyderulf. 
Oxyderulf. 

None 

Oxydesulf. 
Oxydesulf. 

None 

Oxyderulf. 
Oxyderulf. 

None 

Oxyderulf. 

Oxyderulf. 

Coal Anal. 
Coal Anal. 

CAPTO 

Coal Anal. 

Coal Anal. 
CAPTO 

Coal Anal. 

Coal Anal. 
CAPTO 

Coal Anal. 

Coal Anal. 

CAPTO 

14.7 

13.1 _ _ _  
11.6 

9.77 
.__ 

16.9 

16.2 
.__ 

16.2 

15.3 
_ _ _  

61.0 

64.0 

67.0 

68.4 

65.7 

67.1 

64.6 

61.9 

63.3 

72.3 

72.0 

70.4 

4.5 

4.2 

4.2 

4.6 

4.3 

4.3 

4.4 

4.0 

4.0 

4.3 

4.2 

4.1 

6.3 

2.5 

2.4 

3.7 

2.4 

2.2 

1.1 

0.67 

0.60 

1.6 

0.76 

0.71 

0.88 

0.78 

0.74 

0.80 

0.79 

0.79 

0.81 

0.77 

0.75 

0.71 

0.70 

0.69 

TABLE 5. 

PITTSBURGH SEAM (OHIO NO. 8) COAL 
TRW GRAVIMELT-TREATED 

Analytlc 
Coal Method Ash Total S %C %ti HIC CIS 

Raw' Coal Anal. 10.15 4.22 -- -- -- -- 
Raw CAPTO -- 3.93 73.1 5.1 0.83 50 
HNO, CAPTO -- 2.02 71.2 4.8 0.81 94 

Coal Anal. 1.26 0.75 -- -- -- -- 
CAPTO -- 0.75 04.7 4.1 0.57 303 

(ASTM) .. .. 

26 

69 

74 

49 

72 

81 

160 

247 

280 

122 

253 

265 

'Raw coal was analyzed as containing 0.20% sulfate sulfur, 1.78% pyritic 
sulfur, and 2.24% organlc sulfur. 

"Coal was treated at 370% wlth 80120 NaOHlKOH melt. Prod. 
uct was washed wlth water, 10% H,SO,; filtered; and washed 2 times with 
water. 
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I n t r o d u c t i o n  

One o f  the key problems i n  f o s s i l  f u e l  ana lys i s  i s  t h e  determinat ion o f  va r ious  
func t i ona l  groups associated w i t h  C, N, S, and 0 atoms. While a number of 
a n a l y t i c a l  techniques have been u t i l i z e d  t o  accomplish t h i s  ob jec t i ve ,  t o  da te  none 
o f  these techniques prov ide bulk  i n fo rma t ion  i n  a non-dest ruct ive manner. Thus, f o r  
example, when photoelect ron spectroscopic methods are used i n  a non-dest ruct ive 
mode, because o f  t h e  nature o f  t h e  photoelect ron escape depth ( %  10 A'), t h e y  
prov ide usefu l  i n fo rma t ion  on ly  about sur face canposi t ion.  I n  o rde r  t o  ge t  b u l k  
ana lys i s  w i t h  these techniques, i t  i s  necessary e i t h e r  t o  average a l a r g e  q u a n t i t y  
o f  sur face data by running d i f f e r e n t  samples, o r  t o  dest roy the  sample, l a y e r  by 
l aye r ,  and average t h e  r e s u l t a n t  data. O f  course, any s o r t  o f  su r face  l a y e r  
d e s t r u c t i o n  i s  bound t o  a l t e r  t he  sample and prov ide i naccu ra te  chemical bonding 
in format ion.  Mass spect rometr ic  methods, which c o n s t i t u t e  another way o f  s tudy ing  
coal samples, are d e s t r u c t i v e  by nature and do no t  y i e l d  t o t a l l y  r e l i a b l e  answers. 

Aside from the  above considerat ions,  another problem presents i t s e l f  i f  one 
considers coal t o  be an ensemble o f  randomly v a r i a b l e  huge macromolecules. The s i z e  
o f  t h e  macromolecule by i t s e l f  guarantees :hat thf valence e l e c t r o n  s t r u c t u r e  w i l l  
be very complex, i.e., t h a t  t he re  i s  a f o r e s t  o f  valence molecular  o r b i t a l s .  
Consequently, any spect roscopic  technique which prov ides o n l y  a s i n g l e  valence 
e l e c t r o n  spectrum pe r  molecule i s  p r a c t i c a l l y  useless. It i s ,  f o r  t h i s  reason t h a t  
UV absorption, UV and X-ray valence photoelect ron spectroscopies are n o t  e f f e c t i v e l y  
usefu l  i n  coal f unc t i ona l  group analys is .  What i s  nee!ed i s  a spect roscopic  method 
which i s  ab le t o  prov ide d i f f e r e n t  views o f  a complex f o r e s t "  o f  valence mo lecu la r  
o r b i t a l s .  While i t  i s  c e r t a i n l y  c o r r e c t  t o  say t h a t  X-ray co re  photoelect ron 
spectroscopy prov ides some use fu l  i n fo rma t ion  because f o r  each o f  a tan  ( w i t h  
2 2 3) t h e r e  e x i s t s  a t  l e a s t  one s p e c i f i c  and c h a r a c t e r i s t i c  core photoelect ron 
s igna l ,  i t  i s  equa l l y  t r u e  t h a t  t h e  c o r r e l a t i o n  between core photoelect ron s h i f t s  
due t o  changes i n  valence e l e c t r o n  s t r u c t u r e  are not  always r e a d i l y  dec ipherable i n  
t h e  case o f  l a r g e  organic  macromolecules. 

It i s  the o b j e c t i v e  o f  t h i s  paper t o  present X-ray f luorescence i n  a new r o l e  a t  
h i g h  o p t i c a l  reso lu t i on ,  namely, as a p o t e n t i a l l y  use fu l  t o o l  f o r  a d i r e c t  
determinat ion o f  t h e  valence e l e c t r o n  s t ruc tu res  around the  d i f f e r e n t  k inds o f  atoms 
of i n t e r e s t .  Stated somewhat d i f f e r e n t l y ,  i t  w i l l  be shown t h a t  XFS i s  an atomic 
probe t o  sample molecular  v,;ence e l e c t r o n  s t ruc tu re ,  and because o f  t h e  ve ry  na tu re  
of t h i s  probe, t he  complex f o r e s t "  o f  molecular  o r b i t a l s  becanes more dec ipherable 
than w i t h  any o the r  technique. 

Theory and Background In fo rma t ion  on Pure Substances 

While Urch (1) has r e c e n t l y  reviewed t h e  o v e r a l l  c a p a b i l i t i e s  o f  XFS f o r  
chemical bonding s tud ies,  h i s  review d i d  not  d i r e c t  t h e  reader toward the  a n a l y t i c a l  

7 9  



p o s s i b i l i t i e s  o f  thi? technique. Thus, i t  appears t o  be use fu l  t o  show how 
molecu la r  XFS "works. F i g u r e  1 i s  a comprehensive v iew o f  t h e  energy l e v e l  diagram 
of a hypothe t ica l  d ia tomic  molecule A-B, where both atoms A and B have f i l l e d  core 
l e v e l s ,  K. L1, L2, LJ, and where t h e  molecule AB possesses a m q j f o l d  o f  f i l l e d  
molecular o r b i t a l s ~  i s and a manifold o f  u n f i l l e d  (an t ibond ing)  'Y i s. The var ious 
spectroscopic techniques a re  i l l u s t r a t e d  by a p p r o p r i a t e l y  l a b e l l e d  arrows, w i t h  each 
arrow represent ing  a t y p i c a l  one-electron t r a n s i t i o n .  Besides XFS, XPS (X-ray 
photoe lec t ron  specroscopy), XAS (X-ray absorp t ion  spectroscopy), UAS ( u l t r a v i o l e t  
v i s i b l e  absorp t ion  spectroscopy) and UPS ( u l t r a v i o l e t  photoe lec t ron  spectroscopy) 
t r a n s i t i o n s  a re  shown. 

As s ta ted  be fore ,  one o f  t h e  fundamental d i f f e r e n c e s  between XFS and o ther  
spectroscopic methods used f o r  e l e c t r o n i c  s t r u c t u r a l  s tud ies  o f  molecules i s  t h a t  
w i t h  a l l  o f  t h e  o t h e r  methods one ob ta ins  a s ing le  spectrum per molecule. I f  one 
were i n te res ted  i n  s tudy ing  t h e  valence e l e c t r o n  s t r u c t u r e  o f  10-thioxanthenone ( a  
l i k e l y  c o n s t i t u e n t  t o  be found i n  coa l )  by UAS, UPS, and XPS, each o f  the  techniques 
would y i e l d  a s i n g l e  valence e l e c t r o n  spectrum. Using XFS a carbon K emission 
spectrum, an oxygen K emission spectrum, as we l l  as s u l f u r  K and s u l f u r  L emission 
spectra,  can be obtained. 

With XFS no t  o n l y  i s  t he re  a heteroatom c a p a b i l i t y  and poss ib l y  even m u l t i p l e  
spec t ra  per each heteroatom, bu t  a l so  e l e c t i c  d i p o l e  se lec t i on  r u l e s  provide 
add i t i ona l  s i m p l i f i c a t i o n  i n  case t h e  symmetry i s  h igh  enough. S imp l i f i ed  spectra 
are obtained e s p e c i a l l y  i f  t h e  core  vacancy i s  on an atom w i t h  a cent ro  o r  pseudo 
centrosymmetric pos i t i on .  

The use o f  XFS t o  determine the  o s i t i o n  and type o f  heteroatom has enormous 
p r a c t i c a l  a n a l y t i c a l  consequences (2-57. I f  t h e  core vacancy i s  on a cen t ra l  atom, 
and i f  the  valence e l e c t r o n  charge d e n s i t y  i s  s u f f i c i e n t l y  l oca l i zed ,  then XFS can 
be used f o r  l i g a n d  i d e n t i f i c a t i o n .  Thus, i f  the  cen t ra l  atom A i s  i n  a 4 - fo ld  
c o o r d i n a t i o n  w i t h  l i g a n d s  L1, L3, L4 and i f  L1 = L h  =L3 = L4, namely, A-(L1)4 
but i t  i s  changed t o  L ~ - A - ( L ~ )  k2 then t h e  XFS spectra w i  r e f l e c t  t h i s  s u b s t l t u t i o n  
o f  L2  f o r  one o f  t h e  L1-s by silowing a new t r a n s i t i o n .  Note t h a t  t he  l i gands  can be 
atoms o r  mo lecu la r  fragments. Add i t iona l  examples were s tud ied  by Whitehead (6).  
The cent ra l  atom i n  t h i s  case was s u l f u r  and S-KB spec t ra  were obtained f o r  Na2s04, 

Typ ica l  examp?& are  down i n  i gu res  2 throug% f.' I d e n t i c $  c a p a b i l i t y  i s  achieved 
when the  c o r e  vacancy i s  on a pseudo-central atom. The PKB s p e c t r m  o f  a l a rge  
molecule o f  t h e  type I 1  shows i n d i v i d u a l  t r a n s i t i o n s  t h a t  correspond t o  the  

KHS04, Na2SO NaHSO , KC~HF,, SO4. (C4Hg) SO (CH3C6H )2S02, and C6H5sO2NH2. 

I 1  

d i f f e r e n t  l i gands  as the  l i g a n d  i s  changed from -0CH , t o  OC2H t o  ,;H3 t o  C2H . 
What i s  s i g n i f i c a n t  i s  t h a t  i t  i s  poss ib le  ( 4 5 7  t o  iden!;fy f i n g e r p r i n b  
t r a n s i t i o n s  of t he  type: Pp3-s3p; pjP-sjp; ~ 3 ~ - O 2 ~ C 2 ~ ;  ~ ~ ~ - o ~ ~ C ~ ~ c ~ ~ ;  pjP-cpp; 

3p %ot& f n t e r e s 8 n g  and unique aspect o f  using XFS as an atomic probe t o  
c h a r a c t e r i z e  valence e l e c t r o n  s t r u c t u r e  can be i l l u s t r a t e d  when the  i n i t i a l  s ta te  
core vacancy i s  on a l i gand  atom which i t s e l f  i s  at tached t o  a r i n g  system. This 
was -demonstrated by Whitehead (6 ,7) .  The C1-KB spec t ra  o f  p -ch lo roan i l ine ,  p- 
dichlorobenzene, and p n i t r o c h l o r o b e n z e n e  were d i f f e r e n t  p rec i se l y  because of the  
d i f f e r e n c e  i n  t h e  e l e c t r o n  donat ing and withdrawing powers o f  t h e  -NH2, -NO2, and 
-C1 func t i ona l  groups. Equa l ly  i n t e r e s t i n g  was Whitehead's demonstration of the 
a b i l i t y  o f  XFS as a l i g a n d  atom probe t o  d i f f e r e n t i a t e  among t h e  0.m-, and P- 
chlorobenzoic ac id  isomers by studying the  c 1 - K ~  emission spectra. 

P c -c ;P3 -0p;P -Czs. 
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I t  i s  appropriate t o  indicate the power of XFS a s  a heteroatom probe when 
studying sulfur bearing heterocycles since several types a re  present in coal.  
Phi l l ips  (8) studied the S-KB spectra of 19 d i f fe ren t  sulfur-bearing heterocycles 
which included thiophene, saturated sulfur heterocycles, various mono- and di-  
substituted thiopenes and a few heterocycles containing both sulfur and nitrogen. 
Figure 6 shows the  S-K6 spectrum of thiophene. Accordingly, there are several 
prominent features,  namely, band A a t  2456 eV corresponding t o  a t rans i t ion  from au 
bond of S 3p),-C(2s) character,  band B a t  2460 eV reflecting u bonding of S(JPy- 
C ( 2 p ) - C ( 2 A  character, band C around 2464 eV reflecting IT bonding with S(3 )-C(2 ) 
as well as S(3 )-C(2 ) character,  band D a t  2466 eV reflecting ! izS(3  'f- 
C(2p)  CI bond, and'rhe 08$ sharp band E a t  2468 eV corresponding t o  the nonbonlfng 
S(3 ) orbital .  In  rea l i ty  each of the broad bands A, B ,  and C involve several 
unr!:olved t rans i t ions ,  and the lack of resolution i s  primarily due t o  the in i t i a l  
state--S-K level broadening. 

In going fran thiophene t o  the other heterocycles, the overall pattern in terms 
of the number of bands and the re la t ive  positions of the  bands remains the  same. 
This should not be t o o  surprising since the basic C-S-C structure i s  retained. The 
re la t ive  peak heights for  bands A and B also remain the  same. However, in going 
from an unsaturated t o  a saturated sulfur heterocycle, inserting a nitrogen i n t o  the 
ring system, or using dichloro substi tution in the ring, the  amount of S-3p 
character in molecular o rb i t a l s  corresponding t o  t rans i t ions  C ,  D ,  and E i s  
altered. For the spectra of thiophene and tetrahydrothiophene (Figure 7 ) ,  the  
integrated intensity r a t io  of D / E  changes from 1.4 t o  0.8. The introduction of a 
nitrogen atom in the ring, or dichloro substi tution causes the  O / E  r a t io  t o  decrease 
t o  0.9. 

When the immediate environment of S i s  d ras t ica l ly  altered from C-S-C t o  C-S-N 
a s  in isothiazole (Figure 8 ) ,  or t o  N-S-N as i n  2,1,3 - benzothiadiazole, then new 
bands appear, corresponding t o  C(2p)-S(3p)-N(2p) or N(2p)-S(3p)-N(2p) bonding, 
etc.  The D / E  intensity r a t io  fo r  saturated su l fur  heterocycles i s  in the  range of 
0.7 t o  0.8, and since for  unsaturated sulfur heterocycles t h i s  r a t io  i s  in the range 
of 1.2 t o  1.4 with the exact value depending upon the  nature of the substi tuent,  i t  
appears tha t  t h i s  ra t io  gives a re l iab le  value for  the re la t ive  amount of saturated 
sulfur heterocycles. The introduction of one o r  more nitrogen atoms adjacent t o  S 
dras t ica l ly  a l t e r s  the S-Kp spectra and the S-N and N-S-N functional content also 
appears t o  be discernible. Consequently, i t  appears tha t  there  may be several 
useful analytical capabi l i t i es  attainable from the S-Kp emission spectra of sulfur 
heterocycles. 

Another problem in electron structural studies i s  t o  examine whether or not a 
particular technique i s  capable of distinguishing between d i f fe ren t  kinds of carbon- 
oxygen bonding. This area was investigated by Burkard and Kim (9,lO). The 
following substances were studied by Burkard: p-benzoquinone (PBQ), anthraquinone 
( AQ) , acridone ( ACR) , acanaphthal enequi none ( ANQ) , and phenant hrenequi none ( AQ) . 
The oxygen Ka spectra of a l l  of the quinones show three  basic features,  namely, an 
intense and relatively sharp band around 527 eV corresponding t o  t rans i t ions  from 
lone p a i r  ( l p )  orb i ta l s ,  a re la t ive ly  diffuse and broad T band region about 2 eV 
below the lp  peak, p l u s  a very broad and diffuse u region around 522 eV. There are 
significant differences i n  al l  o f  the spectra. For A C R  the  lone pair peak, probably 
due t o  the presence of the N heteroatom causes a low energy s h i f t  forAhe lone pair  
l p  band. Moreover, the  widths of the l p  bands as well as t h e i r  contours Sean t o  
provide useful lp-lp interactions.  One of the more obvious lp-lp interactions,  as 
i l lus t ra ted  in Figures 9 and 10, i s  due to  ortho vs. para positions of the oxygen 
atoms yielding a very broad l p  band for  ANQ as  compared w i t h  AQ. There appears t o  
be some limited analytical potential in using 0-Ka emission spectra t o  distinquish 
among various quinones. 

Kim's C-Ka and 0-Ka studies included lithium carbonate, urea, lithium, acetate,  
magnesium oxalate, and squaric acid. The spectra fo r  the l a t t e r  three a r e  
i l lus t ra ted  in Figures 11-13. According t o  the spectra, i t  appears tha t  when there 
is a monocarboxylic acid ( L i A C )  as compared with a dicarboxylic acid, the halfwidth 
of the lone pair band A i s  considerably narrower. Thus, the halfwidth of the lone 
pair  may be a useful tool fo r  d i f fe ren t ia t ing  between mono and polycarboxylic 
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acids.  F i n a l l y ,  as shown i n  F i g u r e  1 3  f o r  squar ic  acid, XFS can d i f f e r e n t i a t e  
between C=O and C-OH f u n c t i o n a l  groups (see bands A vs. A ’  and 0 vs D , 
r e s p e c t i v e l y ,  i n  t h e  0-K emission spectrum). 

Ins t rumenta t ion  and Exper imental  Procedures 

A l l  o f  t h e  S-KB, Cl-K8 and P-KB spec t ra  were obtained on a double c r y s t a l  
instrument developed by Andermann’s group a t  t h e  U n i v e r s i t y  o f  Hawaii (11). This 
instrument represents  t h e  a d d i t i o n  o f  a second c r y s t a l  t o  a standard Norelco vacuum 
emission spectrograph. Using c a l c i t e  c r y s t a l s ,  t h e  ins t rumenta l  broadening was 
about 0.7 eV. Spectra taken on t h i s  ins t rument  were obtained p o i n t  by po in t  
t y p i c a l l y  i n  2 t o  4 hours. 

A l l  o f  t h e  0-Ka and C l - K B  spectra were obtained on a 5M focal  l eng th  g r a t i n g  
spectrometer a l s o  devel oped by Andermann’s group (12-14). The instrumental  
r e s o l u t i o n  a t  0-Ka can be as low as 0.05 eV, and a t  C-Ka, as low as 0.02 eV. These 
r e s o l u t i o n  l i m i t s  a re  n o t  achievable w i t h  t h e  present photographic and scanning 
p h o t o e l e c t r i c  d e t e c t i o n  methods, but t h e  use o f  p o s i t i o n  sensing de tec t ion ,  etc.  
should a l l ow  t h e  u t i l i z a t i o n  o f  the  ins t rument  a t  t h e  h igh  r e s o l u t i o n  l i m i t s  w i th  
exposure t imes we l l  below 1 hr. (15). 

With t h e  double c r y s t a l  spectrometer, hel ium was used t o  a l l ow  o p t i c a l  
t ransmission, but w i t h  t h e  g r a t i n g  spectrometer,  vacuun has t o  be employed f o r  0-Ka 
and C-Ka studies.  It s ou ld  be noted, t h a t  w i t h  t h e  g r a t i n g  spectraneter a sample 
chamber pressure o f  lo-$ t o r r  i s  adequate. Cryogenic sample handl ing c u r r e n t l y  
under development w i l l  a l l ow  t h e  i r r a d i a t i o n  and ana lys i s  o f  samples, such as coal, 
which con ta in  v o l a t i l e  compounds. 

Discussion o f  A n a l y t i c a l  C a p a b i l i t i e s  f o r  F u n c t i o n a l i t y  C h a r a c t e r i z a t i o n  

While i t  may be premature t o  asser t  w i t h  any degree o f  c e r t a i n t y  t h e  po ten t i a l  
a n a l y t i c a l  c a p a b i l i t i e s  o f  XFS f o r  c h a r a c t e r i z i n g  t h e  na ture  and amount o f  d i f f e r e n t  
f unc t i ona l  groups, a few g e n e r a l i z a t i o n s  are  i n  order.  Judging f r a n  t h e  p o s i t i o n  of 
t h e  oxygen l o n e  p a i r  peaks i n  squar ic acid, i t  should be feas ib le  t o  d i s t i n g u i s h  
between -C=O and -C-OH groups. I n  t h e  case o f  c a r b o x y l i c  ac ids  t h e  C-K emission i s  
h i g h l y  s i m p l i f i e d  and t h e  h a l f w i d t h  o f  t he  l one  p a i r s  should p rov ide  a handle on the 
presence and q u a n t i t y  o f  mono o r  po lycarboxy l i c  acids. An unsaturated r i n g  system 
provides a unique C zP-Czp II band, and conceivably,  t he  in tegra ted  i n t e n s i t y  might 
y i e l d  use fu l  in fo rma i o n  about t h e  ex ten t  o f  unsatura t ion .  XFS t o  determine s u l f u r  
f u n c t i o n a l i t y ,  as discussed before,  appears t o  p rov ide  a unique c a p a b i l i t y  i n  
determining t h e  degree o f  sa tu ra t i on  i n  t h e  s u l f u r  h e t e r o c y c l i c  substances, as we l l  
as the  c a p a b i l i t y  i n  determining the  na ture  o f  t h e  atoms d i r e c t l y  l i n k e d  t o  the  
s u l f u r  atan. 

While the  above fundamental s tud ies  appear t o  be encouraging, c l e a r l y  i t  w i l l  be 
necessary t o  eva lua te  d i r e c t l y  t h e  a n a l y t i c a l  c a p a b i l i t i e s  o f  XFS f o r  coal 
c h a r a c t e r i z a t i o n .  P r e l i m i n a r y  s tud ies  are c u r r e n t l y  under way. 
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MATRIX ISOLATION EPR S'IUDIES OF COAL TAR MOLECULES 

C. Judith Chu, Robert H. Hauge and John L. Margrave 
Department of Chemistry, Rice University, Houston, Texas 77251 

ABSTRACT 

EPR studies of matrix isolated t a r  molecules have demonstrated for t h e  f i rs t  
time the presence of f ree  radical s i tes  in the  original gaseous t a r s  evolved from 
coal over the  350-5OO0C temperature  range. 
considerably more s t ructure  than does the  coal i tself .  
in carbon dioxide a t  liquid nitrogen temperature .  The EPR spec t ra  suggest the 
presence of four or  more randomly oriented planar f r e e  radical molecules, some of 
which may be assignable to  sulfur, nitrogen and oxygen containing heterocycl ic  
aromatics. 
composition of ta r .  The respect ive perpendicular (gl ) components a r e  insensitive 
to  ta r  s t ructure  and similar to  the f r e e  e lectron v a E e .  The f r e e  radical  
species disappear as  the  coal t a r  is warmed t o  room temperature .  This strongly 
suggests that  the usual t a r  products that  a r e  formed from devolatilized coal  a re  
f r e e  radical polymerized polymers which a r e  formed from smaller f r e e  radical  
species. 

Matrix isolated t a r s  exhibit 
It is initially isolated 

The parallel component (gll) is sensitive to  the  s t ruc ture  and/or  

INTRODUCTION 

Considerable l i terature  (1-5) has been published concerning the  exis tence of 
f ree  radical ESR signals in coals. The reported coal ESR l i te ra tures  have been 
mainly concerned with ei ther  coal, pyrolyzed coal, solvent ref ined coal o r  coal 
liquefaction products. 
extensively by Retcofsky(*) and Yen (4) independently. 
values a re  dependent on the heteroatom contents  of the  coal. In general ,  the  
higher the nitrogen, oxygen and sulfur contents ,  the  higher the  g values from 
that  of the  f r e e  e lectron.  Evidence also suggests tha t  the  coal f r e e  radical  ESR 
signal is associated with t h e  organic s t ruc ture  of coal and not  t h e  mineral 
mat te r .  

isolation FTIR techniques. 
pyrolysis presumably involves the  thermal decomposition of coal  t o  produce f ree  
radicals, it would be of interest  t o  study the  primary pyrolysis products to  
determine t h e  existence of f r e e  radicals. This involves experimental techniques 
which allow the  formation of primary pyrolysis products and the utilization of 
matrix isolation techniques which t raps  t h e  react ive intermediate  f r e e  radicals 
in an inert matrix gas a t  low temperatures  and quenches fur ther  react ion.  
these techniques, we have identified all of t h e  slow pyrolysis products of four 
different ranks of coal through matrix isolation FTIR spectroscopy (6,7), 
however, evidence of f ree  radical formation was not observed except  in the  case 
where ta r  molecules were flash pyrolyzed a t  llOO°C and methyl radicals were 
observed for the f i rs t  time. 
matrix isolation FTIR are:  CO, CO,, H,O. CH,, C,H,, C,H,, HCN, H,S, CS,, COS. 
SO,, and t a r  molecules. If the  exis tence of f r e e  radicals were t o  be found from 
t h e  thermal decomposition of coal, the  most likely f r e e  radicals would be t h a t  of 
t a r  molecules which a r e  s t ructural ly  similar t o  the  parent  coal  and a r e  
considered t o  be smaller fragments of the  original coal. To consider this 
possiblity and the existence of other  f r e e  radicals not identifiable through 
matrix isolation FTIR, we have matrix isolated t a r  molecules along with other  
pyrolysis products of four  coals, Pittsburgh bituminous, Illinois #6, Rawhide 
sub-bituminous and Texas Lignite, and studied them by Electron Spin Resonance or  
Electron Paramagnetic Resonance Spectroscopy. 

The g-values of a large number of coals have been studied 
It was found t h a t  g 

We have studied extensively the  pyrolysis processes of coals using matr ix  
Since the  primary s t e p  in coal gasification and coal 

Using 

Other  slow pyrolysis products identified through 
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MPERIMENTAL 

Studies were performed on four coals donated by Exxon Research and 

1. Illinois #6, high volatile C bituminous 
2. Pittsburgh, high volatile A bituminous 
3. Rawhide, sub-bituminous C rank, Wyoming 
4. Texas l igni te ,  lignite rank 

Engineering Co., Baytown,  Texas. They are: 

Elemental analysis of these coals a r e  listed in Table I and slow pyrolysis 
behavior of these four  coals  has been described in detai l  in another  paper.(6s7) 
The coal samples were  ground and s i f ted under iner t  nitrogen atmosphere to  
prevent oxidation and only the -500 mesh coal par t ic les  of less than 25 microns 
were used in  the experiments. 

in Figure 1. The apparatus  is constructed of stainless s t e e l  and pumped by a 
mechanical pump - 4" diffusion pump combination and maintained at  torr 
pressures except  during deposition when the  pressure rises to 10-5 torr  due to 
excess  iner t  matr ix  gas. The ent i re  apparatus is  mounted between the magnets of 
a Varian E-9  EPR spectrometer .  
reac tor  (6,7) s i tua ted  in t h e  furnace chamber direct ly  facing a single crystal  
sapphire rod cooled t o  77K. The coal particles were slowly hea ted  to  promote the 
evolution of pyrolysis products which exit t h e  reac tor  and are  then  immediately 
co-condensed onto  t h e  liquid nitrogen temperature  sapphire rod with carbon 
dioxide a s  t h e  mat r ix  gas. After  deposition, the  sapphire rod a t tached  to  a 
moveable liquid ni t rogen cooled tube is slowly lowered into a 112" 0.d. thin wall 
quar tz  tube  s i tuated in t h e  microwave cavi ty  and an EPR spectrum of t h e  products 
obtained. 

A detai led schemat ic  diagram of t h e  matr ix  isolation EF'R apparatus  is shown 

The coal sample was placed in a slow pyrolysis 

RESULTS AND DISCUSSION 

Results obtained from the matr ix  isolated EPR spec t ra  demonstrated for t h e  
f i r s t  time t h e  presence of f ree  radical s i tes  in the  original gaseous ta rs  
evolved from coals over  the  350-5OO0C temperature  range. The assignment of t h e  
observed EPR spec t rum t o  volatilized ta r  molecules is based on t h e  temperature a t  
which EPR spec t ra  f i rs t  begin t o  appear (i.e.. <35OoC). 
#6 t a r  molecules a r e  shown in Figure 2 which i l lustrates  the  appearance and 
gradual increase of t h e  FPR spectra  from 314% t o  564OC. FTIR matrix isolation 
s tudies  of t h e  coals  also indicate  extensive evolution of t a r  a t  <35OoC t o  500OC. 
This temperature  range  has  been designated as t h e  high temperature  t a r  evolution 
temperature  range. Another  less intense low temperature  ta r  evolution was 
observed from FTIR studies  a t  -1OOOC to  300OC. 
t h e  low temperature  ta rs  (100-3OO0C) do not exhibit f r e e  radical character .  Thus 
only the high tempera ture  ta rs  a r e  formed by ac tua l  bond breakage. 
likely that  the  low tempera ture  tars  a re  formed through the  dissociation of 
hydrogen bonding in the coal. We have found t h a t  a disruption of the hydrogen 
bonding in coal by 0-methylat ion of the  coal hydroxyl functional groups 
dramatically increases  t h e  evolution of low temperature  t a r  but not  tha t  of high 
temperature  tar.(8) 

Retcofsky et.al. ( 5 )  have reported t h e  EPR behavior of a hea t  t rea ted  
Ireland Mine hvAb coal. 
t h e  coal h e a t  t r e a t e d  to  45OoC, approximately 7 times t h a t  of t h e  original 
unheated coal. 
in spin concentrat ion.  

EPR spec t ra  of Illinois 

It is interest ing to  note  that 

It seems 

The results show a n  increase in spin concentrat ion for 

The same coal hea t  t rea ted  to 350oC showed only a slight increase 
Khan (9) has also reported increases in e lectron spin 
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concentration, in the same order  of magnitude a s  Retcofsky, for  Pittsburgh and 
Illinois #6 coals heat  t rea ted  t o  460oC. These results complement our findings 
since concurrent with the  observation of f r e e  radical t a r  formation a t  35OoC t o  
500°C, the  pyrolyzed residual coal par t ic les  must also be experiencing a gradual 
increase in electron spin concentration as  more f ree  radicals a re  formed through 
bond breakage in this temperature  region. 
obtained for  the heat  t rea ted  coal a t  450OC is 2.0028 which is in the  spec t ra l  
range generally a t t r ibuted t o  a-hydrocarbon radicals. 
of the matrix isolated t a r  spectra  is understandable if the  t a r  molecules are  
also of a a-hydrocarbon f r e e  radical type. 
evolution process, the  a- type f r e e  radicals formed as  a result of bond breakage 
of linkage groups in coal a re  not as s table  as  a-hydrocarbon f r e e  radicals. 
Therefore the a - f ree  radical s i te  must be preferentially transfering and 
delocalizing the f ree  e lectron t o  adjacent aromatic a-r ing systems, i.e., 

Retcofsky reported that  t h e  g value 

The observed g-anistrosopy 

This indicates that  during t h e  t a r  

The smaller a - f ree  radical fragments formed evolve as  t a r  molecules and the 
remaining a-free radicals a t tached  t o  the main skeletal  s t ruc ture  of the  coal 
s tay in the  residue and a r e  the cause for  the observed increase in spin 
concentration of the heat  t reated coal. 

The EPR spectra  of the  randomly or iented but rigidly held t a r  molecules of 
the four coals a re  shown in Figure 3. 
"powder pat tern" spectra  exhibiting g anisotropy and no hyperfine splitting. The 
matrix isolated EPR spectrum of Illinois #6 t a r  is compared t o  the  EPR spectrum 
of the original coal powder diluted in high vacuum grease in Figure 4. 
clear that  the matrix isolated ta r  molecules exhibit considerably more s t ruc ture  
than the coal itself. In f a c t  peaks labeled a ,  b, c ,  and d can be identified 
with distinctly different  f ree  radical si tes in the ta r  molecules. 
similarities between the  matrix isolated t a r  spectrum and the  spectrum simulated 
by Weltner of randomly oriented and rigidly held planar aromatic  
molecules, peaks a -d  can be labled as parallel components representing different  
f r e e  radical t a r  species. 
to  the s t ructure  and/or  composition of ta r .  The respect ive perpendicular (gl ) 
components a re  relatively insensitive t o  t a r  s t ructure  and similar t o  the  f r e F  
electron value. 

between t h e  four coals (Figure 3). 
varies significantly from coal t o  coal. 
distinct gll components is Illinois #6. 
the coal a r e  dependent on the heteroatom contents  of the  c 0 a l , ( l * ~ 9 ~ )  t a r  

The spectra  obtained a r e  similar t o  a 

It  is 

From 

The parallel components (gll) a r e  apparently sensitive 

Differences in the  parallel (gll) components of the t a r  a r e  clearly observed 
The relat ive abundance of the  a -d  peaks 

In fac t ,  t h e  coal exhibiting the most 
values of Since i t  is known tha t  the 
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molecule g values  must  also be e f fec ted  by the  heteroatom contents .  Flash 
pyrolysis s tudies  of t h e  coal ta rs  a t  llOO°C has shown the  t a r  molecules t o  
contain considerable sulfur ,  nitrogen and oxygen heteroatoms.(12) Illinois #6 
contains a much higher percentage of sulfur than t h e  other  coals (see Table I), 
this suggests t h a t  o n e  of the  gll peaks may be associated with a sulfur 
containing f r e e  radicals. The other  peaks may be a t t r ibu ted  to  e i ther  a pure 
aromatic f r e e  radical  or nitrogen and oxygen containing heterocycl ic  aromatic  
f ree  radicals. and go (gO=1/3(g11+2gl )) 
values for  t h e  four mat r ix  isolated t a r s  a re  l i s t e d 3  Table 11. Table 111 lKts 
the g values of some of the  possible organic f r e e  radicals in coal compiled by 
Petrakis  and Grandy.(2) By comparing t h e  ordering of the  t a r  go values to  that  of 
the g values for  he te ro-a tom containing f r e e  radicals (see Table IV), one can  
assign peak a t o  sulfur  containing, peak b t o  oxygen containing, and peak c to  
nitrogen containing n aromatic  f r e e  radicals. Peak d ,  nearest  t o  t h e  gl 
component of t h e  t a r ,  is assigned to  pure n aromatic f r e e  radicals conGining no 
hetero-atoms.  
matr ix  isolation and will be fur ther  investigated. The assignment of peaks a - d  
indicates t h a t  potent ia l  exists for  a direct  measurement of the  relat ive amounts 
of nitrogen, sulfur, and  oxygen heterocyclics. Figure 5 shows the disappearance 
of t h e  free  radical species  a s  the  coal t a r  is warmed t o  room temperature .  The 
t a r  molecules were initially isolated in carbon dioxide a t  liquid nitrogen 
temperature .  This s t rongly suggests tha t  t h e  usual t a r  products formed from 
devolatilized coal a r e  re-polymerized polymers formed from smaller f r e e  radical 
species. 

radicals present  in t a r .  Work with model polymers containing appropriate  
heterocycl ic  aromatic  s t ructures  will be very useful. It is already clear ,  
however, tha t  volatilized t a r s  can be distinguished by the  number and types of 
f r e e  radical s i tes  present .  An understanding of these differences could play a 
very important role i n  the  choice of other  processing s teps  which lead to  the  
production of useful fuels. 

The experimentally calculated gll, gl 

The higher  go values of the t a r  molecules may be a result of 

More work will be done t o  conclusively charac te r ize  t h e  types of f ree  
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Table I. Analytical Data  of Four Coal Samples* 

Texas Rawhide Illinois #6 
Lignite Sub- bi t um. Bituminous 

Moisture, WVO 21.1 15.4 10.3 
Ash. WVo 9.35 8.64 9.28 
Mineral mat te r ,  WVO 6.9 7.1 10.9 
Vol. mat te r .  WVO 48.2 47.3 41.6 
Carbon, WVO 68.0 68.3 70.9 
Hydrogen, WVo 4.99 4.84 5.08 
Nitrogen, WVo 1.06 0.82 1.18 
Sulfur, total ,  WVo 0.96 0.92 3.94 

Oxygen, organic, WVo 18.3 18.2 9.4 

Sulfur, pyritic, WVO 0.04 0.01 1.17 
Sulfur, organic, WVo 0.92 0.91 2.77 

Density, g lcc  1.44 1.45 1.37 
Btu/lb 11720 11710 12857 

Pittsburgh 
Bituminous 

7.6 
6.04 
7.8 

37.2 
78.9 

5.25 
1.28 
2.29 
0.69 
1.60 
5.6 
1.33 

14312 

*Samples supplied by Exxon Research and Engineering Co; 
Analysis based on moisture f r e e  coal. 
Ash contents  of samples supplied may not  be same as  those indicated. 
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TABLE 11. e. Values for Matrix Isolated Tars* 

Coal 

Illinois #6 
- - _ _  

a 
b 

d 
C 

Pittsburgh 
a 
b 

d 
C 

Rawhide 
a 
b 

d 
C 

Texas Lignite 
a 
b 

d 
C 

0-methyla ted  Illinois #6 
a 
b 

d 
C 

Coal (unheated) 

Free  Electron 

Graphitized carbon film 

a1 _ - _  

2.037 
2.029 
2.025 
2.010 

_ _ _ _ -  
2.030 

2.011 
_ - - - -  

- _ - - -  
2.029 

2.010 
_ _ _ _ _  

2.038 
2.030 

2.01 1 
_ _ _ _ _  

2.037 
2.029 
2.025 
2.011 

g L  _ _ _  

2.002 
2.002 
2.002 
2.002 

_ _ _ _ _  
2.003 

2.003 
- - - - _  

- - _ - -  
2.001 

2.001 
_ - - - -  

2.003 
2.003 

2.003 
_ _ _ _ _  

2.002 
2.002 
2.002 
2.002 

go - - -  

2.014 
2.011 
2.010 
2.005 

_ _ _ _ _  
2.012 

2.006 
_ - - _ -  

_ _ - - _  
2.010 

2.004 
_ - - _ -  

2.014 
2.012 

2.006 
- - - - -  

2.014 
2.011 
2.010 
2.005 

2.0025-2.0045 

2.0023 

2.0107 
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Table 111. g Values of Possible Free Radicals in Tars(2) 

Free Radical R Value 

Aromatic Hydrocarbons 
A Radicals 
1-5 Rings 

7 Rings 

Aliphatic Hydrocarbons 
u Radicals 

Oxygen Containing Free Radicals 
0 Type 

2.0025 (cation) 
2.002 6 - 2.0028 (anion) 
2.0025 (cation) 
2.0029 (anion) 

2.0025-2.0026 (neutral) 

2.0008-2.0014 (neutral) 
A Type 

Quinones 1 - 3  rings 2.0047-2.0038 
Ethers 
i-ring, Mono-, Di-, Trimethyoxybenzene 2.0035-2.0040 

N-Containing Radicals 

S-Containing Radicals 

Graphi te  

2.0031 

2.0080-2.0081 

2.0025-2.015 

Tar 

Table IV. Comparison of Tar  g-  lues with Other Free  R 

a 
2.014 
- b 

2.011 
- C - 

2.010 

A Aromatic Free Radicals Sulfur Oxygen Nitrogen 
2.008 2.004 2.003 

dicals 

d 
2.005 
- 

Aromatic 
2.0025 
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LOW-RANK COAL STRUCTURE ELUCIDATION HIM 
RUTHENIUM TETROXIDE 

E.S. Olson, J.W. Diehl, M.L. Froehlich, D.J. Miller 
University o f  North Dakota 

Energy Research Center 
Box 8213, University Station 

Grand Forks, North Dakota 58202 

The goal of these studies was t o  elucidate the s t ructural  features of coals which 
a re  believed t o  be important in conversion processes. Of special i n t e re s t  are the  
nature of the hydroaromatic groups and the  bridging groups between aromatic 
moieties, because of t h e i r  ro les  in  thermal cleavage and depolymerization processes 
and the  hydrogen shut t l ing  which occurs during the  depolymerization and 
s tab i l iza t ion  o f  cleavage products. The f i r s t  objective was the development of new 
methods for  the i so la t ion  or so lubi l iza t ion  of the a l ipha t ic  groups in the coa l ,  
which may then be related t o  these hydroaromatic systems and bridging groups. We 
have successfully used ruthenium tetroxide in a two phase solvent system w i t h  a 
phase t ransfer  ca ta lys t  t o  s e l ec t ive ly  oxidize the  aromatic groups (1). Stock has 
used ruthenium te t roxide  in the  presence of ace ton i t r i l e  t o  oxidize a Texas l i g n i t e  
and I l l i n o i s  No. 6 coal (2.3). These procedures are a more viable a l t e rna t ive  t h a n  
t he  use of t r i f luoroperace t ic  acid which was used in e a r l i e r  studies by Oeno ( 4 )  and 
whose d i f f i c u l t i e s  have been pointed out ( 1 , 2 ) .  

The oxidation of a North Dakota l i g n i t e  with ruthenium te t roxide  with the phase 
t ransfer  ca ta lys t  proceeded rapidly a t  ambient temperature giving carbon dioxide and 
carboxylic acid products which were converted t o  methyl e s t e r s  by diazomethane f o r  
qua l i ta t ive  analysis using GC and GC/MS. A very complex mixture of a l ipha t ic  mono 
and polycarboxylic acids and aromatic polycarboxylic acids was formed in the  
reaction. In contrast  t o  t h e  t r i f luoroperace t ic  acid s tud ies ,  no 
oxiranepolycarboxylic acids were found. Keto acids were also found to  be absent. 
An ion t r a p  mass spectrometer was found to  be useful in these analyses s ince  a n  M + l  
peak was found f o r  many of the es t e r s  which normally do n o t  exhibit  any molecular 
ion. 

A major e f fo r t  was expended t o  find a r e l i ab le  and accurate method f o r  the 
quantitative analysis of carboxylic acid products. Loss of dicarboxylic acids and  
e s t e r s  during extraction and conversion t o  methyl e s t e r s  was a major problem. 
Analysis of t he  low molecular weight monoacids was carried o u t  on a calibrated 
capi l la ry  GC using d i r ec t  on-column in jec t ion  of the d i s t i l l e d  reaction products. 
High pressure l iquid chromotogrphaphy of the  diacids d i r ec t ly  on a n  Aminex HP87H 
resin was unsuccessful due t o  interferences between a l ipha t ic  and aromatic acids,  
even t h o u g h  sa t i s fac tory  resolution of the a l ipha t ic  diacids was obtained using two 
columns in  ser ies  ( 5 ) .  Ion exchange chromatography b o t h  as a cleanup for  the Aminex 
resin and analytical  separations by i t s e l f  was a lso unsuccessful. A ca l ibra ted  GC 
method using an internal standard added t o  the  acid mixture before cleanup and 
methylation also fa i led  t o  give reproducible r e su l t s ,  especially fo r  t h e  aromatic 
polycarboxylic acids. Finally,  several deuterated acid standards were prepared or 
purchased so t h a t  isotope d i lu t ion  methods using quadrupole GC/MS analysis of he 
methyl es ters  could be carried out. Calibration curves were highly l i n e a r  (ri = 
0.99) over a wide range. A ser ies  of r epe t i t i ve  oxidations on the  same Beulah 
l i g n i t e  sample gave highly consistent r e su l t s ,  especially f o r  the  adipic and 
phthalic acids which were labe l led  with four deuterium. The average deviations 
Here in the  second decimal place and thus are no more l imiting t h a n  the proximate 
analysis data. 

In order t o  in te rpre t  the data,  a number of model compounds have  been oxidized 
using the  rutheniun te t roxide  with a phase-transfer ca ta lys t .  Some o f  these data 
were reported previously (1). Basically alkyl substi tuents are converted in very 
high yield t o  the monocaboxylic acids.  Hydroaromatics give a mixture of  products 
consisting of the a-ketone, the diacid which maintains the  same number of methylene 
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carbons as i n  t h e  hydroaromatic r i ng ,  and smal ler  amounts o f  t h e  d i a c i d  
corresponding t o  l o s s  o f  one methylene group. Stock obtained l e s s  o f  t h e  ketone and 
more o f  t h e  l a r g e r  d iac id .  One-carbon methylene bridges are ox id ized t o  ketones o r  
ca rboxy l i c  a c i d  groups, but t h e  a r y l a c e t i c  ac id  may be i s o l a t e d  i n  good y i e l d .  
Malonic ac id  which would have resu l ted  fran ox ida t i on  o f  t he  second benzene r i n g  i s  
n o t  found. Unfor tunate ly  it i s  not s tab le  i n  t h e  o x i d i z i n g  system, i n  con t ras t  t o  
o the r  ca rboxy l i c  acids. Oimethylmalonic ac id  was i s o l a t e d  as a product frm 2,2- 
diphenylpropane. Thus i t  probably not  poss ib le  t o  determine one-carbon br idges i n  
t h e  s t ruc tu re  us ing t h i s  reagent, unless they are quaternary. Two carbon methylene 
br idges gave succ in i c  a c i d  and hydrocinnamic acid. 9,lO-Oi hydrophenanthrene, 
however, gave succ in i c  and diphenic acid, t h e  major product from phenanthrene. 
Ph tha l i c  and o the r  aromatic po lycarboxy l ic  ac ids a re  products from var ious 
polynuc 1 ear  aromatic systems. 

The e f f e c t  t h a t  oxygens i n  t h e  s t r u c t u r e  o f  hydroaromatics exe r t  on the  product 
y i e l d  was s tud ied because o f  t h e  prevalence o f  hydroxy l -subst i tu ted hydroaromatics 
i n  t h e  d e v o l a t i l i z a t i o n  products o f  l i g n i t e s .  Oxidat ion o f  6 -hyd roxy te t ra l i n  w i t h  
RuO4 gave no ketone and more degradation t o  g l u t a r i c  and succ in i c  than t h a t  which 
occurred i n  t h e  o x i d a t i o n  of t e t r a l i n .  6-Methoxytet ra l in  behaved s i m i l a r l y .  
5,6,7,8-Tetrahydronaphthoquinone gave a considerable amount o f  succ in i c  ac id  i n  
add i t i on  t o  t h e  ad ip i c .  1-Tetralone gave no react ion,  however 2 - te t ra lone  was 
ox id ized t o  succ in i c  acid. 

A canparison o f  t h ree  ox ida t i on  methods, t he  ruthenium t e t r o x i d e  w i t h  phase 
t r a n s f e r  c a t a l y s t ,  t h e  ruthenium t e t r o x i d e  w i t h  a c e t o n i t r i l e  and t h e  
t r i f l u o r o p e r a c e t i c  ac id ,  was c a r r i e d  out on t h e  same sample o f  Beulah l i g n i t e .  
There was no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  amounts o f  ac id  products between t h e  two 
ruthenium t e t r o x i d e  methods (Table 1) .  Thus whatever d i f f e rences  e x i s t  between 
these reagents i n  t h e i r  reac t i ons  w i t h  model compounds, no d i f f e rences  are apparent 
i n  the  products from l i g n i t e  ox idat ion.  This may be a r e f l e c t i o n  o f  t h e  more 
complete ox ida t i on  expected f o r  hydroxyaromatics a t  t h e  ends o f  t h e  a l i p h a t i c  
b r i d g i n g  groups and f o r  hydroxyhydroaromatic groups o r  perhaps the  absence o f  
t e t r a l i n  groups i n  t h e  coal s t ructure.  No evidence f o r  a t e t r a l o n e  t ype  o f  
s t r u c t u r e  i n  the  products  o f  ox ida t i on  has been found. The lower y i e l d s  o f  
a l i p h a t i c  acids found when t h e  Oeno ox ida t i on  w i t h  t r i f l u o r o p e r a c e t i c  a c i d  was used 
r e f l e c t  t h e  same problems encountered w i t h  model compound ox ida t i ons  w i t h  t h i s  
reagent. 

Table 1. Comparison o f  Oxidat ion Methods on Same Beulah L i g n i t e  Sample 

BT - PH - PT - A0 - GL - su - Method 

RuO~/PTC 3.04 0.49 0.14 0.55 0.05 0.67 

R U O ~ K H ~ C N  2.93 0.57 0.14 0.49 0.08 1.01 

CF3C03H 0.93 0.30 0.09 0.14 0.02 2.25 

A number of low-rank coals  were ox id ized f o r  comparison purposes. Values f o r  
t h e  amounts of s i x  ca rboxy l i c  ac id  products which were determined us ing t h e  isotope 
d i l u t i o n  method are repor ted i n  Table 2. The amounts o f  t h e  s i x  acids i n  the 
ox ida t i on  products genera l l y  increase w i th  coal rank o r  % C. There i s  a l i t t l e  
v a r i a t i o n  i n  t h e  t h r e e  Nor th Dakota l i g n i t e s  (Beulah, Gascoyne and Velva), which 
have about 71% C. There i s  a greater  v a r i a t i o n  i n  ac ids f r o m  t h e  Texas l i g n i t e s  
(San Miguel - 67% C and M a r t i n  Lake - 73% C) and t h e  subbituminous coals (Wyodak - 
73% C and Decker - 76% C ) .  This t rend  i s  cons is tent  w i t h  t h e  hypothesis t h a t  t he  
western subbituminous coals  have a h igher  a lga l  l i p i d - d e r i v e d  a l i p h a t i c  component 
than  t h e  l i g n i t e s .  A Pi t t sbu rgh  bituminous coal was a l so  ox id ized and found t o  have 
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a much lower a i i p h a t i c  ac id  content, b u t  h igher  aromatic ac id  content, cons is tent  
w i t h  t h e  hypothesis t h a t  i t  has been aromatized t o  a greater  extent  than t h e  
subbituminous coals. It was not poss ib le  t o  f i n d  a c o r r e l a t i o n  between these data 
i n  Table 2 and corresponding published tub ing  bomb l i q u e f a c t i o n  data f o r  these coa ls  
(6). 

Table 2. Results o f  Coal Oxidations w i t h  RuO4 ( %  maf Basis) 

Beulah 2.38 0.59 0.11 0.70 0.07 1.53 
Gascoyne 2.58 0.56 0.13 0.62 0.07 1.60 
Vel va 2.71 0.56 0.16 0.73 0.05 1.37 
Mar t i n  Lake 2.50 0.96 0.27 0.76 0.09 1.55 
San Miguel 2.94 0.61 0.12 0.62 0.04 0.73 
Wyodak 3.14 0.89 0.23 0.82 0.08 1.64 
Decker 4.17 1.69 0.30 0.75 0.09 1.66 

A comparison o f  a l l  t h e  major ac id  products f o r  two coals, Beulah l i g n i t e  and 
Wyodak subbituminous i s  given i n  Table 3 and 4. Amounts o f  those ac ids no t  
determined by isotope d i l u t i o n  were obtained by a c a l i b r a t e d  F I D  method. 

Table 3. Oxidation o f  Beulah L i g n i t e  and Wyodak Coal (I o f  maf Coal) 

A l i p h a t i c  Acids 

Succinic* 
2-Methyl succ in ic  
G lu ta r i c *  
2-Methyl g l u t a r i c  
Adi p i c *  
2-Methyladipic 
P imel ic  
Suberic 
Azeleic 
Sebacic 
Octanoic 
Nonanoic 
Laur ic  
M y r i s t i c  
Palmi t i c  
1.2,3-Propanetricarboxyl i c *  
1,2,4-8utanetricarboxyl i c  

Beulah 

2.38 
0.41 
0.59 
0.26 
0.11 
0.07 
0.04 
0.12 
0.04 
0.01 
0.02 
0.00 

<0.01 
0.01 

<0.01 
0.70 
0.31 

Wyodak 

3.74 ~. . 

0.11 
0.89 
0.14 
0.23 
0.15 
0.11 
0.10 
0.12 
0.05 
0.04 
0.00 
0.00 
0.02 
0.02 
0.82 
0.40 

*determined by isotope d i l u t i o n ,  t h e  others by f i d  c a l i b r a t i o n  
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Table 4. Oxidat ion o f  Beulah L i g n i t e  and Wyodak Coal ( %  o f  maf Coal) 

Aromatic Acids Beulah Wyodak 

Ph tha l i c *  
1,2,3-Benzenetricarboxyl i c  
1,2,4-Benzenetricarboxyl i c  
1,3,5-Benzenetricarboxyl i c  
1,2,3,4-Benzenetetracarboxyl i c  
1,2,4,5-Benzenetetracarboxyl i c *  
1,2,3,5-Benzenetetracarboxyl i c  
Benzenepentacarboxyl i c 
Benzenehexacarboxyl i c 

0.07 
0.23 
0.30 
0.01 
1.5 
1.53 
1.5 
1.5 
0.01 

0.08 
0.32 
0.32 
0.01 
1.7 
1.64 
1.7 
1.4 
0.37 

Three l i t h o t y p e s  have been separated from Beulah l i g n i t e  on t h e  bas i s  o f  
phys ica l  p roper t i es  and have been extens ive ly  s tud ied a t  t h e  Un ive rs i t y  o f  North 
Dakota Energy Research Center (7). Oxidat ion o f  t h e  v i t r a i n ,  d u r a i n  and fusa in  
l i t h o t y p e s  gave a w ide r  v a r i a t i o n  i n  t h e  amounts o f  t h e  s i x  ca rboxy l i c  ac ids (Table 
5) t h a n  d id  o x i d a t i o n  o f  many of t h e  samples from d i f f e r e n t  mines (Table 2 ) .  The 
dura in and fusa in  apppear t o  be more aromatized than t h e  v i t r a i n .  The main po in t  i s  
t h a t  a great v a r i a b i l i t y  i s  l i k e l y  t o  be found i n  t h e  samples obtained from one 
mine, depending on t h e  l i t h o t y p e  composit ion, and consequently one should not  
a t tempt  t o  c o r r e l a t e  any data from d i f f e r e n t  experiments unless they are a l l  done 
w i t h  t h e  same sample. 

Table 5. Oxidat ion o f  Beulah L i g n i t e  L i thotypes w i t h  RuO4 

L i t  hotype 

V i t r a i n  
Durain 
Fusain 

BT - PH - PT - AD - GL - su - 
2.41 0.60 0.08 0.58 0.02 0.71 
2.10 0.50 0.12 0.52 0.08 1.38 
1.38 0.33 0.10 0.27 0.15 1.40 

Since t h e  a l i p h a t i c  d iac ids  which are found i n  the  products from ruthenium 
t e t r o x i d e  o x i d a t i o n  may have been der ived from e i t h e r  a hydroaromatic o r  a b r i d g i n g  
group, a number o f  experiments have been attempted t o  try t o  d i s t i n g i u s h  the amount 
of d iac ids  which a re  der ived f r a n  each type o f  precursor. One o f  these experiments 
was a dehydrogenation o f  t h e  l i g n i t e  p r i o r  t o  ox ida t i on  w i t h  ruthenium te t rox ide .  
Water was removed f rom Beulah l i g n i t e  by Dean-Stark d i s t i l l a t i o n  w i t h  xylene under 
n i t rogen  and t h e  l i g n i t e  suspension i n  xy lene was then re f l uxed  w i t h  
dichlorodicyanoquinone. The dehydrogenated coal was then ox id i zed  w i t h  ruthenium 
te t rox ide .  The r e s u l t i n g  ac ids were analyzed (Table 6). The amount o f  succ in ic  
a c i d  decreased s u b s t a n t i a l l y ,  however the  amount o f  ad ip ic  decreased very l i t t l e .  
Th is  r e s u l t  imp l i es  t h a t  about h a l f  o f  t h e  succ in i c  may be der ived from t h e  
hydrophenanthrene o r  d i  hydropyrene type o f  hydroaromatics, whereas about 10% o f  t h e  
a d i p i c  acid may have been der ived from t h e  t e t r a l i n  type o f  hydroaromatics. The 
increase i n  the  amount o f  p h t h a l i c  a c i d  r e s u l t i n g  from ox ida t i on  o f  t h e  
dehydrogenated l i g n i t e  may a l so  be noteworthy. Dehydrogenation o f  
d i  hydrophenathrene o r  d i  hydroanthracene s t ruc tu res  t o  t h e  polynuclear  aromatics may 
e x p l a i n  t h i s  increase i n  p h t h a l i c  aicd. 

I 
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Table 6. Effect of Dehydrogenation on Beulah Lignite 

su 
1.42 

- G L  

0.38 

- PH - AD 

0.12 0.22 

- 

An experiment was carried out t o  determine the extent t o  which the original 
carboxylic acid groups of the coal make up the  acid groups found i n  the products 
obtained a f t e r  oxidation w i t h  the ruthenium tetroxide.  In order t o  label the 
original carboxylic acid groups, a sample of Beulah l i gn i t e  was methylated w i t h  
methyl-d3 iodide using L io t t a ' s  procedure (8) .  T h i s  sample containing the methyl-d3 
labelled e s t e r  groups was subsequently oxidized w i t h  ruthenium te t roxide  and the 
r a t i o  of labelled t o  unlabelled e s t e r  groups determined u s i n g  mass spectrometry. 
The r a t i o  of Mt1 t o  M+4 was determined under CI conditions, s ince  the molecular ions 
a re  not usually present. For the a l ipha t i c  acids,  about 10% of the e s t e r s  were 
labe l led ,  indicating t h a t  10% of t h e  a l ipha t i c  diacid products resu l ted  from 
oxidation of arylalkanoic acids,  such a s  succinic from 3-arylpropanoic acid. 
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WLECULAR WEIGHTS OF LIGNITE MCRMLECULES 
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Box 8213 U n i v e r s i t y  S ta t i on  
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Introduction 

A knowledge o f  how t o  determine molecular weights and molecular  weight 
d i s t r i b u t i o n s  o f  coal macromolecules has been a long-standing goal of coal  
s c i e n t i s t s  (1). A fundamental understanding of t h e  chemical and physical u n i t s  i n  
coa ls  requ i res  a knowledge o f  t h e  populat ion of various s izes o f  molecular e n t i t i e s  
i n  the coal. In format ion on t h e  molecular  weight d i s t r i b u t i o n  of coal 
macromlecules can a i d  i n  understanding the  behavior o f  t h e  macromolecules i n  
var ious chemical and phys ica l  processes. I n  t h e  h igh temperature processes such as 
l i q u e f a c t i o n  and p y r o l y s i s ,  many bonds i n  the  coal are broken and r e l a t i v e l y  small 
molecular  weight m a t e r i a l  i s  obtained. These products have been ex tens i ve l y  s tud ied 
and are no t  t he  concern o f  t h i s  paper. 

The goal o f  our research i s  t o  apply r e l i a b l e  and accurate polymer 
cha rac te r i za t i on  methods t o  t h e  h igh  molecular weight macromolecules of t h e  
l i g n i t e .  We have u t i l i z e d  low-angle l a s e r  l i g h t  s c a t t e r i n g  (LALLS) photometry i n  a 
s t a t i c  mode and a l s o  coupled w i t h  s i z e  exc lus ion chromatography (SEC) f o r  t h e  
determinat ion o f  weight average molecular  weights and molecular weight 
d i s t r i b u t i o n s ,  Polymers can be separated on t h e  bas i s  o f  s i z e  by SEC, t hus  
p rov id ing  i n f o w a t i  on about molecular weight d i s t r i b u t i o n s ;  however, mo!ecul a r  
weight va lues depend on c a l i b r a t i o n  data which a re  subject  t o  l a rge  e r r o r s  (2) .  
These e r ro rs  r e s u l t  from t h e  lack o f  s i m i l a r i t y  between the  shapes and p o l a r i t i e s  o f  
t h e  c a l i b r a t i o n  standards and t h e  ma te r ia l s  whose molecular weights a re  t o  be  
determined. Since l i g h t  sca t te r i ng  techniques g ive absolute molecular  weight 
values, a LALLS photometer was used as an on - l i ne  detector  i n  an  SEC system and no 
e r r o r  prone c a l i b r a t i o n s  o f  the s ize exc lus ion column were necessary. A r e f r a c t i v e  
index (RI) de tec to r .  was used i n  se r ies  with t h e  LALLS f l o w  c e l l  t o  prov ide 
concentrat ions o f  t h e  e l u t i n g  solute. 

Measurement o f  the molecular  weights o f  t h e  coal macromolecules o f  course 
requi res t h a t  t h e y  be so lub i l i zed .  Our i n i t i a l  s tud ies  ( 3 )  were c a r r i e d  out w i t h  
humic acids f r a n  a Nor th Dakota l i g n i t e  (Beulah-Zap seam), main ly  because the  humic 
ac ids  are convenient ly  obtained by e x t r a c t i o n  w i t h  base a t  ambient temperatures. 
Thermal cleavage reac t i ons  which could have ex tens i ve l y  degraded o r  depolymerized 
t h e  coal macromolecules would not  have occurred under these condi t ions,  although 
base i n i t i a t e d  depolymerizations may have occurred. 

In o r d e r  t o  observe t h e  s c a t t e r i n g  and i n t e r p r e t  t h e  r e s u l t s  wi thout  
c a p l i c a t i o n s .  it i s  important t h a t  t he  op t i ca l  absorbance o f  t h e  macromolecules a t  
t h e  l a s e r  wavelength o f  633 tnn be neg l i g ib le .  Obviously coal -der ived macromolecules 
must be deco lo r i zed  and considerable e f f o r t  was expended i n  f i n d i n g  t h e  best  way t o  
reduce t h e  molar a b s o r p t i v i t y  o f  the humic acids. The most successful method was 
found t o  be reduc t i on  o f  t h e  exhaust ive ly  methylated humic ac id  w i t h  z inc  dust i n  
a c e t i c  anhydride (3). The r e s u l t i n g  l i g h t  powder was so lub le i n  THF and exh ib i t ed  
s a t i s f a c t o r y  chromatographic p r o f i l e s  i n  the  SEC, i n d i c a t i n g  t h a t  s i g n i f i c a n t  
adsorpt ion of t h e  ma te r ia l  t o  t h e  SEC column was not a problem. 
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Results and Discussion 

Having reduced the  molar a b s o r p t i v i t y  o f  t h e  methyl humates, we were able t o  
determine Rayleigh f a c t o r s  f o r  so lu t i ons  i n  THF i n g  t h e  s t a t i c  LALLS c e l l .  A 
l i n e a r  dependence o f  Kc/RQ w i t h  c was obtained (ry = 0.99) (F igure 1). Thus t b e  
weight average molecular weight could be obtained fran t h e  i n t e r c e p t  (1.3 x 10 ) 
(Table 1). These data con t ras t  s i g n i f i c a n t l y  w i t h  those o f  Hombach (4 )  where a 
nonl inear  sca t te r i ng  p l o t  was obtained. I n  t h a t  case, i t  was necessary t o  i n t roduce  
a mod i f i ca t i on  t o  the  v i r i a l  equation so t h a t  t h e  non- l inear  curve could be resolved 
i n t o  a l i n e a r  and an exponential component. A t h e o r e t i c a l  j u s t i f i c a t i o n  f o r  t h e  
mod i f i ca t i on  was not presented. Our data requi red no such manipulat ion, which would 
have made ca l cu la t i ons  o f  molecular weight d i s t r i b u t i o n s  from t h e  f l ow  c e l l  
i n te r faced  w i t h  the  SEC system more complex. Furthermore the reduc t i on  e l im ina tes  
t h e  fluorescence which would cause an add i t i ona l  compl icat ion i n  determining t h e  
molecular  weight from s c a t t e r i n g  p l o t s  (5 ) .  

Table 1. Molecu1ar.weights f o r  humic ac id  and ox id i zed  l i g n i t e  de r i va t i ves  

S t a t i c  LALLS: 

MW 

A2 

dnfdc 

SEC-LALLS: 

M n 

yr 
Mz 

MZ:Mw:Mn 

Reduced methyl humate 

1.3 x l o 6  
0 2 2  

-4.2 10-5 

9.7 x 105 

1.8.x 106 

1.4 x l o 6  

1.9:1.3:1 

Reduced ox ida t i on  product 

1.3 x l o 6  
0 -18 
-3.6 10-5 

6.6 x l o 5  
7.8 x 105 
9.1 105 

1.4:1.1:1 

A s o l u t i o n  of t he  r e d u c t i v e l y  ace ty la ted  methyl humate i n  THF was character ized 
i n  the  SEC-LALLS-RI system. The LALLS chromatogram exh ib i ted  a s ing le  symmetrical 
curve whereas the  corresponding R I  chromatogram was near ly  symmetrical (F igure 2). 
Values f o r  the number average, weight average, and z everage molecular weights were 
c a  cu lated fran t h e  LALLS and R I  data (Mn = 9.7 x 10 , Mw = 1.4 x l o6 ,  Mz = 1.8 x 

Thus the  humic ac id  ex t rac ted  from l i g n i t e  w i t h  base i s  a l a r g e  macromolecule; 
t h e  r e l a t i o n s h i p  between t h e  molecular weight o f  t h i s  mater ia l  and t h a t  of t h e  
macromolecules which comprise t h e  major humin p o r t i o n  o f  the coal must next be 
establ ished. Although increased y i e l d s  o f  humic ac ids can be obtained by more 
severe treatments w i th  base (h igher  temperatures o r  u l t rason ica t i on ) ,  t h e  issue of 
thermal degradation react ions o f  the macromolecules cannot be neglected i n  ma te r ia l s  
obtained from l i g n i t e  under these condi t ions.  Instead a m i l d  o x i d a t i v e  reac t i on  was 
chosen t o  obta in  so lub le ma te r ia l  from t h e  l i g n i t e .  This ox ida t i on  was c a r r i e d  out  
w i t h  4-nitroperbenzoic ac id ,  a reagent which was recen t l y  repor ted t o  be e f f e c t i v e  
f o r  the cleavage o f  benzyl e thers (6 ) .  Benzyl e the r  l inkages occur i n  t h e  l i g n i n  

10 b ) w i t h  po l yd i spe rs i t y  r a t i o s  o f  Mz : Mw : Mn = 1.9 : 1.3 : 1. 
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s t ruc tu re  between t h e  c o n i f e r y l  groups and have been suspected t o  be present i n  
coa ls  as l i nkages  between a r y l  groups (perhaps l a r g e l y  between con i fe ry l -de r i ved  
groups o r  conjugates thereof ) .  Treatment o f  t h e  Beulah l i g n i t e  w i t h  4- 
n i t roperbenzoic  ac id  i n  r e f l u x i n g  c h l o r o f o n  gave o n l y  a small amount o f  ma te r ia l  
so lub le  i n  organic solvents; t h i s  ma te r ia l  was s i m i l a r  i n  composit ion t o  t h e  waxy 
ma te r ia l  normal ly  ex t rac ted  from l i g n i t e s  with organic  solvents. A f t e r  removal o f  
4-n i t robenzoic  ac id  and 4-nitroperbenzoic ac id  w i t h  hot  methanol, t h e  res idue was 
ext racted w i t h  base t o  g i ve  l a r g e  amounts o f  humic ac ids i n  y i e l d s  up t o  90 % (on an 
maf basis). Thus t h e  reagent was presumed t o  have converted the major p o r t i o n  o f  
t h e  l i g n i t e  humin t o  a base-soluble form by cleavage o f  s u f f i c i e n t  number o f  cross- 
l i n k i n g  groups o f  t h e  benzyl e ther  o r  some o the r  o x i d a t i v e l y  l a b i l e  type t o  g i ve  
carboxy l ic  a c i d  and phenol ic  groups. The reac t i on  r a t e s  and y i e l d s  va r ied  
considerably depending on t h e  p a r t i c l e  s i ze  and leng th  o f  sample storage; these 
ox ida t i on  s tud ies  a r e  s t i l l  under i nves t i ga t i on .  Oxidations o f  model compounds 
i n d i c a t e  t h a t  carbon br idges between a r y l  groups (such as i n  diphenylmethane) a r e  
not  cleaved by t h i s  reagent. However po lynuclear  aromatic systems (such as i n  
phenanthrene and anthracene) may be ox id ized t o  quinones o r  o ther  products. 

A sample o f  t h e  base-extractable product from t h e  4-nitroperbenzoic ac id  
ox ida t i on  o f  l i g n i t e  was converted t o  t h e  methylated d e r i v a t i v e  w i t h  dimethyl 
s u l f a t e  fo l lowed by diazomethane i n  DMF-ether, and was reduc t i ve l y  ace ty la ted  w i t h  
z inc dust i n  ace t i c  anhydride as i n  t h e  humic ac id  d e r i v a t i z a t i o n  above. A l i g h t  
t a n  THF-soluble ma te r ia l  was obtained. The molecular weight was determined i n  t h e  
t h e - s t a t i c  LALLS c e l l  i n  THF solut ion.  A l i n e a r  r e l a t i o n s h i p  was obtained i n  the  
Kc/Re versus c p l o t  ( r 2  = 0.95) (F igure 3). he molecular  weight obtained f o r  t h e  

f o r  t h e  humic ac id  d e r i v a t i v e .  
The r e d u c t i v e l y  ace ty la ted  ox ida t i on  product was a l so  examined w i t h  t h e  SEC- 

LALLS-RI system. A symmetrical peak was observed f o r  t h e  LALLS response, and a non- 
symmetrical peak f o r  the R I  response (F igu re  4). Somewhat lower values f o r  t he  
number average, weight av rage and z average molecular T i g h t s  were ca l cu la ted  from 
these data (Mn = 6.5 x l o f ,  Mw = 7.8 x l o 5 ,  Mz = 9.1 x 10 1. 

These data i n d i c a t e  t h a t  by o x i d a t i v e l y  c leav ing  the benzyl e the r  groups w i t h  
t h e  peracid, a subs tan t i a l  macromolecule i s  produced which i s  comparable i n  s ize t o  
t h a t  obtained by s imple base e x t r a c t i o n  o f  t h e  l i g n i t e .  This impl ies t h a t  t he re  i s  
sane basic u n i t  o f  t h i s  molecular  weight making up t h e  coal s t ruc tu re ,  and t h a t  i n  
base e x t r a c t i o n  some o f  these u n i t s  are released, whereas i n  perac id ox ida t i on  a 
l a r g e  number of them a r e  re leased by sc i ss ion  o f  c ross - l i nk ing  bonds. 

, 

d e r i v a t i v e  o f  t he  o x i d a t i o n  product (1.3 x 10 l? was t h e  same as t h e  value obtained 

Experimental 

Humic ac ids were i s o l a t e d  f r a n  l i g n i t e  f r a n  t h e  Beulah mine i n  Mercer Co. ND 
(Beulah-Zap seam, Sent ine l  Bu t te  formation, F o r t  Union Region) and methylated w i t h  
dimethyl s u l f a t e  fo l lowed by diazomethane as described i n  reference 3. The methyl 
humate was reduced w i t h  zinc dust i n  ace t i c  anhydride. 

Oxidat ion o f  t h e  l i g n i t e  was ca r r i ed  out  by r e f l u x i n g  11 g o f  Beulah l i g n i t e  
w i t h  12.4 g of 4-n i t roperbenzoic  acid. i n  150 m l  o f  c h l o r o f o n  f o r  20 hours. The 
m i x t u r e  was f i l t e r e d  wh i l e  ho t  and the  t h e  res idue was ext racted wi th hot methanol 
t o  remove t h e  4-n i t robenzoic  acid. A 3.8 g p o r t i o n  o f  t h e  residue was ext racted 
w i t h  NaOH s o l u t i o n  and the  r e s u l t i n g  s o l u t i o n  was t rea ted  w i t h  dimethyl s u l f a t e  as 
i n  t h e  preparat ion o f  methyl humates. The methylated product was a c i d i f i e d  w i t h  
HCl, cent r i fuged,  and d r i e d  t o  g i ve  a 1.75 g y i e l d  o f  methylated ox ida t i on  
product. Th is  ma te r ia l  was t rea ted  w i t h  diazomethane i n  DMF-ether fo l lowed by z inc 
dust i n  a c e t i c  anhydride t o  g i ve  0.70 g o f  reduc t i ve l y  acety la ted methylated 
product. 

Rayleigh s c a t t e r i n g  was measured w i t h  a KMX-6 LALLS photometer i n  THF 
solut ion.  The dn/dc values were determined us ing a KMX-16 d i f f e r e n t i a l  l a s e r  
re f ractometer  a t  several concentrat ions i n  THF so lu t i on .  The s i z e  exc lus ion 
chromatography was c a r r i e d  out  w i t h  a 30 cm by 7.5 mm 105 A PLgel column i n  THF a t  a 
sample concentrat ion o f  2 mg/ml. The KMX-6 LALLS photometer w i t h  a flow-through 



c e l l  and a Model 401 R I  de tec to r  were used f o r  measurement of t h e  Rayleigh 
sca t te r i ng  and R I  response o f  t h e  e f f l uen t  from t h e  SEC column. Data were acqui red 
a t  3.5 points/sec f o r  each detector. The LALLS and R I  peaks were d i v ided  i n t o  100 
area s l i c e s  each for c a l c u l a t i o n  o f  t h e  molecular weights. 
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FUNCTIONAL GROUP ANALYSIS OF COAL AND COAL PRODUCTS BY 
X-RAY PHOTOELECTRON SPECTROSCOPY 

David L. Perry and Alan Gr in t  

BP Research Centre, Sunbury on Thames, Middlesex, TW16 7LN, UK. 

The func t iona l  group composition of coa l  and c o a l  products has a determining 
inf luence  on t h e i r  p roper t ies ,  a f fec t ing  e f f i c i e n c y  of u t i l i s a t i o n .  Also, i t  
i s  wel l  es tab l i shed  t h a t  t h e  oxidat ion which occurs  when f r e s h  coal  is exposed to 
the  atmosphere causes a marked d e t e r i o r a t i o n  i n  coa l  q u a l i t y ,  a f f e c t i n g  proper t ies  
such a s  heat ing value,  f l o a t a b i l i t y  and coking poten t ia l .  The a p p l i c a t i o n  of 
techniques such as Fourier  transform infra-red (FTIR) spectroscopy and magic angle  
spinning nuclear  magnetic resonance (NMR) spectroscopy has l e d ,  i n  recent  years ,  
t o  s i g n i f i c a n t  improvements i n  OUT understanding of the  nature  of carbon-oxygen 
func t iona l  groups i n  coa l  and the changes induced by d i f f e r e n t  coa l  t reatments .  

I n  a number of technologies  such a s  polymers and carbon f i b r e s ,  where t h e r e  i s  a 
s imi la r  i n t e r e s t  i n  the  nature  of organic  func t iona l  groups and t h e i r  e f f e c t  on 
mater ia l  performance, the  technique of x-ray photoelectron spectroscopy (XPS), 
a l s o  known as e l e c t r o n  spectroscopy f o r  chemical ana lys i s  (ESCA), has  been 
appl ied successfu l ly  t o  a wide range of problems. However XPS i s  a technique 
which is l i t t l e  used i n  coa l  science. Since i t  has  high sur face  s e n s i t i v i t y  and 
the  s p e c i f i c  sur face  proper t ies  of coa ls  play an important r o l e  i n  a number of 
c o a l  technologies ,  e.g. f l o a t a t i o n  and agglomeration, i t  i s  perhaps s u r p r i s i n g  
t h a t  X P S  i s  not used more extensively.  The reasons f o r  t h i s  may l i e  i n  some of 
the  discouraging references i n  the l i t e r a t u r e .  FOK example e a r l y  work by F r o s t  
e t  a 1  (1)  found no r e l a t i o n s h i p  between oxygen concentrat ions determined by XPS 
and the bulk ana lys i s  of a s e r i e s  of f loat-s ink f rac t ions .  
e t  a 1  (2)  observed t h a t  oxidat ion of bituminous coa ls  f o r  up t o  383 days a t  50°C 
i n  a i r  completely destroyed Geiseler  f l u i d i t y  but ne i ther  XPS nor DRIFT (Diffuse 
Reflectance FTIR) spectroscopy could d e t e c t  any p a r a l l e l  changes i n  t h e  func t iona l  
group composition of t h e  coal. 

This  paper descr ibes  the  appl ica t ion  of XPS t o  coa l ,  coal reac t ions  and coa l  
products. 
techniques which a r e  appl ied t o  coal. 

More recent ly  Huffmann 

The a i m  i s  t o  present  a c r i t i c a l  evaluat ion i n  t h e  context  of o t h e r  

THE XPS TECHNIQUE 

X-ray photoelectron spectroscopy is f u l l y  descr ibed i n  a number of reviews 
e.g. (3). It involves  measurement of the k i n e t i c  energies  of core  and valence 
e lec t rons  photoemitted from a (usual ly)  s o l i d  sample when i r r a d i a t e d  by s o f t  
x-rays (normally Mg o r  A L W .  The experiment is  c a r r i e d  out  wi th in  a vacuum 
system (pressure< 1 x Pa). Since core e l e c t r o n s  have c h a r a c t e r i s t i c  
binding energ ies ,  t h e  photoelectron spectrum provides an a n a l y s i s  f o r  a l l  elements 
except hydrogen and helium. 
outermost 3-4nm of t h e  s o l i d ;  the ana lys i s  is therefore  of a few atomic l a y e r s  a t  
the  exposed surface.  
t o  chemical s h i f t s  i n  the c h a r a c t e r i s t i c  binding energies  of cont r ibu t ing  
elements. For carbon (1s) spectra  i n  coa l  t h e  chemical s h i f t s  show themselves 
a s  a peak broadened t o  higher  binding energy by t h e  presence of d i f f e r e n t  
carbon-oxygen func t iona l  groups. The broadened spec t ra  can be resolved i n t o  
components corresponding t o  t h e  func t iona l  group types which a r e  assumed t o  
cont r ibu te  t o  the  peak envelope. An example f o r  a l i g n i t e  C(1s) spectrum i s  
given i n  Figure 1. The separat ion of the  components depends upon t h e  carbon 
oxidat ion state a s  follows: S ta te  C I  (hydrocarbon) a t  285eV, C I I  ( s ing ly  bonded 
carbon-oxygen i.e. hydroxyl o r  e ther )  a t  286.6eV, C I I I  (carbonyl) a t  288eV and C I V  
(carboxyl, acid o r  e s t e r )  a t  289.2eV (4). 

The e lec t rons  detected a r e  emit ted only from t h e  

Dif fe ren t  oxidat ion s t a t e s  o r  func t iona l  groups g i v e  r i s e  

The pos i t ions  of these  components 
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r e l a t i v e  t o  t h e  p r i n c i p l e  hydrocarbon component a r e  w e l l  e s tab l i shed  from model 
compound s t u d i e s  both reported i n  the l i t e r a t u r e  and confirmed by the present  
authors. 

Peak synthesis  rou t ines  however do not provide a unique solut ion.  Their accuracy 
is dependent on t h e  s u i t a b i l i t y  of t ransfer r ing  chemical s h i f t s  from simple model 
compounds t o  a more complex material. Uncertainty i n  peak synthesis  a r i s e s  from a 
lack  of d e f i n i t i o n  of t h e  fundamental s p e c t r a l  l ineshape f o r  each component. 
Standard rout ines  use Gaussian o r  Gauss/Lorentzian mixtures. Because of the  
aromatic na ture  of coal  the  fundamental l ineshape i s  thought t o  be asymmetric but 
the  prec ise  shape has  ye t  t o  be determined (5). 
components r a t h e r  than t h e  cor rec t  l ineshape,  may be t o  exaggerate the 
concentrat ion of carbon at tached t o  oxygen, p a r t i c u l a r l y  i n  the  C I I  state. 

The most important f e a t u r e s  of XPS when compared with o t h e r  instrumental  techniques 
are:-  

1) 
obtained by gr inding  t o  a smaller p a r t i c l e  size). 

2) Although d i f f e r e n t  carbon-oxygen func t iona l  groups a r e  not well-resolved, t h e  
constant  s e n s i t i v i t y  of X P S  t o  t h e  element r a t h e r  than t h e  funct ional  group, means 
t h a t  func t iona l  group a n a l y s i s  i s  q u a n t i t a t i v e  within t h e  accuracy of t h e  peak 
synthes is  rout ine.  

3) Quant i ta t ive  f u n c t i o n a l  group and elemental  ana lys i s  i n  the  same experiment 
allows v a l i d a t i o n  of i n t e r p r e t a t i o n  e.g. t h e  changes i n  t h e  carbon-oxygen 
func t iona l  groups can,  i n  p r i n c i p l e ,  be cor re la ted  with t h e  oxygen concentrat ion 
changes. 

4) 
sulphur and ni t rogen.  

The e f f e c t  of using symmetric 

High sur face  s e n s i t i v i t y  ( information about t h e  bulk of coal  p a r t i c l e s  can be 

Functional group a n a l y s i s  can  be appl ied  t o  other  elements of i n t e r e s t  e.g. 

SURFACE COMPOSITION OF COALS 

An example of t h e  d i f f e r e n c e  which can e x i s t  between t h e  sur face  and bulk composition 
of coa l  p a r t i c l e s ,  and hence the  importance of appropr ia te  sample preparat ion when 
using XPS, i s  i l l u s t r a t e d  i n  Table 1. The bituminous c o a l  f i n e s  ( p a r t i c l e  s i z e  
500-38p ) show very  d i f f e r e n t  sur face  compositions when examined a s  received,  
compared wi th  the same mater ia l  a f t e r  gr inding under heptane t o  < 5p . 
c l e a r l y  very  heavi ly  sur face  oxidised,  having twice as  much organic oxygen as the  
heptane ground exposed surfaces .  

The coa l  i s  

Such d i f fe rences  between surface and bulk oxygen 

TABLE 1 : SURFACE ANALYSIS OF BITUMINOUS COAL BY XPS (% ATOM RATIOS) 

Element 

C 
0 T o t a l  
0 Mineral 
*O Organic 
s i  
A l  

As Received Heptane Ground 
(500 - 3 8 ~ )  (< 5 r )  

100 
52 
2 8  
24 
10.0 
5.0 

100 
29 
17 
12 
6.3 
3.0 

* Organic oxygen cannot be resolved from mineral oxygen. 
subt rac t ion  of minera l  oxygen (ca lcu la ted  from S i  and A 1  concentrat ions 
assuming s toichiometry Si02 and A12031 from t h e  measured t o t a l  oxygen 
concentrat ion.  

It i s  ca lcu la ted  by 

108 



I 

and t h e  lack of cor rec t ion  f o r  mineral oxygen, probably accounts f o r  t h e  poor 
XF'S/bulk cor re la t ions  obtained by previous authors  (1). When a rank range of  
coa ls  a r e  prepared by gr inding under heptane or under n i t rogen  j u s t  p r i o r  t o  
a n a l y s i s ,  a good c o r r e l a t i o n  can be obtained between sur face  organic  oxygen and 
bulk ana lys i s  ( 4 ) .  For a s e r i e s  of preasphal tenes  the  c o r r e l a t i o n  for oxygen, 
suLphur and n i t rogen  i s  s i m i l a r l y  good (6). 

The d i s t r i b u t i o n  of oxygen between sur face  and bulk following weathering or 
d e l i b e r a t e  oxidat ion i s  of p a r t i c u l a r  s ign i f icance  f o r  those c o a l  technologies ,  
such a s  f ro th  f l o t a t i o n  and o i l  agglomeration where sur face  proper t ies  govern t h e  
e f f ic iency  of the process. 

THERMAL OXIDATION STUDIES 

There has  been considerable  i n t e r e s t  i n  recent  years  about the  nature  of 
carbon-oxygen func t iona l  groups introduced by thermal oxidat ion.  FTIR s tudies  
have general ly  concluded t h a t  incorporat ion of oxygen as carbonyl or carboxyl 
groups is the  dominant e f f e c t  of oxidat ion (7,8). 

We have previously shown (9) i n  XPS s t u d i e s  of the  i n h i b i t i o n  of Geise le r  f l u i d i t y  
by oxidat ion,  t h a t  exposure t o  a i r  a t  100°C causes predominantly a sur face  
oxidat ion t o  occur and t h a t  oxygen i s  incorporated almost e n t i r e l y  as a l c o h o l i c  o r  
phenolic OH groups. This s tudy has been extended by looking a t  the  oxida t ion  of 
P i t t sburgh  coa l  ( ( 4 5 0 ~ )  i n  flowing a i r  a t  th ree  temperatures; 100, 150 and 200°C. 
P l o t s  of the oxygen uptake by the  sur face  and the  bulk (revealed by heptane 
gr inding a f t e r  oxidat ion)  a r e  shown i n  Figure 2. 
i s  the  d i f fe rence  between t h e  surface and bulk concentrat ion of oxygen a s  t h e  coa l  
p a r t i c l e  i s  oxidised. The concentrat ions diverge with time and the  sur face  t o  
bulk r a t i o  is g r e a t e r  a t  t h e  higher  temperatures. A t  100°C very  l i t t l e  bulk 
oxida t ion  of t h e  coal  i s  observed. It is  clear t h a t  oxidat ion of these  c o a l  
p a r t i c l e s  i s  d i f f u s i o n  l imi ted  a t  a l l  th ree  temperatures. This r e s u l t  appears t o  
cont rad ic t  t h e  conclusions drawn by Chien e t  a1 (10) who concluded from 
FTIR-photoacoustic s tud ies  t h a t  oxidat ion of I l l i n o i s  No 6 coal  a t  150°C w a s  n o t  
d i f f u s i o n  l imited.  However t h i s  could be explained by d i f fe rences  i n  coa l  
poros i ty ,  t h e  P i t t sburgh  coa l  being mainly microporous. 

Figure 3 shows the changes which occur i n  t h e  carbon (Is) spec t ra  on oxida t ion  a t  
200OC. Evidence of carbon-oxygen groups formed i s  c l e a r l y  v i s i b l e  on t h e  h igh  
binding energy s i d e  of the  peak; these  being much more evident on the  sur face  than 
i n  the bulk. The r e s u l t s  of curve f i t t i n g  t h e  spec t ra  a r e  i n  Table 2. A t  a l l  
temperatures the  formation of s ing ly  bonded spec ies  i e  e ther  o r  OH groups, re fe r red  
t o  a s  s t a t e  C I I  i n  the  peak synthes is ,  dominates i n  t h e  e a r l y  s tages  of oxidat ion.  
Even a t  200°C, where carboxyl group formation i s  c l e a r l y  favoured on t h e  sur face ,  

A common f e a t u r e  of these  d a t a  

TABLE 2: CARBON (1s) PEAK SYNTHESIS OF OXIDISED PITTSBURGH COAL 
(ATOM X TOTAL CARBON) 

Fresh Coal Oxidised 100°C Oxidised 200°C 

Surface C 
Bulk 

48 hours 48 hours 
Surface Bulk - -  Surface Bulk - -  

- 
0 organic  8.7 11.0 10.2 38.6 20.0 
C I  80.0 78.8 79.9 61.0 66.9 
C I I  12.3 12.7 12.0 20.0 17.0 
CIII 2.0 2.4 2.0 5.3 2.8 
CIV 1.6 1.6 1.5 7.7 4.7 
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t h e  increase  i n  carboxyl  oxygen (2  x CIV) does not  exceed g r e a t l y  t h e  increase  i n  
CII oxygen up t o  48 hours  of oxidation. This agrees  with our previous r e s u l t s  on 
temperature programed oxida t ion  of a bituminous coa l  (4), l a t e r  confirmed by 
FTIR, t h a t  carboxyl group formation only became dominant above 200OC. 
from t h e  most heavi ly  oxidised c o a l  i n d i c a t e  some l i m i t a t i o n s  i n  t h e  present  methods 
of carbon (1s) peak synthes is  s i n c e  t h e r e  I s  a lack  of c o r r e l a t i o n  between the  
oxygen increase and t h e  carbon func t iona l  group analysis .  

The r e s u l t s  of our  XPS study a r e  i n  disagreement with previous FTIR s tudies .  
P a i n t e r  e t  a1 (7)  have reported t h a t  there  i s  no evidence f o r  OH formation on 
oxidat ion of a caking coal .  In a subsequent s tudy,  on a d i f f e r e n t  bituminous 
c o a l ,  Rhoads e t  a1 (8) r e p o r t  a n  i n i t i a l  increase  i n  phenolic OH a f t e r  t e n  hours 
a t  140°C, though over 280 hours t h e r e  is a decrease t o  a l e v e l  below t h a t  of t h e  
f r e s h  coal. 
peaks. NMR s t u d i e s  (11) of the  same oxidised coa l ,  however, showed no evidence 
f o r  carbonyl or carboxyl  group formation; changes involving oxygen incorporat ion 
were r e s t r i c t e d  t o  phenol formation up t o  16 days a t  140°C followed by condensation 
t o  form e t h e r s  a t  longer  oxida t ion  times. 

The apparent disagreement between results from d i f f e r e n t  techniques can be explained 
i n  general  terms by the  use of d i f f e r e n t  coa ls ,  d i f f e r e n t  oxidat ion condi t ions and 
t h e  high s e n s i t i v i t y  of FTIR spectroscopy t o  C=O groups. 
d i f fe rences  t h e r e  is a clear need t o  apply XPS, NMR and FTIR t o  a n  examination of 
t h e  same samples of oxidised coal .  The use of chemical d e r i v a t i s a t i o n  i s  l i k e l y  
t o  be a n  a i d  t o  s p e c t r a l  in te rpre ta t ion .  An example of t h i s  combined approach 
appl ied  t o  some preasphal te res  w i l l  be descr ibed i n  a l a t e r  sect ion.  

The r e s u l t s  

In both cases  the  spec t ra  are dominated by carbonyl and carboxyl 

To reso lve  these  

COAL OXIDATION BY WEATHERING 

The laboratory s imula t ion  of the  e f f e c t s  of weathering on t h e  chemistry of coa l  is 
u s u a l l y  c a r r i e d  out  by thermal oxida t ion  i.e. exposure of beds of coal  t o  a i r  a t  
a n  elevated temperature. Unlike weathering s t u d i e s  of polymer f i l m s  and coat ings,  
t h e  inf luence of photoinduced reac t ions  through exposure t o  l i g h t  a r e  not  genera l ly  
considered. This  is probably realistic f o r  s imulat ion of weathering on stockpi led 
c o a l  where the  s u r f a c e  a r e a  of c o a l  exposed t o  l i g h t  is negl ig ib le .  The e f f e c t  of 
l i g h t  does however have p o t e n t i a l  consequences for t h e  s torage  of small q u a n t i t i e s  
of c o a l  €or l abora tory  experiments, p a r t i c u l a r l y  when sur face  proper t ies  a r e  being 
invest igated.  

The e f f e c t  of d a y l i g h t  on t h e  oxygen content  of exposed c o a l  sur faces  has  been 
t e s t e d  by taking a sample of P i t t sburgh  No 8 c o a l ,  ground under heptane, and mounted 
on a sample probe f o r  a n a l y s i s  by XPS. 
a nor th  fac ing  window f o r  a per iod of f i v e  days a t  a n  ambient temperature of 
18OC. 'Re changes induced by t h i s  exposure t o  d i f f u s e  sunl ight  a r e  presented in 
Table 3. The degree of surface oxida t ion  i s  s u b s t a n t i a l ;  oxygen is incorporated 
i n t o  t h e  s u r f a c e  a t  a l e v e l  no t  reached a f t e r  24 hours oxida t ion  a t  15OOC. The 
peak f i t t i n g  shows s i g n i f i c a n t  increases  i n  a l l  oxygen groups, with s u b s t a n t i a l  
formation of OH and carboxyl groups. 

Before ana lys i s  t h e  sample was exposed t o  

TABLE 3: CARBON (1s) PEAK SYNTHF,SIS OF 5 PITTSBURGH COAL 
EXPOSED TO DAYLIGHT FOR FIVE DAYS (ATOM % TOTAL CARBON) 

Fresh Exposed 

0 Organic 8.7 
CI 80.0 
CII 12.3 
CIII 2.0 
C I V  1.6 

23.3 
72.6 
14.9 
3.5 
5.0 
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FUNCTIONAL GROUP ANALYSIS OF PREASPHALTENES BY DERIVATISATION 

Der iva t i sa t ion  of OH groups by a c e t y l a t i o n  is a widely used technique t o  enhance 
the  s e n s i t i v i t y  and reso lu t ion  of infra-red spectroscopy. It can a l s o  be used i n  
X P S  t o  enable the  d iscr imina t ion  of OH from e t h e r s  in t h e  C I I  s t a t e  by conversion 
of OH groups t o  e s t e r s  (CIV). We have appl ied  t h i s  technique t o  preasphal tenes  in 
the  f i r s t  ins tance  s i n c e  t h e  reac t ion  can be car r ied  out  i n  so lu t ion .  This avoids 
problems of s e l e c t i v e  e x t r a c t i o n  when s o l i d  coa ls  a r e  t r e a t e d  wi th  organic  
solvents .  

Preasphaltenes (THF so luble ,  toluene inso luble)  obtained from a bituminous coal  in 
t e t r a l i n  and hydrogen were ace ty la ted  a t  40°C f o r  24 hours using pyridine and 
a c e t i c  anhydride. The r e s u l t a n t  s o l u t i o n  was ro ta ry  evaporated t o  dryness  using 
toluene and dr ied  in a vacuum oven. Table 4 shows the  d a t a  obtained from peak 
synthesis  of the carbon (1s)  envelope, reveal ing t h e  na ture  of t h e  sur face  groups 
of a n  ace ty la ted  and unacetylated preasphaltene. The increase  i n  t h e  C I V  carbon 
s t a t e  (3.6%) of the  der iva t i sed  sample shows t h a t  a c e t y l a t i o n  has  occurred. This 
is in reasonable agreement with the observed increase  in organic  oxygen (4.7 O / C  
atomic X ) .  As expected no increase  was observed i n  t h e  C I I  carbon s t a t e  ( s i n g l y  
bonded carbon-oxygen), though a reduct ion in carbonyl w a s  a reproducible  fea ture .  

TABLE 4: CARBON (1s)  PEAK SYNTHESIS OF ACETYLATED PREASPHALTENE 
(Atom X Tota l  Carbon) 

Preasphaltene Acetylated Preasphal tene 

Oxygen 10.8 
C I  77.9 
C I I  14.4 
C I I I  1.9 
C I V  1.5 

15.5 
72.3 
14.9 
1.1 
5.1 

In order  t o  eva lua te  t h e  XPS da ta  obtained from t h i s  experiment 'a  s e r i e s  of 
preasphaltenes were analysed and quant i f ied  using four  techniques in p a r a l l e l :  
(XPS, FTIR (12) and 13c NMR) on ace ty la ted  preasphal tenes ,  plus  en tha lp imet r ic  
t i t r a t i o n s  (13) on t h e  o r i g i n a l  preasphaltenes. 
obtained. A l l  techniques a r e  in reasonable agreement v a l i d a t i n g  the use of XPS t o  
give a quant i ta t ive  assessment of the hydroxyl content  in carbonaceous materials. 
Generally the  en tha lp imet r ic  technique g ives  the  h ighes t  value f o r  oxygen as 
hydroxylwhereas FTIR and X P S  gave s i m i l a r  but  lower values. 
between the  d i f f e r e n t  techniques suggests  t h a t  combined FTIR,  NMR and XPS s t u d i e s  
of ace ty la ted  coa ls  a f t e r  oxidat ion might reso lve  some of the  e x i s t i n g  d i f f e r e n c e s  
in t h e  l i t e r a t u r e .  

Table 5 r e p o r t s  t h e  r e s u l t s  

The good agreement 

TABLE 5: OXYGEN AS OH IN PREASPHALTENES MEASURED BY NMR, FTIR, 
X P S  AND ENTHALPIMETRIC TITRATION 

Sample Analysis Oxygen as OH Relat ive t o  C = 100 

NMR FTIR T i t r a t i o n  Xps - -  

1 
2 
3 

C l O O  887 09 5 4.5 5.4 4.0 

c l O O  "76 O5 3 3.0 3.9 3.1 
C l O O  H83 08 3 3.8 5.0 3.8 

NITROGEN GROUPS I N  COAL 

Although the  r o l e  of n i t rogen  i n  coa l  is not  thought t o  be of d i r e c t  importance i n  
determining coa l  proper t ies .  there  is i n t e r e s t  i n  determining t h e  f a t e  of n i t rogen  
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dur ing  combustion o r  l iquefac t ion .  This requi res  i d e n t i f i c a t i o n  of t h e  ni t rogen 
func t iona l  group type  a t  each processing s tage.  Previous work had shown t h a t  the 
n i t rogen  (1s)  peak i n  coa l  could be resolved i n t o  two components corresponding t o  
pyr ro le  and pyr id ine  type groups (14). 
t h a t  over t h e  rank range of c o a l s  the preparat ion of each component remain 
approximately cons tan t  a t  around 2 : l  pyr ro le  t o  pyridine.  
t h e  proport ion of pyr id ine  groups. 

Examination of some chemically separated asphal tene f r a c t i o n s  has va l ida ted  t h e  
ana lys i s  of t h e  N ( 1 s )  peak by showing t h a t  in bas ic  f r a c t i o n s  the pyridine type 
groups a r e  t h e  major component (15). Examples of the spec t ra  a r e  shown in Figure 
4. 

Assignment of the pyr id ine  component has  been f u r t h e r  supported by d e r i v a t i s a t i o n  
experiments t o  form t h e  pyridinium ion. This species  can be r e a d i l y  d is t inguished  
by XPS (15). 

We have confirmed t h i s  model and shown 

Carbonisation increases  

The asphal tene has  a s i m i l a r  ni t rogen group d i s t r i b u t i o n  as t h e  parent  coal .  

CONCLUSIONS 

These s tudies  have demonstrated t h a t  XPS has s p e c i f i c  and unique advantages f o r  
t h e  examination of c o a l  surfaces .  Determination of t h e  carbon-oxygen funct ional  
group chemistry a t  coa l  p a r t i c l e  sur faces  should enable  a b e t t e r  fundamental 
understanding of many coa l  benef ic ia t ion  and u t i l i s a t i o n  processes. However when 
proper  cons idera t ion  is given t o  sample prepara t ion  XPS can a l s o  cont r ibu te  t o  
improvements in our fundamental understanding of bulk coa l  chemistry. Developments 
a r e  required t o  improve the  accuracy of curve reso lu t ion  methods, probably 
involving chemical d e r i v a t i s a t i o n .  Studies  of P i t t sburgh  No 8 oxidat ion have 
revealed the  d i s t r i b u t i o n  of oxygen and carbon-oxygen spec ies  between sur face  and 
bulk and have ind ica ted  the  importance of OH group formation during oxidation. In 
s e v e r a l  respec ts  XPS can  be seen t o  complement more convent ional  spectroscopies .  
This appl ies  e s p e c i a l l y  t o  sulphur  and n i t rogen  func t iona l  group chemistry i n  
which there  is increas ing  i n t e r e s t  due t o  environmental pressures .  X P S  is l i k e l y  
t o  be one of t h e  more usefu l  spectroscopic  techniques f o r  looking a t  these  groups 
and t h e i r  reac t ions  during u t i l i s a t i o n .  
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F I G  3: COMPARISONS OF C ( 1 s )  SPECTRA OF PITTSBURGH COAL OXIDISED AT 20OoC 
a )  I N I T I A L  COAL,b) OXIDISED 48 HOURS - BULK,c)  OXIDISED 48 HOURS - SURFACE 
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FIGURE 4 :  N ( l s )  SPECTRA OF a) ASPHALTENE, b) BASIC FRACTION OF A S P W T E N E  (PYRIDINE 
COMPONENT AT 398.8eV. PYRROLE COMPONENT AT 400.2eV) .  
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ABSTRACT 

A simple and rapid colorimetric method for the determination of to ta l  nitrogen 
in coal has been developed. The method i s  based on the rapid digestion of the coal 
sample with a mixture of 50% hydrogen peroxide plus concentrated su l fur ic  acid and 
subsequent color development with Nessler's reagent for the determination of an- 
monium nitrogen. 
within 30 minutes by heating with 25-60 ml of a 4 : l  mixture of H,O, - H2S0, in a 
special DigesdahP apparatus. After boiling t o  destroy excess hydrogen peroxide 
and cooling, subsequent color development and spectrophotometric measurement a t  460 
nm take only about 5 minutes. Application of th i s  procedure gave good results for 
the nitrogen values of two NBS coal samples and reasonably good agreement for 
I l l ino is  and Iowa (run-of-mine and physically and chemically cleaned) coal samples 
analyzed by a modified Kjeldahl procedure. 

I n  t h i s  procedure, 250 mg of finely ground coal are digested 

INTRODUCTION 

The determination of to ta l  nitrogen in coal i s  usually performed by ASTM Meth- 
od D-3719 (1) or by u s i n g  comnercial C,  H, N ,  analyzers. The former procedures are 
based on the time-honored Kjeldahl method, involving long digestion times, d i f f i -  
cu l t  d i s t i l l a t i ons ,  and tedious t i t r a t ion  finishes.  The fact  t h a t  the l i t e ra ture  
i s  extensive ( 2 )  on various modifications of the Kjeldahl method for nitrogen in 
coal points t o  the inadequacies which plague th i s  d i f f icu l t  b u t  necessary proce- 
dure. The instrumental methods, on the other hand ,  require f a i r ly  expensive appa- 
ratus and may suffer i n  accuracy because the very ma l l  sample sizes combusted 
could be not too  representative of the entire batch. 

Recently, the  determination of organic nitrogen has been simplified by a rapid 
and reliable procedure for digesting agricultural samples (3 ) .  
readily accomplished i n  a simple apparatus by the powerful mixture of hydrogen 
peroxide and su l fur ic  acid, and the f ina l  measurement is  made spectrophotometrical- 
l y  using Nessler's reagent. Most of the necessary digestion parameters have been 
already established in t h a t  work. 

The u t i l i t y  of t h i s  simple apparatus has been also demonstrated on the rapid 
digestion of coal sanples by a mixture of n i t r i c ,  phosphoric, and perchloric acids 
for the subsequent determination of sulfur and iron i n  coal ( 4 ) .  
success Of t h i s  method on agricultural samples and because of the ease of using the 
digestion apparatus, t h i s  work was undertaken t o  apply i t  t o  the determination of 
to ta l  nitrogen in coal. 

The digestion i s  

Because of the 
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EXPERIMENTAL 

Coal Samples 

The th ree  coals  i n  sample se r ies  101-304 were h igh  v o l a t i l e  C b i t un inous  
Coals. 
The Iowa coal i n  the se r ies  201-204 was f r e s h l y  mined near L o v i l i a ,  Monroe County, 
Iowa, and subsequently cleaned at  the Iowa S ta te  U n i v e r s i t y  coal  p repara t i on  r e -  
search f a c i l i t y ,  using a heavy-media (magneti te) process at 1.3 sp. g'. The ROM 
coal  i n  the se r ies  301-304 came from the sane reg ion i n  Iowa but  i t  was s tored i n  
the l abo ra to ry  f o r  a prolonged per iod;  thus i t  was probably h e a v i l y  ox id ized.  
chemical d e s u l f u r i z a t i o n  treatment consis ted o f  leaching w i t h  hot  Na,CO 
con ta in ing  oxygen under pressure. 
i n g  1:7 HNOg f o r  30 minutes. 
treatments i s  provided elsewhere (5) .  

Inez, Kentucky. 
ards. 

Apparatus 

The samples were d igested i n  a Hach Model 21400 Digesdahl" apparatus c o n s i s t -  
i n g  o f  a heat ing u n i t ,  a 100-ml v o l u n e t r i c  f l ask ,  surrounded by a g lass chimney t o  
d imin ish heat loss and thus reduce the d iges t i on  time, and a r e f l u x  head man i fo ld  
a t  the top o f  the f l ask ,  connected v i a  a Te f lon  tube t o  a p l a s t i c  water a s p i r a t o r  
t o  remove fumes. This simple and inexpensive apparatus i s  depic ted i n  F ig .  1. The 
25-to-250 wat t  disc-element heater i s  suppl ied w i t h  a s o l i d - s t a t e  c o n t r o l l e r .  The 
c o l o r i m e t r i c  measurements were made at  460 nm w i t h  a Hach Model DR/2 single-beam 
spectrophotometer us ing a 2.5-cm f low-through c e l l .  

Reagents 

The d iges t i on  m ix tu re  was premixed us ing 4 pa r t s  o f  50% hydrogen perox ide and 
1 p a r t  concentrated s u l f u r i c  acid. CAUTION: This  reagent i s  a powerful o x i d i z e r  
and should be handled very c a r e f u l l y .  
age. The Nessler 's  reagent and the p o l y v i n y l  alcohol (as a 0.1 g PVA s o l u t i o n  per 
l i t e r )  were obtained from the Hach Company. 

D iges t i on  Procedure 

100-ml v o l u n e t r i c  f l a s k .  (As a convenience, the sample can be weighed onto a piece 
of p l a s t i c  k i t chen  wrap which i s  then fo lded  up and pushed down the neck o f  t he  
f l a s k ) .  About 4-5 m l  o f  concentrated H2S0, i s  added t o  the f l ask ,  the f l a s k  i s  
placed on the heater, and the r e f l u x  head man i fo ld  i s  attached t o  the  top  o f  the 
f l a s k  and connected t o  a water asp i ra to r .  
medium-to- h igh s e t t i n g  t o  carbonize the  sample, u n t i l  t he  H,SO 
t o  the  top  o f  the head. The f l a s k  i s  then removed from heat, aflowed t o  cool  f o r  
-2 min., and -20 m l  o f  the 4 : l  H 0,-H,SO, d iges t i on  reagent i s  cau t ious l y  added 
through the s ide ann funnel o f  t t e  mani fo ld .  ( I f  the a d d i t i a  i s  too fas t ,  some 
spa t te r i ng  may occur.) The f l a s k  i s  re turned t o  the heater f r f u r t h e r  d iges t i on .  
Af ter  -5 min., more o f  the reagent can be added through the z de ann and b o i l i n g  i s  
continued u n t i l  the s o l u t i o n  i s  f a i r l y  c lea r .  Add i t i ona l  b o i  i n g  f o r  -5 min. i s  
then requi red t o  remove excess H,O,, u n t i l  r e f l u x i n g  o f  H,SO, i s  observed. 

The ROM I l l i n o i s  No. 6 coal came from the E l m  Mine, near T r i v o l i ,  I l l i n o i s .  

The 
s o l u t i o n s  

Subsequent ex t rac t i ons  were conducted w i t h  boi 1- 
Fur ther  d e s c r i p t i o n  o f  these samples and chemical 

Sample No. 500 was an Upper Freepor t  coal provided by  the  Massey Coal Co., 
The NBS samples were obtained from the Nat ional  Bureau o f  Stand- 

However, it i s  s tab le  du r ing  prolonged s to r -  

A weighed sample (-250 mg) o f  f i n e l y  ground coal (60 mesh) i s  placed i n  the 

The m ix tu re  i s  d igested f o r  -5 min. a t  a 
s o l u t i o n  r e f l u x e s  

The 
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Reflux Head 

100 mi Voi. Flask 

Glass Chimney 

Hot Plate 

Tempe ature Control 

DIGESDAHL DIGESTER 

F i g .  1. Digesdahl apparatus for r a p i d  d i g e s t i o n  o f  coa l  samples. 
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digested sample i s  then removed from the  heater, cooled, and d i l u t e d  t o  the  100-ml 
mark w i t h  deionized water. 

Spectrophotometric Measurements 

A 0.5-ml a l i q u o t  o f  the d i l u t e d  d iges ta te  i s  p ipe t ted  i n t o  a 25-ml m i x i n g  
c y l i n d e r  and d i l u t e d  t o  mark w i t h  the 0.1 g/L PVA so lu t i on .  Then 1.0 m l  o f  
Ness ler 's  reagent i s  added, and the  c y l i n d e r  i s  stoppered and i n v e r t e d  severa l  
t imes t o  mix the  contents. The m ix tu re  i s  poured immediately i n t o  the  f low-through 
c e l l  o f  the spectrophotometer t h a t  has been zeroed and standardized w i t h  the  
0.1 g/L PVA s o l u t i o n  a t  460 rm, and the % t ransmi t tance i s  read t o  determine the  
n i t rogen leve l  from a standard c a l i b r a t i o n  curve. 

C a l i b r a t i o n  Procedure 

The c a l i b r a t i o n  standards can be conven ien t l y  prepared us ing Vo lue t te  Ampule 
Standards f o r  amnonium n i t rogen  (160 mg N/L) i n  the mounts o f  0.01, 0.2, 0.3, and 
0.4 m l .  To each, 0.5 m l  o f  a blank d iges t  i s  added and d i l u t i o n  t o  25.0 m l  i s  made 
w i t h  the PVA so lu t i on .  A f t e r  add i t i on  o f  1.0 m l  o f  Ness le r ' s  reagent t o  each mix- 
ing cy l inder ,  t he  % t ransmi t tance i s  measured as above. The standards represent  0, 
0.64, 1.28, 1.92, and 2.56 mg o f  N/L which corresponds t o  0, 1.28, 2.56, 3.84, and 
5.12% N i n  coal, respec t i ve l y .  

RESULTS AND DISCUSSIONS 

The percent n i t rogen  values determined by t h i s  new method f o r  va r ious  coal 
s m p l e s  are presented i n  Table 1. I n  most cases, there i s  reasonable agreement 
between these values and conven t iona l l y  determined values. 
and NBS 1635, the n i t rogen  values obtained by t h i s  method are s l i g h t l y  lower i n  
every other  case. This "apparent loss"  needs t o  be s tud ied f u r t h e r  i n  order  t o  
decide which method i s  subject  t o  a poss ib le  systematic e r ro r .  The p r e c i s i o n  o f  
our method, as i l l u s t r a t e d  by the  r e s u l t s  i n  Table 2, appears t o  be good. But 
there may be sources o f  e r r o r  which could be e l im ina ted  or  minimized i n  order t o  
b r i n g  our r e s u l t s  i n  c lose r  agreement w i t h  conventional r e s u l t s .  

O f  course, the coal samples i n  se r ies  101-304 are very unusual i n  t h a t  they 
have been chemical ly  t r e a t e d  and probably n i t r a t e d  dur ing the e x t r a c t i o n  w i t h  n i -  
t r i c  acid. The e f f e c t  o f  such chemical a l t e r a t i o n  o f  coal samples on the determi- 
na t i on  o f  n i t rogen  by t h i s  method needs t o  be examined. 

Except f o r  samples 101 

CONCLUSIONS / 
The simple and r a p i d  d iges t i on  o f  organic samples with a 4 : l  m i x t u r e  o f  

H2 02 -HSSOt 9 prev ious l y  developed f o r  p r o t e i n  n i t rogen  i n  a g r i c u l t u r a l  samples, has 
been a ap ed f o r  the determinat ion o f  t o t a l  n i t rogen  i n  coal. The d i g e s t i o n  i s  
usua l l y  complete w i t h i n  30 minutes, and the subsequent spectrophotometric measure- 
ment a f t e r  Ness le r i za t i on  requ i res  about 5 minutes. The r e s u l t s  o f  t h i s  method 
agree reasonably we l l  w i t h  those o f  conventional methods. 
i s  good, the  absolute values are s l i g h t l y  lower than those obtained b y  K je ldah l  
procedures, p o i n t i n g  t o  the  necess i ty  o f  f u r t h e r  research t o  minimize t h i s  discrep- 
ancy. 
elements as phosphorus, calcium, magnesium, and o the r  metals. 

Although the  p rec i s ion  

The c lea r  d iges ta te  could be poss ib l y  used f o r  a d d i t i o n a l  analyses f o r  such 
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Table 1. Tota l  n i t r o g e n  values i n  va r ious  coal samples, determined by convent ional  
methods and by the  new method described. 

% Ni t rogen Sample 
Sample 
No. Coal Desc r ip t i on  Conventionala New Method 

101 I l l i n o i s  No. 6 coal, ROM 0.82 0.90b 
102 #lo1 a f t e r  chemical d e s u l f u r i z a t i o n  0.93 0.90 
103 #lo1 a f t e r  HNO, e x t r a c t i o n  4.26 3.91 
104 #lo2 a f t e r  HNO, e x t r a c t i o n  3.66 3.42 

201 Iowa coal  (ISU precleaned) 1.31 1.20 
202 #201 a f t e r  chemical d e s u l f u r i z a t i o n  1.43 1.17 
203 #201 a f t e r  HNO, -ex t rac t i on  4.63 4.23 
204 #202 a f t e r  HNO, e x t r a c t i o n  3.73 3.45 ---______--______-______________________---------_--_---_--------_---------------- 
301 Iowa coal ,  ROM 1.15 
302 #301 a f t e r  chemical d e s u l f u r i z a t i o n  1.17 
303 #301 a f t e r  HNO, e x t r a c t i o n  3.74 
304 #302 a f t e r  HNO, e x t r a c t i o n  3.43 

0.85 
0.84 
3.55 
2.99 

500 Upper Freepor t  1.30 1.27' 

NBS 1632a Penn Seam B i t m i n o u s  
NBS 1635 Colorado Subbituminous 

1.27 
1.0-1.3 

1.26 
1.38 

Conventional N values f o r  the se r ies  101-304 were provided by a mod i f i ed  
K je ldah l  method i n  which 1.8 g o f  coal was d igested w i t h  HgSO c a t a l y s t  at about 
390-4OO'C. Sample 500 was analyzed by a commercial laborator; using an ASTM 
procedure. Values f o r  the NBS coals  were obta ined from a l i t e r a t u r e  compi la t ion 
study (6). 
Average o f  t r i p 1  i c a t e  determinat ions.  
Average o f  d u p l i c a t e  determinations. 

Table 2. R e p r o d u c i b i l i t y  o f  n i t rogen  determinat ions by  new method described. 

% Ni t rogen 

Sample No. Desc r ip t i on  Rep l i ca te  Detns. Averaqe 

101 Same sample as i n  Table 1 (0.92, 0.89, 0.90) 0.90 
500 Same sample as i n  Table 1 (1.23, 1.31) 1.27 
NBS 1635 Di f fe ren t  s p l i t ,  analyst ,  and t ime  (1.24, 1.26, 1.32) 1.28 

t han  i n  Table 1 
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ABSTRACT 

Well e s t a b l i s h e d  techn iques  o f  a n a l y t i c a l  e l e c t r o n  mic roscopy  have 
a p p l i c a t i o n s  t o  t h e  c h e m i s t r y  o f  c o a l .  
several  i n t e r a c t i o n s  which occur  when e l e c t r o n s  a r e  i n c i d e n t  on a specimen. 
Two such i n t e r a c t i o n s  a r e  d iscussed i n  t h i s  paper:  1: X-ray emiss ion  
spectroscopy and 2:  
i n  t h e  study o f  m e t a l l i c  and ceramic systems. 
a r e  i l l u s t r a t e d  by a p p l i c a t i o n s  t o  m e t a l l i c  and ceramic systems; i n i t i a l  
a p p l i c a t i o n s  t o  coa l  a re  then descr ibed.  

The techn iques  use one o r  another o f  

E l e c t r o n  energy l o s s  spectroscopy. Both methods a r e  used 
The p r i n c i p l e s  o f  t h e  techn ique 

I NTRODUCTI ON 

Many i n t e r a c t i o n s  occur  when e l e c t r o n s  a r e  i n c i d e n t  upon a s o l i d .  
and o p t i c a l  photons  may be emi t ted ,  e l e c t r o n s  may b a c k - s c a t t e r ,  secondary 
e l e c t r o n s  may be e m i t t e d  and changes i n  energy o f  t r a n s m i t t e d  e l e c t r o n s  may 
occur f o r  t h i n  specimens. 
microprobe, t h e  scanning e l e c t r o n  microscope, i n  o t h e r  e l e c t r o n  and photon 
spec t roscop ic  i n s t r u m e n t s  and i n  t h e  t r a n s m i s s i o n  e l e c t r o n  microscope. We 
c o n s i d e r  t w o  o f  t h e s e  spec t roscop ies  i n  t h i s  paper:  
c h a r a c t e r i s t i c  x - r a y  l i n e s  f r o m  atoms i n  t h e  s o l i d  and measurement o f  t h e  
loss-o f -energy  o f  t h e  t r a n s m i t t e d  e l e c t r o n s  when i o n i z i n g  c o l l i s i o n s  a r e  made 
w i t h  atoms i n  a t h i n  f o i l .  

X-ray 
. 

These phenomena have been u t i l i z e d  i n  t h e  e l e c t r o n  

u t i l i z a t i o n  o f  t h e  

The use o f  x - r a y  emiss ion  spectroscopy has been made e x t e n s i v e l y  u s i n g  
t h e  e l e c t r o n  m i c r o p r o b e  and t h e  scanning e l e c t r o n  microscope. I n  t h a t  case, a 
th ick .spec imen i s  used i n  which t h e  e l e c t r o n s  a r e  stopped i n  t h e  specimen. 
C h a r a c t e r i s t i c  x - r a y  l i n e s  f rom s p e c i f i c  atoms i n  t h e  s o l i d  a re  counted e i t h e r  
w i t h  a c r y s t a l  d e t e c t o r  o r  w i t h  an energy d i s p e r s i v e  d e t e c t o r  t o  deduce t h e  
compos i t ion  o f  t h e  s o l i d .  
m e t a l s  and a l l o y s  ( 1 - 5 )  and a l s o  f o r  d e t e r m i n a t i o n  o f  t h e  o r g a n i c  s u l f u r  
con ten t  of coa l  (6-10). That a p p l i c a t i o n  has been g e n e r a l l y  success fu l .  
C a l i b r a t i o n  o f  t h e  system has been made u s i n g  known s u l f u r - b e a r i n g  
standards. Such c a l i b r a t i o n  r e q u i r e s  t h a t  a m a t r i x  o f  about t h e  compos i t ion  
o f  Coal must b e  used s i n c e  f l u o r e s c e n c e  and a b s o r p t i o n  c o r r e c t i o n s  a r e  
s i g n i f i c a n t .  F o r t u n a t e l y ,  a s i n g l e  c a l i b r a t i o n  cons tan t  a p p l i e s  t o  a l l  Coals 
w i t h o u t  much e r r o r .  

T h i s  techn ique has been a p p l i e d  e x t e n s i v e l y  t o  

The b i g g e s t  d i f f i c u l t y  w i t h  these measurements i s  t h e  r e l a t i v e l y  l a r g e  
volume o f  m a t e r i a l  f rom wh ich  t h e  x - rays  come. Because o f  g l e c t r o n  s c a t t e r i n g  
and f luorescence, t h e  volume o f  measurement i s  about 100 w . 
homogeneity i n  t h e  specimen o v e r  t h i s  volume must e x i s t  f o r  t h e  measurement t o  
be r e l i a b l e .  
problems, s i n c e  one can never be sure t h a t  small s u l f i d e  p a r t i c l e s  may n o t  

Thus, 

For measurement o f  o r g a n i c  s u l f u r  i n  coa l ,  t h i s  has posed some 
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e x i s t  under t h e  surface, unseen by examinat ion  o f  t h e  surface fea tures .  
Procedures have been e s t a b l i s h e d  b y  a number o f  i n v e s t i g a t o r s  t o  c i rcumvent  
t h i s  problem. 

T h i s  techn ique has been h e a v i l y  e x p l o i t e d  by m i n e r a l o g i s t  and e x t e n s i v e  
procedures have been developed t o  make q u a n t i t a t i v e  measurement o f  t h e  m i n e r a l  
c o n c e n t r a t i o n s  i n  o r e s  (11-14).  T h i s  techn ique a l s o  has been used f o r  p y r i t e  
i n  coal  u s i n g  programmed scanning o f  p o l i s h e d  surfaces. 

examinat ion o f  m i n e r a l s  i n  c o a l s  (15-17) and a l s o  f o r  examinat ion  o f  t h e  
c o n c e n t r a t i o n  o f  o r g a n i c  elements i n  c o a l .  
descr ibed i n  the nex t  s e c t i o n  and a p p l i c a t i o n s  a r e  presented  f o r  measurement 
o f  s u l f u r ,  c h l o r i n e  and o t h e r  o r g a n i c  c o n s t i t u t i o n s  o f  c o a l .  

We have developed techn iques  o f  t r a n s m i s s i o n  e l e c t r o n  microscopy f o r  

P r i n c i p l e s  of these t e c h n i q u e s  are  

X-RAY EM1 SSION SPECTROSCOPY 

Chemical a n a l y s i s  u s i n g  emiss ion  spectroscopy i s  based on t h e  measurement 
o f  c h a r a c t e r i s t i c  Ka o r  La l i n e s  upon e x c i t a t i o n  w i t h  i n c i d e n t  e l e c t r o n s .  
t r a n s m i s s i o n  e l e c t r o n  microscopy t h e  d e t e c t o r  i s  almost always an energy- 
d i s p e r s i v e  d e t e c t o r  w i t h  a r e s o l v i n g  power o f  about 150 eV. T h i s  l i m i t s  t h e  
d e t e c t a b i l i t y  o f  ad jacent  elements i n  t h e  p e r i o d i c  t a b l e ,  b u t  t h e  v a r i e t y  o f  
e lements p resent  i n  coa l  i s  so small t h a t  no s e r i o u s  d i f f i c u l t y  a r i s e s  f r o m  
t h i s  source. A schematic o f  t h e  appara tus  i s  sketched i n  Fig.  1. The 
spectrum d i s p l a y e d  i n  t h e  m u l t i - c h a n n e l  ana lyzer  c o n s i s t s  o f  two p a r t s ,  
c h a r a c t e r i s t i c  l i n e s  o f  t h e  elements p resent  and a background r a d i a t i o n .  
background i s  u t i l i z e d  i n  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  c o n c e n t r a t i o n  o f  
elements p resent ,  s i n c e  i t  can he used t o  deduce t h e  volume o f  t h e  specimen. 
A sketch o f  a t y p i c a l  spectrum f o r  s u l f u r  i s  shown i n  Fig.  2. 

p resent  i n  t h e  specimen depends on a method developed f o r  b i o l o g i c a l  m a t e r i a l s  
b y  Pro fessor  T. H a l l  and h i s  c o l l e a g u e s  (18-21).  
t h e  Ka l i n e  o f  s u l f u r  i s  p r o p o r t i o n a l  t o  t h e  number o f  s u l f u r  atoms i n  t h e  
volume. H a l l  showed t h a t  t h e  volume from which t h a t  r a d i a t i o n  came c o u l d  be 
c o n v e n i e n t l y  measured by  s i m u l t a n e o u s l y  c o u n t i n g  t h e  background c o u n t s  -- i t  
i s  known t h a t  t h e  background ( o r  b remsst rah lung)  count  r a t e  i s  p r o p o r t i o n a l  t o  
t h e  t o t a l  number o f  atoms i n  t h e  volume, t h e  r a d i a t i o n  f rom each t y p e  o f  atom 
b e i n g  weighted accord ing  t o  i t s  a tomic  number. The we igh t  percent  o f  s u l f u r  
i n  t h e  volume i s  p r o p o r t i o n a l  t o  t h e  r a t i o  o f  t h e  count  r a t e  f o r  s u l f u r  
d i v i d e d  by the  count r a t e  f o r  t h e  bremsst rah lung r a d i a t i o n .  

I n  

The 

The q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  c o n c e n t r a t i o n  o f  o r g a n i c  elements 

The count  r a t e  f o r  

S (Wt %)  = A cs/ch 

The measurement i s  t h e r e f o r e  a s imp le  one -- t h e  c o n c e n t r a t i o n  o f  s u l f u r  i n  
t h e  specimen i s  g i v e n  b y  t h e  r a t i o  o f  two count  r a t e s  which can be measured i n  
a few minutes  o f  c o u n t i n g  t i m e  i n  t h e  e l e c t r o n  microscope. 

c o a l ,  o i l  sha le  and amber: 

c o n c e n t r a t i o n  i n  f u e l s  (16). 
t h e  maceral types, i t  i s  necessary t o  average t h e  measurements o v e r  a number 

We have developed t h i s  system and made t h r e e  p r i n c i p a l  a p p l i c a t i o n s  t o  

1. The techn ique can be used t o  measure t h e  average o r g a n i c  s u l f u r  
Since t h e  o r g a n i c  s u l f u r  c o n t e n t  v a r i e s  among 

I 

I 
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o f  independent d e t e r m i n a t i o n s  t o  g e t  a good mean value. 
measurements o v e r  random spots  i n  a coa l  specimen i s  s u f f i c i e n t ;  Raymond has 
n o t e d  t h a t  o n l y  15 measurements a r e  needed i n  h i s  SEM method, i f  t h e  
measurements a r e  made over  o n l y  v i t r i n i t e  macerals. 
measurements on f o u r  c o a l s  u s i n g  o u r  TEW method compared w i t h  s tandard  ASTW 
measurements i s  shown i n  Fig.  3. 

We have found t h a t  50 

A p l o t  showing 

2. The TEM method i s  v a l u a b l e  t o  measure v a r i a t i o n  of o r g a n i c  s u l f u r  
con ten t  among maceral t y p e s :  t h e  genera l  v a r i a t i o n  had been known from 
e a r l i e r  measurements, h u t  t h e  TEM method shows f i n e r  v a r i a t i o n  t h a n  i s  
p o s s i h l e  by gross techn iques .  

We have f o l l o w e d  t h e  l o s s  o f  o r g a n i c  s u l f u r  d u r i n g  h e a t i n g  of coal .  
Our measurements o f  l o s s  o f  s u l f u r  were made f o r  i n e r t ,  o x i d i z i n g  and reduc ing  
atmospheres, 

methods i s  a complex chemical  a n a l y s i s .  I n  p r i n c i p l e ,  t h e  same x- ray  
techn ique we have used f o r  s u l f u r  migh t  be used t o  determine t h e  oxygen 
conten t  d i r e c t l y .  
comes a t  535 eV, compared wi th t h e  v a l u e  o f  2300 eV f o r  s u l f u r .  
a b s o r p t i o n  problems i n  t h e  d e t e c t o r  window a r e  much more severe f o r  oxygen. 

3. 

OXYGEN: D e t e r m i n a t i o n  o f  t h e  oxygen c o n t e n t  o f  coa l  hy standard 

The main d i f f i c u l t y  i s  t h a t  t h e  Ka x - ray  l i n e  o f  oxygen 
Consequently 

Even so. we have made such a measurement u s i n g  window-less d e t e c t o r  on a 
P h i l i p s  420 microscope. An example i s  g iven  i n  Fig.  4. We can observe b o t h  
t h e  oxygen l i n e  and t h e  carbon l i n e  on t h e  same scan and t h u s  have t h e  
p o s s i b i l i t y  t o  compare t h e i r  magnitudes t o  g e t  a genera l  n o t i o n  o f  t h e  
r e l a t i v e  c o n c e n t r a t i o n  o f  t h e s e  two elements. 

I n  p r a c t i c e ,  t h e  measurement i s  ex t remely  d i f f i c u l t .  The weak l i n e s  o f  
oxygen and carbon are  absorbed by t h e  m a t r i x .  Even more, oxygen and carbon 
come on o p p o s i t e  s i d e s  of t h e  C Ka a b s o r p t i o n  edge: 
a b s o r p t i o n  s ide. 
t h i n n e s t  coal  samples. Even more, s u r f a c e  contaminat ion  o f  t h e  specimen may 
produce a d d i t i o n a l  a b s o r p t i o n  o f  t h e  two x - ray  l i n e s .  There fore ,  t h e  
measurement i s  n o t  s t r a i g h t f o r w a r d .  Even so, u s i n g  po lymer ic  f i l m s  as 
standards,  we have made measurements on macerals o f  v i t r i n i t e ;  we a r e  a l s o  i n  
process o f  making measurements on f u s i n i t e  and r e s i n i t e .  C l e a r l y  t h i s  
techn ique i s  expens ive  enough t h a t  i t  w i l l  no t  he h e a v i l y  used f o r  oxygen 
a n a l y s i s  r o u t i n e l y .  However i t  does o f f e r  t h e  p o s s i b i l i t y  o f  mapping o u t  
v a r i a t i o n s  i n  oxygen c o n t e n t  o f  c o a l s  f rom maceral t o  maceral and o f  measuring 
t h e  s p a t i a l  v a r i a t i o n  o f  oxygen w i t h i n  a g i v e n  maceral .  

oxygen i s  on t h e  h i g h  
Therefore,  a b s o r p t i o n  c o r r e c t i o n s  must be made even f o r  t h e  

ENERGY LOSS SPECTROSCOPY 

E l e c t r o n s  p a s s i n g  th rough a s o l i d  make h o t h  e l a s t i c  and i n e l a s t i c  
c o l l i s i o n s  w i t h  t h e  e l e c t r o n s  i n  t h e  m a t e r i a l .  The e l a s t i c  c o l l i s i o n s  have 
i m p o r t a n t  uses i n  d i f f r a c t i o n  and o t h e r  f e a t u r e s  o f  examinat ion  o f  m a t e r i a l s .  
However, t h e  i n e l a s t i c  c o l l i s i o n s  a l s o  produce a beam of e l e c t r o n s  c o n t a i n i n g  
i m p o r t a n t  in fo rmat ion .  I n  t h e  l a s t  twenty  y e a r s ,  a spectroscopy termed 
ELECTRON-ENERGY -LOSS-SPECTROSCOPY (EELS) has come t o  he recogn ized as an 
i m p o r t a n t  t o o l  i n  study t h e  c h e m i s t r y  o f  s o l i d s .  A numher of e x c e l l e n t  rev iew 
papers e x i s t  (22,23) and an enormous number of examples of a p p l i c a t i o n  of t h e  
techn iques  t o  s t u d i e s  o f  t h e  p h y s i c s  and chemis t ry  o f  a l l o y s  and compounds has 
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heen publ ished. 
t h e  genera l  c h a r a c t e r i s t i c s  o f  t h e  t e c h n i q u e  and t h e  p o t e n t i a l  f o r  i t s  
a p p l i c a t i o n  t o  t h e  s tudy  o f  t h e  chemis t ry  o f  t h e  c o a l  and o t h e r  hydrogen 
carbon mater i  a1 s. 

Consequently o n l y  a few examples w i l l  be g i v e n  h e r e  t o  show 

The study o f  t h e  chemis t ry  o f  l i g h t  elements i n  s o l i d s  by EDAX uses 
r a t h e r  low energy x-rays -- f r o m  perhaps 250 t o  3000 eV. 
systems a r e  a t tuned t o  t h a t  energy range. The energy l o s s  s p e c t r o s c o p i c  
techniques, on t h e  o t h e r  hand, use t h e  h i g h  energy range o f  t h e  i n c i d e n t  
e l e c t r o n  beam, s i n c e  t h e  compos i t ion  o f  t h e  specimen i s  deduced f r o m  t h e  h igh-  
energy p a r t  of t h e  l o s s  spectrum; i.e., t h e  a c c e l e r a t i n g  v o l t a g e  o f  t h e  
microscope ( t y p i c a l l y  100 keV) minus t h e  i n e l a s t i c  c o l l i s i o n  e n e r g i e s  o f  a few 
hundred t o  a few thousand eV. Th is  r e q u i r e s  q u i t e  a d i f f e r e n t  spectroscopy. 

The x - ray  d e t e c t i n g  

I n  p r a c t i c e ,  energy l o s s  spectroscopy has u t i l i z e d  e i t h e r  e l e c t r o s t a t i c  
o r  magnet ic means f o r  s e p a r a t i n g  t h e  t r a n s m i t t e d  beam o f  e l e c t r o n s  i n t o  energy 
regimes which r e f l e c t  t h e  elemental  compos i t ion  o f  t h e  m a t e r i a l .  
i n s t r u m e n t a l  scheme i s  sketched i n  t h e  l o w e r  h a l f  o f  F ig .  1. There t h e  
t r a n s m i t t e d  e l e c t r o n s  a r e  separated i n t o  t w o  groups, one a group o f  e l e c t r o n s  
which have t r a v e r s e d  t h e  specimen s u f f e r i n g  no i n e l a s t i c  c o l l i s i o n s ,  t h e  o t h e r  
a group o f  e l e c t r o n s  wh ich  have s u f f e r e d  an i n e l a s t i c  c o l l i s i o n  o f  energy AE. 
The increment of energy l o s s  i s  t y p i c a l l y  i n  t h e  range o f  a few hundred t o  a 
few thousand eV. 

A t y p i c a l  

A g r e a t  many s t u d i e s  have been made on meta ls ,  a l l o y s  and compounds. 
D e t a i l s  o f  these s t u d i e s  can he seen by  t h e  examinat ion  o f  t h e  many r e v i e w s  
and o r i g i n a l  papers. 
technique. 

The f i r s t  s tudy  i s  an examinat ion  o f  t h e  a l l o y  system V + 5%Ti + a smal l  
amount o f  carhon. 
p r e c i p i t a t e  o f  a vanad ium- t i tan ium-carb ide  forms i n  a vanadium m a t r i x .  A 
micrograph o f  t h a t  p r e c i p i t a t e  i s  shown i n  F ig .  5. Spectra f o r  t h e  vanadium 
s o l i d  s o l u t i o n  and f o r  t h e  c a r b i d e  a r e  shown i n  F ig .  6 superimposed on each 
o ther .  The.mat r ix  of vanadium shows a s t r o n g  vanadium a b s o r p t i o n  peak f o r  t h e  
L edge a t  520 eV. A smal l  carhon edge i s  seen a t  about 285 eV. The L edge o f  
vanadium i s  l o s t  i n  t h e  background a t  460 eV. The same spectrum f o r  t h e  beam 
focused on t h e  p r e c i p i t a t e  s h o w  v e r y  c l e a r l y  a l l  t h r e e  elements, t h e  vanadium 
L edge t h e  t i t a n i u m  L edge and t h e  carbon K edge. 

emission spectrum o f  t h e  same c a r b i d e s  and a d d i t i o n a l  d i f f r a c t i o n  measurements 
gave t h e  complete s o l u t i o n  t o  t h i s  m i c r o s t r u c t u r e .  The p r e c i p i t a t e  i s  a 
s t r u c t u r e  o f  vanadium-t i tanium-carbide o f  compos i t ion  about VTiqCg. T h i s  i s  a 
hexagonal c a r b i d e  whose basa l  p lane r e s t s  a g a i n s t  t h e  (110) p l a n e  o f  t h e  
vanadium m a t r i x .  The successful  a n a l y s i s  o f  t h i s  m a t e r i a l  was made p o s s i h l e  
by  t h e  combined spec t roscop ies  and d i f f r a c t i o n  techn iques  a v a i l a b l e  i n  a 
modern a n a l y t i c a l  e l e c t r o n  mic roscope (24) .  

However, we present  two s t u d i e s  t o  show t h e  power of t h e  

When heat  t r e a t e d  a p p r o p r i a t e l y  an ex t remely  f i n e  

The a n a l y s i s  of t h i s  spectrum comhined w i t h  analyses made by  an x - r a y  

A second example f r o m  o u r  l a b o r a t o r y  was based on an a n a l y s i s  o f  a 
p r e c i p i t a t e  i n  a c r y s t a l  o f  t i t a n i u m  d i b o r i d e ,  TiR2. 
o f  t h a t  specimen showed a m a t r i x  c o n t a i n i n g  some p r e c i p i t a t e s  on w e l l  d e f i n e d  
c r y s t a l  p lanes (25). Energy l o s s  s p e c t r a  o f  b o t h  t h e  t i t a n i u m  d i b o r i d e  m a t r i x  
and t h e  p r e c i p i t a t e  a r e  shown i n  F i g .  7. The p e r t i n e n t  l i n e s  come a t  energ ies  

An e l e c t r o n  mic rograph 
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o f  460 eV f o r  t h e  L edge o f  T i ,  284 eV f o r  t h e  K edge o f  C and 188 eV f o r  t h e  
K edge o f  B. 
embedded i n  t i t a n i u m - d i b o r i d e .  F u r t h e r  d i f f r a c t i o n  a n a l y s i s  i n  t h e  microscope 
showed t h a t  t h e  c a r b i d e  i s  an FCC s t r u c t u r e  embedded i n  a hexagonal m a t r i x  o f  
t h e  d i b o r i d e .  
these i n v e s t i g a t o r s .  

T h i s  a n a l y s i s  shows t h a t  t h e  p r e c i p i t a t e  i s  t i t a n i u m - c a r b i d e  

The geometry o f  t h e  matching p l a n e  has a l s o  been deduced by 

Many o t h e r  measurements migh t  be c i t e d  t o  show t h e  power o f  t h i s  
e f f e c t .  
and oxygen K a b s o r p t i o n  edges. An example i s  shown i n  Fig.  8. 
more work w i l l  b e  r e q u i r e d  t o  p u t  t h i s  on a q u a n t i t a t i v e  b a s i s  s i n c e  t h e  
a b s o r p t i o n  edge f o r  oxygen i s  b a r e l y  v i s i b l e  f o r  t h e  s h o r t  c o u n t i n g  t i m e  used 
i n  t h i s  f e a s i b i l i t y  measurement. 
and t h i s  s u r e l y  means t h a t  t h e  a p p l i c a t i o n  i s  p o s s i b l e .  

We have made energy  l o s s  spec t ra  o f  coa l  and can observe t h e  carbon 
A g r e a t  dea l  

However, techn iques  a r e  improv ing  r a p i d l y ,  

SUMMARY 

Spectroscopic methods u s i n g  b o t h  emiss ion  and a b s o r p t i o n  c h a c t e r i  s t i c s  o f  
t h e  i n t e r a c t i o n  o f  e l e c t r o n s  w i t h  atoms i n  a s o l i d  a r e  common i n  m e t a l l u r g y  
and ceramic i n v e s t i g a t i o n s .  Each has unique c h a r a c t e r i s t i c s  and a p p l i c a t i o n s ,  
b u t  they  a r e  even more power fu l  when t h e y  a r e  used i n  combinat ion.  A n a l y t i c a l  
e l e c t r o n  microscopy i s  i n  i t s  i n f a n c y  f o r  coa l  and o i l  shale,  b u t  t h e  
p o t e n t i a l  i s  p l a i n l y  e v i d e n t .  
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DIRECT DETERMINATION OF ORGANIC OXYGEN I N  COAL USING SCANNING ELECTRON 

6. A. Norton, W. E. Straszheim, K. A. Younkin, and R. Markuszewski 

Ames Labora to rp ,  Iowa State U n i v e r s i t y  

Ames, Iowa 50011 

ABSTRACT 

MICROSCOPY WITH WAVELENGTH-DI SPERS I VE X-RAY ANALYSIS 

I l l i n o i s  No. 6. Pi t t sbu rgh  No. 8, and Dietz  No. 1 and 2 coals  were analyzed 
d i r e c t l y  f o r  organic  oxygen content by us ing scanning e l e c t r o n  microscopy and wave- 
length-d ispers ive x-ray analysis. The technique i s  a modi f ied extens ion o f  a meth- 
od prev ious ly  developed fo r  t h e  d i r e c t  determinat ion o f  organic s u l f u r  i n  coal .  To 
assure s t a t i s t i c a l  v a l i d i t y ,  12 p a r t i c l e s  were analyzed f o r  each coal  a t  two d i f -  
f e r e n t  p o i n t s  per p a r t i c l e .  Mean organic oxygen values were obtained, as we l l  as 
i n t e r -  and i n t r a - p a r t i c l e  v a r i a t i o n s  i n  t h e  oxygen content. 
organic  oxygen obtained by t h i s  technique agreed favo rab ly  w i t h  values ca l cu la ted  
from prev ious ly  obta ined data by prompt neutron a c t i v a t i o n  analys is  and by t h e  
i n d i r e c t  ASM method. 

The mean values f o r  

INTRODUCTION 

The organic oxygen content o f  coal i s  an important parameter i n  coal  charac- 
t e r i z a t i o n  and u t i l i z a t i o n  and i s  a pa r t  of r o u t i n e  coal analyses. I t  must be 
known i n  order t o  perform some of t he  process ca l cu la t i ons  for  coal combustion and 
var ious coal conversion technologies such as l i q u e f a c t i o n  and g a s i f i c a t i o n  (1). 
The organic oxygen content  o f  coal i s  genera l l y  determined by ASTM Method 3176, the  
Standard Method f o r  Ul t imate Analysis o f  Coal and Coke (2) .  I n  t h i s  method, oxygen 
i s  the  o n l y  element comprising the  organic  coal ma t r i x  which i s  not  determined 
d i r e c t l y .  Rather, i t  i s  determined by d i f ference from the  u l t ima te  analysis, using 
t h e  equation: 

9LO = 100 - (XC + XH +%N + %S + X ash) Eq. 1 

Thus, t he  accuracy of t h i s  i n d i r e c t  oxygen determinat ion s u f f e r s  from cumula- 
t i v e  e r ro rs  i nhe ren t  i n  the  a n a l y t i c a l  methods used f o r  each o f  the  o the r  elements. 
In addit ion, i t  i s  dependent on the  ash content which i s  obtained by heat ing the  
coal  at about 700'C f o r  one hour; but  s ince the ash produced at these temperatures 
i s  not d i r e c t l y  r e l a t a b l e  t o  the  o r i g i n a l  mineral mat ter  i n  the  coal, another 
source of e r r o r  i s  thereby in t roduced i n t o  the  oxygen determination. 

t h e  ash-forming minera l  matter, t he  d e f i n i t i o n  of "ash" used i n  Eq. 1 becomes a 
problem. 

Although va r ious  methods f o r  determining oxygen i n  coal  d i r e c t l y  have been 
employed, i n c l u d i n g  neutron a c t i v a t i o n  analys is  (NAA) and o x i d a t i v e  or reduc t i ve  
techniques, analyses by these methods i nc lude  a l l  or some of the inorganic  oxygen. 
Therefore, coal demine ra l i za t i on  or co r rec t i ons  f o r  inorganic  oxygen must be per- 
formed I n  order t o  o b t a i n  the  organic oxygen content. 

'Ames Laboratory i s  operated f o r  t h e  U.S. Department o f  Energy by Iowa State Uni- 

Furthermore, i f  the  coal has been subjected t o  chemical treatment which a l t e r s  

v e r s i t y  under Contract No. W-7405-Eng-82. 
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I n  t h i s  study, t he  f e a s i b i l i t y  was explored f o r  using a scanning e l e c t r o n  
microscope (SEM) i n  conjunct ion with energy- and wavelength-dispersive x- ray anal- 
y s i s  (EDX and WDX. r espec t i ve l y )  t o  determine the  organic oxygen content o f  coal 
d i r e c t l y .  The technique i s  s i m i l a r  t o  methods used p rev ious l y  f o r  the d i r e c t  de- 
terminat ion o f  organic s u l f u r  l e v e l s  i n  coals (3-8). In one such technique, a 
transmission e lec t ron  microscope was used t o  q u a n t i f y  t h e  s u l f u r  content o f  the 
organic coal ma t r i x  (3). 
organic s u l f u r  i n  coal (4. 5). I n  one o f  those studies, the organic oxygen content 
o f  various macerals i n  a Kentucky No. 3 coal also was determined (5). By knowing 
t h e  petrographic composit ion o f  the coal and the average organic oxygen content o f  
each maceral examined, a weighted average was used t o  ob ta in  an oxygen concentra- 
t i o n  f o r  the organic ma t r i x  as a whole. The organic oxygen concentrat ion thus ob- 
ta ined was i n  good agreement w i t h  the  concentrat ion obtained by the  i n d i r e c t  ASTM 
procedure. 

A t h i r d  method used scanning e lec t ron  microscopy coupled w i t h  energy-dispers- 
i v e  x-ray analys is  (SEM-EDX) t o  ob ta in  organic s u l f u r  l e v e l s  i n  raw and chemical ly  
desul fur ized coals  (6-8). I n  t w o  o f  t he  s tud ies using the  SEM-EDX technique. min- 
e r a l  por t ions o f  the coal were avoided by l o c a t i n g  organic maceral components o f  
coal using 5ODOx magn i f i ca t i on  wi th  the SEM and by moni tor ing the  l e v e l s  o f  Fe, Ca, 
A l ,  and S i  (6, 7). Su l fu r  values which were obtained on ly  f o r  those areas where 
the  other  elements were not detected were assumed t o  be associated w i th  the  organic  
p o r t i o n  o f  the coal. Analyses were usua l l y  performed on 12 v i t r i n i t e  p a r t i c l e s  by 
examining at l e a s t  t w o  po in ts  ( w i t h  volumes o f  2-3 microns i n  diameter) per p a r t i -  
c l e .  This was s u f f i c i e n t  t o  obta in  data w i t h  a p r e c i s i o n  o f  * lo% ( r e l a t i v e )  f o r  
organic s u l f u r  l eve l s .  The r e s u l t s  were comparable t o  those obtained by the  c m o n  
i n d i r e c t  ASTM method. 

I n  our study. a s i m i l a r  SEM technique was used t o  determine organic oxygen 
l e v e l s  i n  coal along w i t h  i n t e r -  and i n t r a - p a r t i c l e  va r ia t i ons .  Organic oxygen 
values obtained by t h i s  technique were compared t o  values obtained by the i n d i r e c t  
ASTM procedure and by neutron a c t i v a t i o n  analysis. 

Other s tud ies used an e l e c t r o n  microprobe t o  determine 

EXPERIMENTAL 

Channel samples o f  I l l i n o i s  No. 6 (Captain Mine, Percy, I l l i n o i s ) ,  P i t t sbu rgh  
No. 8 (Grafton Mine, Churchv i l le .  West V i rg in ia ) .  and Dietz  No. 1 and No. 2 (Decker 
Mine, Decker, Montana) coals  were powdered, dried, and subsequently mounted i n  
one-inch p e l l e t s  o f  epoxy. 
sect ion w i th  s i l i c o n  carbide sandpaper and alumina. they were coated w i t h  approxi- 
mate ly  50 A o f  carbon by evaporation i n  order t o  prov ide a conductive surface. 

A JEOL (Japan Elect ron Opt ics Laboratory) model JSM-U3 scanning e l e c t r o n  m i -  
croscope (SEM) was used i n  conjunct ion w i t h  a Microspec WDX-ZA wavelength-disper- 
s i v e  x-ray analys is  systen t o  perform q u a n t i t a t i v e  oxygen determinations on t he  
coals. 
it could not be detected by the  EDX system, being an element o f  low atomic nunber. 

Samples were examined i n  the  SEM w i t h  an accelerat in! vo l tage o f  15 kV and a 
cu r ren t  o f  about 30 nA w i t h  an x-ray take o f f  angle o f  25 . 
s t a b i l i z e  f o r  15 t o  30 minutes a f t e r  sample changes before c o l l e c t i n g  x-ray i n ten -  
s i t i e s .  A 
square r a s t e r  was used f o r  t h e  analyses instead o f  the t r a d i t i o n a l  spot mode due t o  
t h e  high beam currents  used. P r i o r  t o  analys is ,  minera l  po r t i ons  o f  the coal  were 
avoided by examining the s m p l e  v l s u a l l y  a t  a magn i f i ca t i on  o f  5000x I n  the SEM. 
Energy-dispersive x-ray analys is  (EDX) was then performed w i t h  a KEVEX S i ( L i )  

A f t e r  po l i sh ing  the  mounted samples t o  a smooth cross 

Oxygen was determined by wavelength-dispersive x-ray analys is  (WOX) because 

The SEM was al lowed t o  

X-ray data were c o l l e c t e d  from square sample areas o f  20 r m  on a side. 
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detector  and a Tracor Northern Model TN-2000 energy-dispersive x-ray analys is  sys- 
tem t o  monitor the p a r t i c l e s  f o r  A l ,  Ca. Fe, and S i .  The absence o f  these elements 
ensured t h a t  minera l  i nc lus ions  were excluded f r a n  the  sampled areas. Since oxygen 
was determined by WDX o n l y  when s i g n i f i c a n t  l e v e l s  o f  t h e  elements screened by EDX 
were absent, t h e  oxygen was assumed t o  be associated w i t h  t h e  organic ma t r i x .  

Because organic  s u l f u r  and small amounts o f  A l .  S i ,  Ca, and Fe were present i n  
t h e  analyzed p a r t i c l e s ,  EDX spect ra f o r  a s e t  o f  standards con ta in ing  these e le -  
ments were c o l l e c t e d  p r i o r  t o  analyzing the coal. S i l i c a  (SiO,) was chosen f o r  t h e  
oxygen standard s ince  organic  compounds which were tes ted  d i d  not hold up we l l  
under the e l e c t r o n  bean. Organic compounds which were tes ted  f o r  use as a standard 
inc luded urea, ace tan i l i de ,  and c i t r i c  acid. A f t e r  analyzing a coal  f o r  organic 
oxygen content, one o f  t h e  inorganic  standards f o r  t he  o the r  elements was run f o r  a 
second t ime t o  make sure t h a t  no s i g n i f i c a n t  d r i f t  i n  beam cu r ren t  occurred. 

In t h i s  study, no attempt was made t o  d i s t i n g u i s h  between d i f f e r e n t  maceral 
types.  Two p o i n t s  w i t h i n  each o f  12 p a r t i c l e s  were analyzed f o r  each coal. EDX 
spect ra and t o t a l  oxygen counts obtained by WDX were each c o l l e c t e d  f o r  30 seconds. 
The t o t a l  oxygen i n t e n s i t y  was then t rans fe r red  t o  the EDX u n i t  f o r  data reduction. 
The Tracor Northern progran Super ML was used t o  re ference t h e  coal spect ra against 
t h e  standards, wh i l e  the Tracor Northern W co r rec t i on  program was used t o  co r rec t  
f o r  atomic nmber,  absorption, and f luorescence m a t r i x  e f f e c t s .  I n  add i t i on  t o  
mean organic oxygen concentrat ions, i n t e r -  and i n t r a - p a r t i c l e  v a r i a t i o n s  i n  oxygen 
content  were obtained. 

RESULTS AND DISCUSSION 

Average organic  oxygen concentrat ions obtained by SEM-WDX on each o f  the coals  
a re  shown i n  Table 1. For comparative purposes, data obtained p rev ious l y  by neu- 
t r o n  a c t i v a t i o n  ana lys i s  (NAA) and by t h e  i n d i r e c t  ASTM procedure are a lso in- 
cluded. 

Table 1. Organic Oxygen Content o f  I l l i n o i s .  P i t tsburgh,  and D ie tz  Coals.1 

Coal 

Ana ly t i ca l  Procedure I l l i n o i s  #6 Pi t t sbu rgh  #8 Die tz  #1 .5 2 

SEM-WDX 11.94 11.55 16.67 
ASTM 9.44 8.07 20.67 
NAA2 10.67 7.85 22.70 

1 Values are i n  X on a d r y  mineral mat ter  f r e e  basis. * Organic oxygen content was obtained from t o t a l  oxygen values by est imat ing 
- the  ino rgan ic  oxygen concentrat ion and sub t rac t i ng  fran t o t a l  oxygen, as 

discussed i n  tex t .  

The SEM values represent  averages f o r  t h e  24 sanpled areas f o r  each coal; ASTM 
and NAA da ta  represent  averages o f  dup l i ca te  determinations. Only t o t a l  oxygen 
values were a v a i l a b l e  i n  t h e  o r i g i n a l  NAA data. 
t h e  raw da ta  obta ined by NAA were used t o  est imate organic oxygen concentrat ions 
(shown i n  Table 1 )  b y  sub t rac t i ng  inorganic  oxygen l e v e l s  from the  t o t a l  oxygen 
leve ls .  
f i r s t  using a mod i f i ed  Parr formula (9) t o  approximate t h e  minera l  mat ter  content 

For comparison on the same basis, 

For these ca l cu la t i ons ,  the i no rgan ic  oxygen values were estimated by 
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based on the  known ash and p y r i t i c  s u l f u r  contents f o r  each coal. 
i s :  

This formula 

XMM = 1.13 (X ash) + 0.47 (X p y r i t i c  s u l f u r )  Eq. 2 

The mount o f  inorganic oxygen was then est imated using the  equat ion 

XOInorg = 0.5 (% MM) Eq. 3 

This equation has been repor ted  t o  g ive  good inorgan ic  oxygen est imat ions f o r  we l l -  
known coals w i t h  r e l a t i v e l y  low ash contents (10). Thus, organic oxygen l e v e l s  
were obtained by c a l c u l a t i n g  the  d i f f e r e n c e  i n  l e v e l s  o f  t o t a l  and inorgan ic  oxy- 
gen. The mineral  matter content o f  each coal ,  as ca lcu la ted  using the mod i f ied  
Parr formula, was used t o  convert  the  NAA and ASTM values t o  a minera l  m a t t e r - f r e e  
basis. The SEM-WDX data requ i red  no cor rec t ions  f o r  mineral  matter because minera l  
inc lus ions  were avoided dur ing  those analyses. 

I n  view o f  the  a n a l y t i c a l  u n c e r t a i n t i e s  i n  each of the  techniques. the  SEM-WDX 
values agreed favorab ly  w i t h  the values obtained by NAA and ASTM procedures. For 
the P i t tsburgh No. 8 and I l l i n o i s  No. 6 coals, t h e r e  was a s i g n i f i c a n t  lapse i n  
t ime between the SEM-WDX analyses and the determinat ions made by NAA and ASTM pro- 
cedures. The coals were used f requent ly  over th is  t ime per iod  and o f t e n  had been 
i n  contact  w i t h  a i r .  Thus, i t  i s  l i k e l y  t h a t  some o x i d a t i o n  would have occurred 
dur ing t h i s  time and t h a t  the  somewhat elevated SEM-WDX data f o r  these two coa ls  
r e f l e c t  t h i s  ox ida t ion .  

For the  D ie tz  coal, the  SEM-WDX value i s  s i g n i f i c a n t l y  lower than the values 
obtained by the o ther  methods. 
the  Dietz coal  i s  subb i tminous ,  as opposed t o  t h e  bituminous rank ing  o f  t h e  other 
coals.  

Also, although the same coals were used f o r  the  analyses by SEM-WDX. NAA, and 
t h e  ASTM procedure, analyses by SEM-WDX were performed on d i f f e r e n t  sample s p l i t s  
than the ones used f o r  ana lys is  by the other techniques. Coal composition between 
var ious s p l i t s  from standard r i f f l i n g  procedures i s  genera l l y  comparable. b u t  v a r i -  
at ions i n  chemical composition may s t i l l  occur as a r e s u l t  o f  sample inhomogeneity 
and d i f f i c u l t i e s  invo lved w i t h  ob ta in ing  representa t ive  samples o f  coal .  

may r e f l e c t  actual  d i f fe rences  i n  composition i n  a d d i t i o n  t o  poss ib le  e r r o r s  asso- 
c ia ted  w i t h  the a n a l y t i c a l  methods. 
o f  the var ious sample var iab les  than was done in t h i s  p r e l i m i n a r y  study. 

t h e . s t a t i s t i c a 1  analyses employed have been descr ibed p r e v i o u s l y  (6, 7 ) .  These 
analyses enabled estimates f o r  dev ia t ions  f r a n  t h e  sample mean w i t h i n  the  p a r t i c l e s  
( i n t f a - p a r t i c l e  dev ia t ions)  and dev ia t ions  from the sample mean between d i f f e r e n t  
p a r t i c l e s  ( i n t e r - p a r t i c l e  dev ia t ions)  t o  be calculated. 

It i s  i n t e r e s t i n g  t o  note t h a t  f o r  each coal. i n t r a - p a r t i c l e  v a r i a t i o n s  were 
l a r g e r  than i n t e r - p a r t i c l e  var ia t ions .  For the I l l i n o i s  coal, ana lys is  o f  var iance 
gave a negat ive nunber f o r  the  i n t e r - p a r t i c l e  var ia t ion .  
zero i s  reported. Between coals, the  i n t e r - p a r t i c l e  v a r i a t i o n s  were less  consis-  
t e n t  than the i n t r a - p a r t i c l e  v a r i a t i o n s .  This imp l ies  t h a t  some coals may r e q u i r e  
more extensive analyses due t o  a less  uni form d i s t r i b u t i o n  o f  organic oxygen. One 
f a c t o r  which could be important i s  t h e  maceral d i s t r i b u t i o n  f o r  a given coal .  

This may be somehow connected w i t h  the  f a c t  t h a t  

More study i s  needed t o  reso lve  t h i s  discrepancy. 

Thus, discrepancies between a n a l y t i c a l  data obtained by the  var ious  techniques 

Future work w i l l  i nc lude more r i g i d  mon i to r ing  

S t a t i s t i c a l  parameters f o r  the  SEM-WDX data are shown i n  Table 2. D e t a i l s  on 

Therefore, a value o f  
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Table 2. S t a t i s t i c s  f o r  Organic Oxygen Levels Obtained by SEM-WDX. 

I l l i n o i s  No. 6 11.94 0.37 1.43 0. ooe 

P i t t sbu rgh  No. 8 11.55 0.24 0.97 0.45 

Dietz  No. 1 & 2 16.67 0.44 1.40 1.16 
a Values are on a d r y  mineral mat ter  f r e e  basis. 

S- i s  the standard dev ia t i on  i n  the sanple mean. 
St i s  t he  standard dev ia t i on  w i t h i n  p a r t i c l e s .  
Sp i s  the standard dev ia t i on  between p a r t i c l e s .  

e Value o f  zero repor ted since analys is  o f  variance gave a 
negat ive number. 

Since the  organic  oxygen content can vary considerably  between d i f f e r e n t  maceral s 
(5, 11). t h e  maceral composit ion and d i s t r i b u t i o n  could have a l a rge  e f f e c t  on the  
i n t r a -  and i n t e r - p a r t i c l e  va r ia t i ons .  

The SEM-WDX technique may be p a r t i c u l a r l y  usefu l  f o r  determining organic oxy- 
gen i n  chemical ly  cleaned coals, espec ia l l y  s ince ASTM procedures sometimes g ive 
questionable ash r e s u l t s  f o r  such coals (12). thereby throwing a l a rge  e r r o r  i n t o  
t h e  ASTM organic oxygen determination. 

CONCLUSIONS 

Exanination o f  t h e  SEM-WDX r e s u l t s  i nd i ca tes  t h a t  t h i s  technique has good 
Analysis o f  p o t e n t i a l  f o r  the d i r e c t  determinat ion o f  organic oxygen i n  coal. 

i n t e r -  and i n t r a - p a r t i c l e  v a r i a t i o n s  provides usefu l  in format ion on the  d i s t r i b u -  
t i o n  o f  organic  oxygen i n  the  coal .  Because minera l  phases are excluded from the 
analysis, a sample with a representat ive ash content  i s  not nea r l y  as important f o r  
t h i s  procedure as i t  i s  f o r  NAA and ASTM procedures where ash correct ions are nec- 
essary. However, s ince  the SEM-WDX technique i s  sur face-sensi t ive,  e x t r a  care must 
be taken t o  keep t h e  coal from ox id iz ing.  Because o f  t he  nunerous operat ing parm- 
e te rs  invo lved i n  t h e  analyses by SEM-WOX, the procedural d e t a i l s  o f  t h i s  technique 
requ i re  op t im iza t i on .  
and t o  chemical ly  cleaned coals  needs t o  be shown. 

In addi t ion,  a p p l i c a b i l i t y  t o  a broad spectrum of raw coals 
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Non-intrusive Opt ica l  Techniques f o r  the  Study of Pulverized Coal P a r t i c l e s  during 
Devola t i l i za t ion  and Combustion* 

D. K. Ot tesen and J. C. F. Hang 

Sandia National Laborator ies  
Livermore, CA 94550 

This  paper w i l l  d i s c u s s  a p p l i c a t i o n s  of Fourier  transform inf ra red  (FT-IR) spectroscopy 
and l a s e r  spark spectroscopy (LSS) a s  in s i t u  d iagnos t ics  f o r  d i sperse  phase combustion 
environments. The u l t i m a t e  goa l  of the  FT-IR work is the i d e n t i f i c a t i o n  of gas  phase 
s p e c i e s ,  and the determinat ion of t h e i r  temperature and concentrat ion during t h e  
combustion of pulver ized coa l  p a r t i c l e s .  We are developing LSS a s  a complementary 
technique f o r  t h e  in s i t u  e lemental  a n a l y s i s  of coal ,  char ,  and ash p a r t i c l e s  in 
combustion environments. 

Fourier  transform spectroscopy 

We have made inf ra red  absorpt ion measurements f o r  s i z e d  coa l  p a r t i c l e s  en t ra ined  i n  a 
laminar flow r e a c t o r ,  The combustion is  i n i t i a t e d  by hot  bath gases  produced in a 
H2/02/N2 f l a t  flame a t  t h e  base of the  reac tor .  
f low reac tor  a n d  the FT-IR system is shown in Figure 1 ;  d e t a i l e d  descr ip t ions  of the  
experimental appara tus  and t y p i c a l  in f ra red  absorp t ion  spec t ra  have been given elsewhere 

The i n t e r f a c e  between t h e  

(1) .  

FT-IR spectroscopy has  been shown t o  be an e f f e c t i v e  technique f o r  de tec t ion  of many 
d i f f e r e n t  s p e c i e s  s imultaneously over a wide s p e c t r a l  bandwidth when condi t ions permit 
time-averaged measurements along a l ine-of-s ight  (1 ,2) .  This  pas t  year  h a s  seen the  
extension of these measurements i n t o  the high reso lu t ion  domain and the  c a r e f u l  
q u a n t i t a t i o n  of t h e  technique 's  u l t imate  s e n s i t i v i t y  f o r  severa l  molecules. 

P a s t  absorption measurements have been plagued by the inf ra red  emission of h o t  coa l  
p a r t i c l e s  passing through t h e  de tec tor  field.-of-view. These s igna ls  a c t  a s  an addi t iona l  
n o i s e  source, and are mit igated only somewhat by labor ious  time-averaging T h i s  has  
prevented t h e  measurement of spec t ra  a t  a reso lu t ion  g r e a t e r  than 0.5 cm-'. We have 
found, however, t h a t  t h i s  p a r t i c l e  generated "noise" occurs  a t  Fourier  f requencies  lower 
than t h e  per t inent  bandwidth containing inf ra red  s p e c t r a l  information. Elec t ronic  
f i l t e r i n g  of t h e  d e t e c t o r  ou tput  has  g r e a t l y  reduced t h i s  p a r t i c l e  noise. and allowed us 
t o  make t h e  f i r s t  repor ted  meas rements of pulver ized c o a l  combustion products a t  a 
s p e c t r a l  r e s o l u t i o n  of 0.08 cm- . 
Although these  measurements a r e  more time consuming than those a t  lower reso lu t ion ,  they 
a l low a Wre accura te  determinat ion of both t h e  molecular r o t a t i o n a l  temperaure and 
concentrat ion.  This is due p r i n c i p a l l y  t o  t h e  lessened in te r fe rence  of nearby absorpt ion 
l i n e s  from other  s p e c i e s  (mainly water) and higher  exc i ted  s t a t e  t r a n s i t i o n s .  
measurements have a l s o  allowed u s  t o  observe t h a t  t h e  measured l i n e  width of CO and 
C 0 2  t r a n s i t i o n s  is considerably grea te r  than the  reported values  of 0.04 cm-' a t  
temperatures around 1300 K. Measured widths a t  h a l f  maximum a r e  0.105 cm-l, and we 
POStUlate t h a t  the  a d d i t i o n a l  width is caused by c o l l i s i o n a l  broadening with the copious 
quant i ty  of water present  (15 mol 5 ) .  An example is shown in Figure 2 f o r  a por t ion  of 
the  CO P-branch r o t a t i o n -  v i b r a t i o n  band produced during the combustion of a pulver ized 
western Kentucky bituminous coal. The CO r o t a t i o n a l  temperature determined from the  
r e l a t i v e  i n t e n s i t i e s  of t h e  absorpt ion l i n e s  was 1218 +/-  28 K and was i n  good agreement 

Y 

These 
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with a temperature of 1247 +I- 22 K der ived from the  C02 o3 R-branch 
ro ta t ion-v ibra t ion  during the same expeimental measurement. 

Reduction of the noise  caused by p a r t i c u l a t e  emission h a s  increased our s e n s i t i v i t y  f o r  
many small infrared-act ive molecules ( C O ,  CH4,  NO, HCN, H 2 S )  t o  about 100 ppm a t  
combustion temperatures in the presence in coal  p a r t i c l e s .  
minor products of combustion in s i t u  have been hampered by the low p a r t i c l e  number densi ty  
we have been able  t o  entrain i n  our flow reac tor  (2 ~ m - ~ ) ,  and by the  s e r i o u s  overlap 
of water absorption l i n e s  with N- and S-containing spec ies  of i n t e r e s t .  

Concentration measurements were made by en t ra in ing  known amounts of carbon dioxide and 
n i t r i c  oxide in to  the flow reac tor .  Using l i t e r a t u r e  values  of l i n e  s t rengths ,  t h e  
corresponding experimental i n t e n s i t i e s  could be t h e o r e t i c a l l y  ca lcu la ted  f o r  a v a r i e t y  of  
o ther  molecular spec ies  in our FT-IR/flow r e a c t o r  system. This approach is e f f e c t i v e  in 
minimizing uncer ta in t ies  in absolu te  i n t e n s i t y  measurements which arise from line-shape 
d i s t o r t i o n s  caused by our instrument. I n  Figure 3 we show the  measured concentrat ion of 
CO and C02 a t  38 msec residence f o r  coa l  p a r t i c l e s  in the  +30/-50 micrometer s i z e  
range a s  a funct ion of excess oxygen in the  flow reac tor .  

Current e f f o r t s  a t  de tec t ing  

Laser spark spectroscopl  

We have developed t h e  technique of l a s e r  breakdown spectroscopy f o r  analyzing t h e  
composition of p a r t i c l e s  and d r o p l e t s  suspended in a i r  (3) .  A s  such, t h i s  technique should 
prove invaluable a s  an in  s i t u  real- t ime d iagnos t ic  f o r  appl ica t ion  t o  fundamental s t u d i e s  
of the  combustion or g a s i f i c a t i o n  of coa l ,  coal-derived l i q u i d s  and coal-water s l u r r i e s .  

A high-power pulse  was generated by a Nd:YAC l a s e r  and focused on ind iv idua l  c o a l  
p a r t i c l e s  car r ied  in a gas flow. 
the p a r t i c l e s ,  and t o  cause avalanche breakdown of t h e  vapor. The emission spec t ra  from 
the plasma were analyzed t o  i d e n t i f y  l i n e s  c h a r a c t e r i s t i c  of  the  s p e c i f i c  elements. 
Because of the s t rong continuum emission a t  e a r l y  time of  the spark, a time-gated o p t i c a l  
multichannel analyzer was used t o  record the  emission spec t ra .  Timing and s p e c t r a l  
windows were carefu l ly  se lec ted  t o  minimize the  continuum emission, and t o  e l imina te  
in te r fe rence  from nearby or overlapping l i n e s  from the atoms of i n t e r e s t .  We succeeded in 
i s o l a t i n g  s p e c t r a l  f e a t u r e s  of  t h e  major elements: carbon, ni t rogen,  oxygen, a s  well a s  
hydrogen, sodium, and chlor ine.  

A two-color cross-beam l a s e r  technique was developed t o  provide a simultaneous t r i g g e r  f o r  
the breakdown l a s e r  and a measurement of the s i z e  of t h e  p a r t i c l e  being analyzed. 
schematic diagram of the experimental apparatus  is shown in Figure 3. With t h i s  apparatus  
i t  is possible  t o  c o r r e l a t e  the  emission spectrum and i n t e n s i t y  wi th  t h e  p a r t i c l e  s ize .  
I n  addi t ion ,  detect ion l i m i t s  of Various spec ies  of i n t e r e s t  were deduced from these  
cross-correlat ion measurements. 

Laboratory experiments were conducted using pulver ized bituminous c o a l  p a r t i c l e s  and water 
d r o p l e t s  with added impuri t ies .  
generator  for the  purpose of c rea t ing  a s e r i e s  o f  water p a r t i c l e s  of  carefu l ly  cont ro l led  
diameter. This grea t ly  f a c i l i t a t e s  the c a l i b r a t i o n  of  s p e c t r a l  emission wi th  such 
v a r i a b l e s  a s  t h e  drople t  s i z e ,  atomic concentrat ion,  inc ident  l a s e r  energy, and 
spectrometer response. An emission spectrum is shown in Figure 4 for  the sodium 5890 A 
l i n e  (gra t ing  reso lu t ion  was not s u f f i c i e n t  t o  reso lve  the  doublet in  t h i s  spectrum). 
This spectrum or ig ina ted  from t h e  vaporizat ion of a s i n g l e  water drople t  70 micrometers in 
diameter, containing 0.1% Na by weight. 

Absorbed energy was s u f f i c i e n t  t o  completely vaporize 

A 

The la t ter  experiments used a p i e z o e l e c t r i c  drople t  
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Figure 1. Schematic diagram of FT-IR / f l o w  reac tor  in te r face .  
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Figure 4 .  Schematic diagram o f  Laser S p a r k  Spectroscopy 
a p pa ra t u  s . 
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Figure 5 .  Na emission spectrum produced d u r i n g  l a s e r  spark 
vaporization o f  water droplet. 
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Figure  2. Absorbance spectrum of C O  produced du r ing  pu lver ized  
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F igure  3 .  CO and C02 concen t ra t i on  i n  f l o w  r e a c t o r  as a 
f u n c t i o n  o f  excess oxygen. 
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AXUYSIS OF PARTICLE COIIPOSITION, SIZE AM0 TE- 
BY PT-IR BWISSION/~SIIISSION SPEclgOSCOFf 

Peter  R. Solomon, Robert M. Carangelo, P h i l i p  E. Best, 
James R- Markham and David G. Hamblen 

Advanced Fuel Research, Inc., 87 Church S t r e e t ,  East Hartford, CT 06108 

Many chemica l  and energy  c o n v e r s i o n  p r o c e s s e s  i n v o l v e  mul t i -phase  f e e d  o r  product  
s t r e a m s .  S t reams can c o n s i s t  of m i x t u r e s  of s o l i d s ,  l i q u i d s  and g a s e s  and i n  some 
c a s e s ,  t h e  i m p o r t a n t  s p e c i e s  may be i n  t r a n s i t i o n  between phases  (e.g. l i q u i d  f u e l  
combust ion which i n v o l v e s  l i q u i d  f u e l d r o p l e t s ,  v a p o r i z e d  f u e l  and soot ) .  P r o c e s s  
monitoring requires  the measurement of parameters f o r  the separa te  phases. There a r e  
requirements f o r  monitoring feedstocks and samples of the  process s t ream a s  wel l  as 
f o r  in -s i tu  monitoring. Fourier  Transform I n f r a r e d  (FT-IR) a b s o r p t i o n  s p e c t r o s c o p y  
has been used previously a s  an in-s i tu  d iagnos t ic  f o r  both gas spec ies  concentrat ion 
and g a s  t e m p e r a t u r e  d e t e r m i n a t i o n s  (1-9). This  paper  d e s c r i b e s  a new method be ing  
developed f o r  on- l ine ,  i n - s i t u  m o n i t o r i n g  of p a r t i c l e  s t r e a m s  t o  d e t e r m i n e  t h e i r  
chemical composition, s ize ,  and temperature. The technique uses a FT-IR spectrometer  
t o  per form both  e m i s s i o n  and t r a n s m i s s i o n  (E/T) s p e c t r o s c o p y  f o r  a s t r e a m  of 
p a r t i c l e s .  The t e c h n i q u e  h a s  been a p p l i e d  t o  measure p a r t i c l e  p r o p e r t i e s  under  a 
v a r i e t y  of c i r c u m s t a n c e s  and s e v e r a l  examples  a r e  p r e s e n t e d  f o r  measurements  of 
temperature, composition and size. 

The method w a s  employed t o  address  a controversy concerning coa l  o p t i c a l  p roper t ies  
recent ly  ra ised by Brewster and Kunitomo (10). Their recent  measurements suggest tha t  
previousdeterminations f o r  coa l  of the  imaginary par t  of the index of r e f r a c t i o n ,  k, 
may be too high by an order  of magnitude. I f  so, the ca lcu la ted  coa l  e m i s s i v i t y  based 
on t h e s e  v a l u e s  w i l l  a l s o  be t o o  high. The E / T  t e c h n i q u e  was employed t o  d e t e r m i n e  
d i r e c t l y  the s p e c t r a l  emit tance,  €9, of coal  and char p a r t i c l e s  as  a func t ion  of coal  
rank ,  e x t e n t  of p y r o l y s i s  and t e m p e r a t u r e .  For  one c o a l ,  t h e  measured s p e c t r a l  
emit tance was compared wi th  a ca lcu la ted  value obtained from the m a t e r i a l ' s  complex 
i n d e x  of r e f r a c t i o n  N 9 n + i k ,  and p a r t i c l e  s i z e ,  u s i n g  Mie theory.  The complex 
i n d e x  Of r e f r a c t i o n  was d e t e r m i n e d  using a n  e x t e n s i o n  of Brewster and Kunitomo's  
method f o r  measuring k. The technique employs KBr and C s I  p e l l e t  spec t ra  and uses 
Mie theory and the Kramers-Kronig t r a n s f  orms-to s e p a r a t e  s c a t t e r i n g  and a b s o r p t i o n  
e f fec ts .  Good agreement has been obtained between the  ca lcu la ted  and measured values 
of ( e v )  confirming the content ion t h a t  previously measured values  of k a r e  too high. 

ExEmRmmAL 

A p p a r a t u s  - The a p p a r a t u s  employed i n  t h e  e x p e r i m e n t s  c o n s i s t s  of an FT-IR 
spectrometer coupled t o  a reac tor ,  such t h a t  the FT-IR focus passes through the  sample 
stream a s  shown i n  Fig. 1. Emission measurements a r e  made with the  movable mir rors  
i n  place. Transmission measurements a r e  made with t h e  movable mirror  removed. The 
Fourier  transform technique, i n  cont ras t  t o  wavelength dispers ive methods, processes 
all wavelengths  of a s p e c t r u m  s i m u l t a n e o u s l y .  For  t h i s  r e a s o n  it c a n  be used  t o  
measure s p e c t r a l  p roper t ies  of p a r t i c u l a t e  flows, which a r e  notor iously d i f f i c u l t  t o  
maintain a t  a constant ra te .  The emission and t ransmission can be measured f o r  the 
same sample volume. The t e c h n i q u e  is e x t r e m e l y  r a p i d ;  a low n o i s e  e m i s s i o n  o r  
t r a n s m i s s i o n  spec t rum a t  low r e s o l u t i o n  (4 cm-l) can  be recorded  i n  under  a second. 
Also rad ia t ion  passing ttyough the i n t e r f e r o m e t e r  i s  a m p l i t u d e  modula ted ,  and only  
such  r a d i a t i o n  i s  d e t e c t e d .  Because of i t s  unmodulated n a t u r e ,  t h e  p a r t i c u l a t e  
emission passing d i r e c t l y  t o  the  de tec tor  does not i n t e r f e r e  wi th  t h e  measurements of 
s c a t t e r i n g  or transmission. 
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I n  a n  i d e a l  e m i s s i o n - t r a n s m i s s i o n  exper iment  bo th  measurements  a r e  made on t h e  
i d e n t i c a l  sample. I n  our  case t h e  emission and t ransmission measurements a r e  made 
s e q u e n t i a l l y  i n  t i m e  a l o n g  t h e  same o p t i c a l  p a t h ,  f o r  a sample  f l o w i n g  through t h e  
cel l  i n  a nominal s teady  condition. 

Measurements  - To d e t e r m i n e  t h e  t e m p e r a t u r e ,  s i z e  o r  c o m p o s i t i o n  of p a r t i c u l a t e  
samples, measurements a r e  made of the t ransmit tance and of the radiance,  from which we 
c a l c u l a t e  a quant i ty  vhich  v e  c a l l  the normalized radiance. The normalized radiance 
i s  t h e  r a d i a n c e  d i v i d e d  by ( 1 - t r a n s m i t t a n c e )  (which i n  t h e  absence  of d i f f r a c t i o n  
e f f e c t s  i s  a measure of i n t e r s e c t e d  p a r t i c l e  surface a rea  f o r  samples whose index of 
r e f r a c t i o n  i s  s u f f i c i e n t l y  d i f f e r e n t  from the  surrounding medium). This normalizat ion 
al lows the radiance from p a r t i c l e s  which f i l l  only a f r a c t i o n  of the  FT-IR aper ture  t o  
be compared t o  a black-body s tandard obtained f o r  the  f u l l  aperture. 

The t r a n s m i t t a n c e , r y  , a t  wavenumber 9 ,  is measured i n  the usual  way 

%= I,, iIov (1)  

where Io, i s  t h e  i n t e n s i t y  t r a n s m i t t e d  through t h e  c e l l  i n  t h e  a b s e n c e  of sample ,  
while  I g i s  t h a t  t r a n s m i t t e d  wi th  the sample stream i n  place. The geometry f o r  the 
t r a n s m i t t a n c e  measurement  i s  i l l u s t r a t e d  i n  Fig. 2. With a p a r t i c l e  i n  t h e  f o c a l  
volume, energy i s  t a k e n  o u t  of t h e  i n c i d e n t  beam by a b s o r p t i o n  and s c a t t e r i n g .  The 
f i g u r e  i l l u s t r a t e s  s c a t t e r i n g  by r e f r a c t i o n  of  energy  a t  t h e  p a r t i c l e s  s u r f a c e s .  
Sca t te r ing  w i l l  a l s o  be caused by r e f l e c t i o n  and d i f f rac t ion .  For p a r t i c l e s  > 50km 
whose index  of r e f r a c t i o n  is s u f f i c i e n t l y  d i f f e r e n t  f rom t h e  s u r r o u n d i n g  medium, 
almost a l l  the energy i n c i d e n t  on t h e  p a r t i c l e  is absorbed o r  scat tered.  

To measure the sample radiance,  the  power from the  sample with background subtracted,  
S v ,  i s  measured, and converted t o  the  sample radiance, R v ,  i n  the fol lowing way 

where W y  is the  instrument  response funct ion measured using a cavi ty  radiator .  The 
radiance measurement d e t e c t s  both rad ia t ion  emit ted by t h e  p a r t i c l e  i t s e l f ,  a s  w e l l  as 
w a l l  r ad ia t ion  s c a t t e r e d  o r  r e f r a c t e d  by the p a r t i c l e  a s  i l l u s t r a t e d  i n  Fig. 2. 

We c a l c u l a t e  t h e  n o r m a l i z e d  r a d i a n c e  (which w e  r e f e r  t o  a s  t h e  E / T  s p e c t r a ) .  R", i n  
t h e  following way, 

The complete a n a l y s i s  f o r  the  normalized emission w i l l  be presented elsewhere (11). 
For t h i s  d i scuss ion  w e  consider  t h e  l i m i t  where p a r t i c l e s  a r e  s u f f i c i e n t l y  l a r g e  t h a t  
t h e y  e f f e c t i v e l y  b l o c k  a l l  t h e  r a d i a t i o n  i n c i d e n t  on them, and t h e i r  d i f f r a c t i o n  
p a t t e r n  f a l l s  completely w i t h i n  t h e  angular acceptance aper ture  of the  spectrometer. 
Then the normalized rad iance  has  t h e  simple form, 

b where G v i s  the  s p e c t r a l  emi t tance  and R$T,) and Ry(Tp) a r e  t h e  t h e o r e t i c a l  black- 
body c u r v e s  c o r r e s p o n d i n g  t o  t h e  t e m p e r a t u r e  of t h e  w a l l  (Tu) and p a r t i c l e  (Tp), 
respect ively.  This  e q u a t i m  w i l l  be used i n  the discussion of r e s u l t s  t o  follow. 

RXSULTS 

TempeKatUKe and E m i s s i v i t y  - To i l l u s t r a t e  t h e  measurements .  we c o n s i d e r  s e v e r a l  
s imple cases. F i r s t  we consider  hot  p a r t i c l e s  such a s  coa l  o r  char  surrounded by cold 
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W a l l s  ( T p > >  Tw). Then according t o  Eq. 4, 

If T is  known, then E v c a n  be determined and vice-versa. 

The f i r s t  example is f o r  c h a r  under  c o n d i t i o n s  where t h e  p a r t i c l e s  f i r s t  r e a c h  
e q u i l i b r i u m  w i t h  a h e a t e d  t u b e  r e a c t o r  (ETR) and t h e n  ex i t  t h e  r e a c t o r  and  p a s s  t h e  
PT-IR aperture. The reac tor  has been described previously (12-14). The gas-par t ic le  
mixture cools  about 75% between the reac tor  and the  FT-IR focus a s  determined wi th  a 
thermocouple  (14). I n  Pig. 3 we show t h e  r a d i a n c e ,  (R,,), 1- t r a n s m i t t a n c e .  (l-T,), 
and the  normalized radiance, (R% ), from char  emerging from the HTR a t  a temperature 
of 983 K. (1-7~) is a measure of t h e  i n t e r s e c t e d  s u r f a c e  a r e a  of p a r t i c l e s ,  i.e., 4% 
of t h e  beam i s  blocked. The n o r m a l i z e d  r a d i a n c e  i s  compared w i t h  a number of g r e y  
body c u r v e s  a t  d i f f e r e n t  v a l u e s  of  c o n s t a n t  E .  6 - 0.87 c u r v e  a t  1000 K g i v e s  
bes t  f i t  wi th  the  experimental  data. The temperature is i n  good agreement with the  
thermocouple measurement. 

The second example is f o r  l i g n i t e  p a r t i c l e s  a t  a t e m p e r a t u r e  of 7 8 2  K. b e f o r e  any 
pyrolysis  has  occurred. The normalized radiance spectrum i n  Fig. 4a is compared t o  a 
grey-body ( e =  .90) a t  t h e  a v e r a g e  thermocouple  t e m p e r a t u r e  of 782 K. Whi le  t h e  
previously formed char  shows a grey-body shape c lose  t o  the  average temperature, the 
l i g n i t e  does not have a grey-body shape. The black-body and experimental  curves a r e  
c l o s e  only  i n  t h e  range1600-1000 cm-1 v h e r e  t h e  e m i s s i v i t y , c a l c u l a t e d  from Eq.5, 
( P i g  4b) is c l o s e  t o  0.9. These and o t h e r  measurements  (12-16) show t h a t  t h e  
p a r t i c l e ' s  e m i s s i v i t y  is s i z e  and t e m p e r a t u r e  dependent. For  t h e  s i z e  of c o a l  
p a r t i c l e s  u s e d  h e r e ,  o n l y  s p e c i f i c  b a n d s  b e t w e e n  1 6 0 0  cm-l a n d  1000 cm-l 
(corresponding t o  t h e  s t ronges t  absorpt ion bands i n  coal)  have a s p e c t r a l  emit tance 
n e a r  0.9. 

The r e s u l t  can be understood by considering t h a t  a p a r t i c l e ' s  emit tance is r e l a t e d  t o  
i t s  absorbance.  By K r i c h o f f ' s  l a w ,  p a r t i c l e s  w i l l  e m i t  o n l y  where t h e y  have 
absorpt ion bands. As  discussed by I io t te l  and Sarofim (17), f o r  l a r g e  p a r t i c l e s  (where 
d i f f r a c t i o n  can be neglected) the  absorpt ion can be ca lcu la ted  from geometr ical  o p t i c s  
c o n s i d e r i n g  a l l  p o s s i b l e  r a y s  through t h e  p a r t i c l e s .  The a b s o r p t i o n  w i t h i n  t h e  
p a r t i c l e  can be ca lcu la ted  using absorbance values measured by the  KBr p e l l e t  method 
(15,18). F i g u r e  4 c  shows t h e  absorbance  measured by t h e  K B r  p e l l e t  method. The 
correspondence between t h e  high absorbance bands and the  regions of high emiss iv i ty  
a r e  apparent. The most s i g n i f i c a n t  d i f fe rence  between the  spec t ra  of Pigs. 4a and 4c 
is the  presence of a s teeply  s loping background going toward la rge  wavenumbers i n  the  
p e l l e t  spec t rum (Fig. 4c) and i t s  absence  i n  t h e  e m i t t a n c e  spec t rum (Pig. 4b). The 
p e l l e t  spectrum i s  from a t ransmission measurement which does not d i s t i n g u i s h  between 
the  absorpt ion and s c a t t e r e d  components of the  t o t a l  c ross  section. This  problem i s  
t rea ted  i n  the sec t ion  on Calculated Emissivity. 

The emit tance v a r i e s  wi th  p a r t i c l e  s i z e  as shown i n  Pig. 5. 
particle s i z e s  and approaches the  black-body curve f o r  l a r g e  s i z e  par t ic les .  

The s p e c t r a l  emit tance v a r i e s  with rank a s  shown i n  Fig. 6. The s t ronges t  f e a t u r e  i s  
the  emit tance above 1700 wavenumbers which increases  above 90% carbon. The increase 
i n  emit tance above 90% carbon is cons is ten t  with a corresponding increase  i n  the broad 
s l o p i n g  absorbance  observed  i n  KBr p e l l e t  s p e c t r a  f o r  h igh  carbon c o a l s .  T h i s  
absorbance  is b e l i e v e d  t,o be due t o  e l e c t r o n i c  a b s o r p t i o n  of m u l t i - r i n g  a r o m a t i c  
hydrocarbons (19). The Emit tance of a n t h r a c i t e  is c lose  t o  grey body. The s p e c t r a l  
emit tance v a r i a t i o n  with rank is cons is ten t  wi th  the  func t iona l  group v a r i a t i o n  vith 
rank. 

P 

The 

R t i s  s m a l l e s t  f o r  smal l  
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Having demonst ra ted  t h a t  t h e  F IR method d e s  g i v e  a n  a p p r o p r i a t e  t e m p e r a t u r e  
a s s u m i n g e Z O . 9  in t h e  1600 cm-l-to 1000 cm-' r e g i o n ,  t h e  t e c h n i q u e  was used  t o  
d e t e r m i n e  p a r t i c l e  t e m p e r a t u r e s  f o r  non- i so thermal  c o n d i t i o n s  i n  t h e  HTR r e a c t o r  
(13,14). Figure 7 shows the  E/T spec t ra  f o r  increasing t i m e  i n  t h e  reactor .  The 
FT-IR temperatures a r e  i n  good agreement (wi th in  25%) with ca lcu la ted  temperatures 
and temperatures measured wi th  a thermocouple (14). 

We can a l so  observe i n  Fig. 7, changes in emit tance of p a r t i c l e s  a s  a func t ion  of the 
ex ten t  of pyrolysis. A t  883 K a l l  the  bands present  i n  coa l  can be seen, except t h a t  
the hydroxyl peak is not iceably  depleted. A t  963 K a broad continuum, c h a r a c t e r i s t i c  
of char ,  is beginning to  grow. By 1050 K we see almost a grey-body continuum with CO2 
and H20 peaks superimposed.  From t h e  s p e c t r a  d i s c u s s e d  so f a r  we c a n  say  t h a t  t h e  
s p e c t r a l  e m i t t a n c e  of  l i g n i t e  of t h i s  s i z e  range  i n c r e a s e s  c o n t i n u o u s l y  w i t h  
p y r o l y s i s ,  r e a c h i n g  a c o n s t a n t  maximum of about  0.9 when p y r o l y s i s  is s e n s i b l y  
complete. The  r e l a t i o n s h i p  of t h e  development of the continuum char spectrum wi th  the 
ex ten t  of pyro lys i s  w i l l  be t h e  subjec t  of a f u t u r e  invest igat ion.  

The o ther  examples a r e  from a reac tor  where the  p a r t i c l e s  a re  surrounded by hot walls. 
For the  case where t h e  p a r t i c l e s  a r e  a t  w a l l  temperature, T = Tu, Eq. 4 reduces to  P 

F i g u r e  8a d i s p l a y s  RQ in one such  case .  In t h i s  c a s e  w e  d o n ' t  have  t o  i n c l u d e  
p a r t i c l e  emittance in t h e  ana lys i s .  a s  it can be shown and Eq. 6 ind ica tes ,  t h a t  any 
lack of emittance must be made up by sca t te red  and r e f l e c t e d  radiat ion.  Indeed, the  
normalized emission i s  c lose  i n  shape and amplitude t o  a black-body a t  the measured 
window he ight  w a l l  t e m p e r a t u r e  (1225 K). The d e t e r m i n a t i o n  of T when T i s  of t h e  
same order  of magnitude a s  Tu requi res  a knowledge of & a t  some wa$enumberPand use of 
the  complete express ion  f o r  (Eq. 4). Examples a r e  discussed in re ference  (11). 

Two addi t iona l  examples a r e  shown f o r  the  case T << Tu. Then Eq. 4 reduces t o  P 

R: = (1- R ~ T ~ )  (7 )  

F i g u r e  8b i s  f o r  KC1. a non-absorb ng p a r t i c l e  and Fig.  8 c  is f o r  c o a l  which a b s o r b s  

body curve  a t  t h e  w a l l  t e m p e r a t u r e  of  1060 K. The E / T  spec t rum of t h e  c o a l  sample 
matches t h e  w a l l  black-body i n  regions where t h e  c o a l  is t ransparent  (Le., E&O) but 
is 1 w e r  where the  coa l  has absorpt ion bands. We can determine the emiss iv i ty  e = 1- 
Rn/R (Tu) from these spectra .  The emiss iv i ty  f o r  t h e  l i g n i t e  of Fig. 8c  is shown in 
Fig. 8d. When compared t o  t h e  e m i t t a n c e  f o r  t h e  same c o a l  a t  1 8 2  K i n  Fig. 4b. t h e  
most s i g n i f i c a n t  d i f f e r e n c e  i s  t h e  l a r g e r  hydroxyl  band a t  low t e m p e r a t u r e s  due t o  
hydrogen bonding. 

Composi t ion - A s  i l l u s t r a t e d  in Fig. 2b, t h e  n o r m a l i z e d  r a d i a n c e ,  R:, is t h e  w a l l  
r a d i a n c e  R%Tw) a t t e n u a t e d  o v e r  t h e  chord  d a t  t h e  p a r t i c l e ' s  absorbance  bands. We 
can ,  t h e r e f o r e ,  use  RQ (e.g., Fig.  8 c )  t o  o b t a i n  t h e  absorbance  of t h e  p a r t i c l e  i f  we 
know t h e  average  c h o r d  l e n g t h ,  d. T h i s  has  been done us ing  a r a y  o p t i c s  model and a 
computed probabi l i ty  dens i ty  func t ion  P(d) f o r  a l l  poss ib le  chords d. A more de ta i led  
discussion w i l l  be presented elsewhere (20). Figure 9 shows a comparison between the 
absorbance spec t ra  obtained f o r  the  same coa l  by three  methods: a) a quant i ta t ive  
spectrum (Le. f o r  a known sample densi ty)  of a f i n e l y  dispersed coa l  in a pressed KBr 
p e l l e t ;  b) a non-quantit;jtive photoacoustic spectrum f o r  f i n e  p a r t i c l e s  suspended on a 
t h i n  membrane (21); a n d  c) a q u a n t i t a t i v e  E / T  "absorbance" s p e c t r u m  c o n s i d e r e d  t o  

in s p e c i f i c  bands. By Eq. 7 ,  Rn = R t (Tu) f o r  K C 1 ,  s i n c e  e = 0. Rn matches  t h e  black-  

g 
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a r i s e  from the  black-body furnace spectrum being a t tenuated  by t h e  p a r t i c l e  over some 
ef fec t ive  sample thickness  r e l a t e d  t o  the  shape and s i z e  of the par t ic le .  The d e t a i l s  
Of t h e  a n a l y s i s  t o  o b t a i n  t h e  EfT absorbance  s p e c t r a  from t h e  E f T  s p e c t r a  are 
discussed i n  (20). 

The spec t ra  have a number of s i m i l a r i t i e s  and differences.  To compare t h e  spec t ra ,  it 
should be noted t h a t  the  KBr p e l l e t  absorbance spectrum i s  the sum of absorpt ion plus  
a s loping background due mostly t o  s c a t t e r i n g  of radiat ion.  The KBr p e l l e t  spectrum 
a l s o  has  d i s t o r t i o n  of the bands (a d i p  a t  t h e  high wavenumber s i d e  of the  band and a 
s l o p i n g  t a i l  a t  t h e  low wavenumber s i d e  of t h e  band) due t o  t h e  C h r i s t i a n s e n  e f f e c t  
(22). This e f f e c t  i s  caused by v a r i a t i o n  i n  t h e  r e a l  p a r t  of t h e  index of r e f r a c t i o n  
n e a r  t h e  a b s o r p t i o n  b a n d ,  w h i c h  e f f e c t s  t h e  s c a t t e r i n g  c o n t r i b u t i o n .  The 
photoacoustic spectrum i s  f r e e  of the  s c a t t e r i n g  and Chris t iansen e f f e c t s ,  but i s  non- 
q u a n t i t a t i v e  and a p p e a r s  t o  be more s e n s i t i v e  t o  m i n e r a l  components t h a n  t o  t h e  
o r g a n i c  components. On t h e  o t h e r  hand, t h e  E I T  absorbance  s p e c t r a  i s  f r e e  from 
s c a t t e r i n g  and band d i s t o r t i o n s  and appears i n  reasonable  q u a n t i t a t i v e  agreement wi th  
the absorpt ion component of the  KBr p e l l e t  spectrum. 

- Sire - Size  information can be obtained from the  (1-7) or R$ spectra. Figure 5 shows 
the increase i n  the  emiss iv i ty  with p a r t i c l e  s i z e ,  espec ia l ly  i n  the region above 1700 
wavenumbers. The a v e r a g e  p a r t i c l e  s i z e  c a n  be  d e t e r m i n e d  from R% i f  t h e  complex 
index  of r e f r a c t i o n  of t h e  m a t e r i a l  i s  known. A l t e r n a t i v e l y ,  (1- 7) c o n t a i n s  s i z e  
information f o r  p a r t i c l e s  with D<80 k m .  For example (1-7) i n  Fig. 3b increases  a t  
low wavenumbers ( l o n g  wavelengths)  due t o  d i f f r a c t i o n  e f f e c t s .  The shape  may be 
c a l c u l a t e d  u s i n g  Rayle igh  t h e o r y  f o r  l a r g e  p a r t i c l e s  (23)  o r  Mie t h e o r y  f o r  s m a l l  
p a r t i c l e s  (24). While  t h e  e f f e c t  i s  s m a l l  f o r  p a r t i c l e s  n e a r  80 ,Am d i a m e t e r ,  t h e  
d i f f r a c t i o n  e f f e c t  increases  a s  the  p a r t i c l e s  decrease i n  s ize ,  and i s  very s e n s i t i v e  
to  s i z e  i n  the 1-30 ,&m range. 

cxLcuLKm gMSSIVIry 

The determinat ion of s p e c t r a l  emit tance Is important f o r  two reasons. The f i r s t  is  
t h a t  knowledge of the s p e c t r a l  emit tance i s  necessary f o r  the  measurement of particle 
tempera tures .  The second i s  t h a t  t h e  s p e c t r a l  e m i t t a n c e  or  t h e  e m i s s i v i t y  ( t h e  
average emit tance over a l l  wavelengths) must be known t o  c a l c u l a t e  both t h e  r a t e  of 
p a r t i c l e  heatup and t h e  r a d i a t i v e  energy re leased  by the p a r t i c l e  during g a s i f i c a t i o n  
or  combustion. For smal l  p a r t i c l e s ,  the s p e c t r a l  emit tance i s  usua l ly  not  measured. 
Rather ,  i t  is c a l c u l a t e d  u s i n g  t h e  complex i n d e x  of  r e f r a c t i o n ,  N - n + i k ,  f rom t h e  
s t a n d a r d  e q u a t i o n s  of  e l e c t r o m a g n e t i c  theory .  For s p h e r i c a l  p a r t i c l e s  t h e s e  
ca lcu la t ions  a r e  performed using Mie theory. 

Unfortunately, some controversy surrounds the  value of k f o r  coal. The problem was 
recent ly  considered by Brevster  and Kunitomo (10). Large v a r i a t i o n s  i n  t h e  value of k 
have been r e p o r t e d  i n  t h e  l i t e r a t u r e  r a n g i n g  from l e s s  t h a n  0.1 t o  more t h a n  0.5. 
Brewster and Kunitomo have suggested t h a t  a poss ib le  reason f o r  these discrepancies  i s  
t h a t  previous measurements of k f o r  coal  using r e f l e c t i o n  measurements were highly 
inaccurate  due to  an inherent  l i m i t a t i o n  i n  t h e  a b i l i t y  t o  ge t  s u f f i c i e n t l y  smooth, 
and homogeneous coa l  surfaces. Using a t ransmission technique f o r  s m a l l  p a r t i c l e s  i n  
KBr, they obtained values  of k which a r e  more than an order  of magnitude lower i n  most 
regions of the  spectrum. I f  the  previously measured values  of k a r e  too high, then 
v a l u e s  of e m i s s i v i t y  based on them a r e  a l s o  t o o  high.  Based on t h e  v a l u e s  of 
emiss iv i ty  presented above, t h i s  i s  indeed t h e  case. 

In t h i s  sect ion,  w e  compare the  measured values  of Cvto predic t ions  of Hie theory. 
For these  ca lcu la t ions ,  t h e  value of n and k were determined using KBr and C s I  p e l l e t  
s p e c t r a  f o r  c o a l ,  i n  a n  e x t e n s i o n  of t h e  method of Brewster and Kunitomo (10). The 
r e s u l t s  confirm the  l o w  values  of k measured by Brewster and Kunitomo. 
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To determine N = n + i k  from p e l l e t  spec t ra  we use H i e  theory and the  Kramers-Kronig 
transform. Mietheory i s  a general  so lu t ion  of Maxwell's equat ions f o r  an isotropiC. 
homogeneouz s p h e r e  of i n d e x  of r e f r a c t i o n  N v  inbedded  i n  a medium of index of 
re f rac t ion  N +  (24). In general ,  t h e  complex index of r e f r a c t i o n  contains  a l l  of the  
electromagnet ic  proper t ies  of the  mater ia l ,  but the  r e a l  and imaginary p a r t s ,  n,, , 
and k 9  , must  be Kramers-Kronig t r a n s f o r m s  of  e a c h  o t h e r  (24). P h y s i c a l l y ,  t h i s  
r e l a t i o n s h i p  a r i s e s  by r e q u i r i n g  c a u s a l i t y ,  Le., t h e  m a t e r i a l  cannot  respond t o  
r a d i a t i o n  u n t i l  a f t e r  t h e  i n c i d e n t  r a d i a t i o n  h i t s  t h e  m a t e r i a l .  In p r a c t i c e ,  we 
determine k,, , perform a Fourier  Transform into t h e  time domain, force  c a u s a l i t y  i n  
t h e  t i m e  domain, and t h e n  t r a n s f o r m  back t o  t h e  f r e q u e n c y  domain t o  o b t a i n  n (25). 
The complete descr ip t ion  of t h e  method w i l l  be the  subjec t  of a f u t u r e  publ icat ion,  
but br ie f ly  our procedure f o r  determining n and k i s  as follows: 1) with t r i a l  values  
of n - no ( a  c o n s t a n t )  and k = 0 and a p a r t i c l e  d i a m e t e r  D,  f o r  c o a l  in K B r ,  we use  
Mie theory t o  c a l c u l a t e  a smooth s c a t t e r i n g  curve. 2)  This s c a t t e r i n g  curve, plus a 
c o n s t a n t  t o  account  f o r  r e f l e c t i o n  from t h e  p e l l e t  s u r f a c e ,  i s  s u b t r a c t e d  from t h e  
experimental spectrum and t h e  r e s u l t  i s  assumed t o  be a pure absorption, A- , where 

4TT k r  volume of coal  
A v  2.3026 7- a r e a  of p e l l e t  

3) C a l c u l a t e  k,, f rom Eq. 8 and u s e  t h e  Kramers-Kronig t r a n s f o r m  t o  d e t e r m i n e  t h e  
c o r r e c t i o n  t o  n. 4) Using t h e s e  v a l u e s  of n, k, and D, Mie t eory  i s  used t o  p r e d i c t  
a C s I  p e l l e t  spectrum. S i n c e  t h e  s c a t t e r i n g  above 4000 em-? depends l a r g e l y  on t h e  
product  (ncoal - nmedium)D, t h i s  4 t h  s t e p  a l l o w s  u s  t o  d e t e r m i n e  D and no. T h i s  
procedure i s  repeated u n t i l  w e  can predic t  both the  KBr and C s I  spec t ra  with the  same 
n, k and D. The r e s u l t s  of t h i s  procedure  a r e  shown i n  Fig.  10. F i g u r e  10a and 10b  
a r e  t h e  K B r  and C s I  p e l l e t  s p e c t r a  f o r  a Montana Rosebud coal .  Values  of no - 1.66 
and D = 2.6 microns were found t o  give reasonable f i t s  t o  t h e  data. Figure 1Oc shows 
the  calculated n and k; and Pig. 10d shows t h e  absorbance due t o  k (which now depends 
o n l y  on t h e  c o a l ,  n o t  t h e  p e l l e t  m a t e r i a l ) .  F i g u r e s  10a  and 1 0 b  a l s o  show t h e  
calculated s c a t t e r i n g  cont r ibu t ion  t o  the absorbance spectrum (which depends on the  
difference between t h e  n f o r  the  coal  and medium). The s t r u c t u r e  i n  the  s c a t t e r i n g  
curves i s  t h e  Chris t iansen e f f e c t ,  and as  can be seen from Figs. 10a and lob,  it i s  in 
t h e  opposite d i r e c t i o n  f o r  the  KBr and C s I  pe l le t s .  Figure 10d shows the  calculated 
t o t a l  spectrum f o r  the  C s I  p e l l e t  which i s  the sum of the  absorpt ion and s c a t t e r i n g  
comparison w i t h  t h e  measured s p e c t r a  (Fig. Lob). The agreement  f a  q u i t e  good, most 
obviously f o r  the  Chr is t iansen  e f f e c t  on t h e  minimum near 1700 cm- . 
For a p a r t i c l e  rad ius  of 25 microns, we use Mie theory wi th  the n v  and k- from Fig. 
1Oc t o  predict  the  emit tance spectrum of cold coal, Fig. 10e. This is compared t o  the 
measured emit tance i n  Fig. 10f. The agreement is good. 
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Figure 1. FT-IR Spectrometer with External 
Cell  o r  Reactor. 
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Figure 3. a )  Radiance, b) (1-transmittance) 
and c )  Normalized RadianceR/(l-Y) from Char 

Figure 2 .  Measurement Geometry. a )  Gemetry previously formed a t  13OO0C a t  an Asymptotic 
of Transmission Measurement snowing t h e  Incident Tube Temperature of 
Beam Refracted by the Par t ic le  Out of the Beam; Distance. In c )  the Experimental Data is 
b) Geometry of Radiance Measurement showing merlayed by 3 Black-body curves, the 1000 K 
Wall Radiance Refracted through a Par t ic le  to  being the Best Fit. 
the Detector. 

K, 115 cm Reaction 
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Figure 6 .  
a )  Normalized Radiance, b) Spectral  Emittance. 
and c )  KBr P e l l e t  Spectrum. 
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Figure 5 .  
Size Fractions of North Dakota L ign i te .  
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APPLICATIOU OF rCalPT-IR M STUDY WpochlwIR SIBDcmpB bw QHgnCS 

Carangelo, R. M. and Solomon, P. R. 
Advanced Fuel  Research, Inc., 87 Church S t r e e t ,  E. Hartford, CT 06108 

and Gerson. D.J., IBn Instrument, Danbury. CT 06810 

For the  c h a r a c t e r i z a t i o n  of f o s s i l  fuels .  thermal ana lys i s  methods have proven t o  be a 
usefu l  technique f o r  probing the  organic  and mineral  composition of these typ ica l ly  
insoluble  mater ia ls .  I n  thermal  ana lys i s ,  t h e  sample is taken through a temperature 
excursion and its weight l o s s  or evolved products are monitored. Examples include: 
t h e  use  of t h e r m o g r a v i m e t r i c  a n a l y s i s  (TGA) f o r  performing coa l  proximate ana lys i s  
(1); p y r o l y s i s  w i t h  d e t e c t i o n  of  t o t a l  hydrocarbons  f o r  pe t ro leum s o u r c e  rock  
e v a l u a t i o n  (2 .3 )  and p y r o l y s i s  w i t h  t r a p p i n g  of evolved  p r o d u c t s  f o r  a n a l y s i s  by GC 
f o r  source rocks and sediments (4-7). 

This paper descr ibes  a new instrument  which couples thermogravimetric ana lys i s  (TGA) 
w i t h  evolved gas a n a l y s i s  (EGA) performed wi th  a Fourier  Transform Inf rared  (FT-IR) 
s p e c t r o m e t e r .  A u n i q u e  f e a t u r e  of  t h e  s y s t e m  is i t s  a b i l i t y  t o  provide  cont inuous  
m o n i t o r i n g  of t h e  i n f r a r e d  s p e c t r a  of e v o l v i n g  l i q u i d s  a s  w e l l  a s  q u a n t i t a t i v e  
a n a l y s i s  of gases  during pyrolysis  or other  react ions.  The complementary TGA/EGA da ta  
provide a weal th  of information regarding composition, s t r u c t u r e ,  and k i n e t i c s  for  
hydrocarbons. This technique o f f e r s  advantages compared t o  GC in speed, and compared 
to  GC and HS i n  a b i l i t y  to  i d e n t i f y  heavy t a r r y  mater ia ls .  FT-IR s t u d i e s  of chars and 
tars a t  var ious s t a g e s  of pyro lys i s  by KBr p e l l e t s  help complete the  s t o r y  by showing 
what func t iona l  groups i n  t h e  sample a r e  a c t u a l l y  changing  when s p e c i f i c  p y r o l y s i s  
products are released.  While the  instrument  t y p i c a l l y  provides slower sample heat ing 
than IE encountered i n  p r a c t i c a l  coa l  conversion processes, the  u s e  of slow heating i n  
p y r o l y s i s  e x p e r i m e n t s  p r o v i d e s  d a t a  on i n d i v i d u a l  r e a c t i o n s  which o f t e n  cannot  be 
d i s t i n g u i s h e d  in f l a s h  p y r o l y s i s  because  t h e y  o c c u r  s i m u l t a n e o u s l y .  Slow h e a t i n g  
c o n d i t i o n s  o f t e n  r e s o l v e  such  r e a c t i o n s  i n t o  s e p a r a t e  g a s  e v o l u t i o n  peaks. These 
peaks provide low temperature  da ta  f o r  gas evolut ion kinet ics .  

This  apparatus has  been used t o  analyze coal ,  char, t a r ,  l ign ins .  wood, polymers, o i l  
s h a l e  and s o u r c e  rock. The t e c h n i q u e  h a s  been u s e f u l  i n  e l u c i d a t i n g  t h e  s o u r c e  and 
k i n e t i c s  of many of the  pyro lys i s  products of t h e  above hydrocarbons. The technique 
w i l l  be discussed and examples presented for severa l  mater ia ls .  

- 

- 
The a p p a r a t u s .  i l l u s t r a t e d  in Fig.  1, c o n s i s t s  o f  a sample  suspended from a ba lance  
( H e t t l e r ,  model AE160) i n  a gas s t ream wi th in  a furnace. As the  sample is heated, the  
e v o l v i n g  t a rs  and  g a s e s  a r e  c a r r i e d  o u t  of  t h e  f u r n a c e  d i r e c t l y  i n t o  a gas  c e l l  f o r  
a n a l y s i s  by FT-IR (IBM Instruments ,  model I R  85). The FT-IR can obta in  spectra  every 
0.2 s e c  to  q u a n t i t a t i v e l y  d e t e r m i n e  t h e  e v o l u t i o n  r a t e  and c o m p o s i t i o n  of most 
p y r o l y e i s  products .  The sys tem a l l o w s  t h e  sample  t o  be  h e a t e d  in a g a s  f low of 
a r b i t r a r y  composition on a preprogrammed temperature  p r o f i l e  a t  r a t e s  between 3'C/min 
and  100°C/sec up t o  a t e m p e r a t u r e  between 20°C and 1000°C and h e l d  f o r  a s p e c i f i e d  
t i m e .  The system continuously monitors t h e  time dependent evolut ion of: i) the  gases 
( i n c l u d i n g  s p e c i f i c  i d e n t i f i c a t i o n  of t h e  i n d i v i d u a l  s p e c i e s  s u c h  a s ,  CO, COg,H20, 
CH4, CZH6, C2H4. CZHZ.  C 3 H 8 ,  benzene,  heavy p a r a f f i n s ,  heavy o l e f i n s .  HCN, H C 1 ,  NH3, 
S02. CSz, COS. CHJOH, CH3COOH and CH3COCH3; i i )  tar amount and inf ra red  spectrum with 
i d e n t i f i a b l e  bands from the  func t iona l  groups); and i i i )  weight of the  non- v o l a t i l e  
m a t e r i a l  (char  plus  mineral  components). An analys is  of C, 8, and S in the residue a t  
t h e  end of t h e  e x p e r i m e n t  c a n  be o b t a i n e d  by i n t r o d u c i n g  oxygen t o  burn t h e  r e s i d u e  
and measuring the  combustion products. 
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APPLICATIONS 

C o a l  P y r o l y s i S  - We c o n s i d e r  f i r s t  t h e  u s e  of  t h e  TGA/EGA t o  f o l l o w  t h e  pyrOlYsiS 
chemistry of coal. Figure 2 presents  a s e r i e s  of spec t ra  obtained during p y r o l y s i s  a t  
0.5'C/sec. The s p e c t r a  show a b s o r p t i o n  bands f o r  CO. C O z ,  CH4, H 2 0 .  SOg, C O S ,  and 
C2H4. The s p e c t r a  
a l s o  show a l i p h a t i c ,  a r o m a t i c .  hydroxyl  and e t h e r  bands from t a r ,  which form a n  
aerosol. Figure 3 shows spectra  during t a r  evolut ion which i d e n t i f i e s  these  bands. 
The h i g h e r  a r o m a t i c  c o n t e n t  of  t h e  h i g h e r  rank  c o a l s  i s  e v i d e n t .  A t  t h e  end of t h e  
run the  temperature was reduced t o  700% and oxygen w a s  added t o  the  flow t o  combust 
the  remaining char. 

In tegra t ions  over s p e c i f i c  regions of the spec t ra  provide the concentrat ions of each 
s p e c i e s  a s  a f u n c t i o n  of t ime a s  shown i n  Fig. 4. E v o l u t i o n  c u r v e s  a r e  shown f o r  8 
species. The t a r  weight i s  determined from i t s  concentrat ion of a l i p h a t i c ,  a romat ic  
and e t h e r  f u n c t i o n a l g r o u p s .  In a d d i t i o n ,  t h e  a b s o r p t i v i t i e s  of  e a c h  s p e c i e s  have  
been c a l i b r a t e d  t o  p r o v i d e  t h e  weight  l o s s  f o r  e a c h  s p e c i e s ,  which i s  a l s o  p l o t t e d .  
The ind iv idua l  cons t i tuents  can be summed and compared wi th  the char  weight loss, a s  
shown in Fig. 4. The d i r e c t l y  measured weight l o s s  i s  very c lose  t o  tha t  determined 
from the  ind iv idua l  species. The f i n a l  evolut ion of H20, COz, and SO2 determines the  
C. H and S composition of the char. 

For coa l ,  t h e  r e l a t i v e  pyrolysis  k i n e t i c s  can be determined from the  pos i t ion  of t h e  
peaks (8-11). Figure 5 compares the t a r  evolut ion peaks f o r  coa ls  of increas ing  rank. 
There i s  a systematic  s h i f t  from l i g n i t e s  (lower temperature peaks. higher  r a t e s )  t o  
bituminous coals  (higher temperature peaks, lower ra tes) .  The pyro lys i s  k i n e t i c s  can 
be cor re la ted  wi th  the  coals '  i g n i t i o n  propert ies .  

The r e a c t i v i t i e s  of t h e  coa l  char  can a l s o  be s tudied by dropping the  temperature  a t  
t h e  end of pyrolysis  from 900°C t o  a lower temperature (eg. 300 - 45OOC) and measuring 
the  weight loss r a t e  when oxygen i s  added. 

S u l f u r  Forms - Because of the  problems of ac id  r a i n ,  the  determinat ion of s u l f u r  
f o r m s  (e.& p y r i t e ,  ca lc ium s u l f a t e .  t h i o l s ,  t h i o p h e n e s ,  e t c )  i s  i m p o r t a n t  i n  
evaluat ing energy resources. Methods employing reduct ive  (12.13) and oxida t ive  (14) 
pyrolysis  at a programmed heat ing r a t e  have been employed. These methods a r e  based on 
t h e  concept  t h a t  t h e  d i f f e r e n c e s  in r e a c t i v i t y  of  e a c h  s u l f u r  form w i l l  r e s u l t  i n  
separa te  evolut ion peaks. Using the TGAIEGA, the  determinat ion of s u l f u r  spec ies  can 
be made by f o l l o w i n g  t h e  e v o l u t i o n  of SO2, COS, CS2 and H2S. T h i s  method o f  
d e t e r m i n i n g  s u l f u r  s p e c i e s  i s  an improvement  of t h e  r e d u c t i v e  p y r o l y s i s  method 
proposed by At ta r  (12,13) because of t h e  addi t ion  of COS, CS2 and SO2 species. F igure  
6 presents  the SO2 evolut ion curves from severa l  coals. The p r o f i l e s  a r e  reproducib le  
f o r  repeat  analyses. They show peak evolut ion p r o f i l e s  ind ica t ive  of separa te  spec ies  
as t h e i r  source.  Some peaks a p p e a r  i n  a l l  s a m p l e s  (e.& t h e  peak a t  300°C). The 
Kentucky c o a l  which has  t h e  h i g h e s t  p y r i t e  c o n t e n t  has  a l a r g e  peak a t  a b o u t  500°C. 
Also, i t  i s  i n t e r e s t i n g  t h a t  w h i l e  t h e  h i g h  rank  c o a l s  r e t a i n  much of t h e  s u l f u r  i n  
t h e  c h a r  (which i s  r e l e a s e d  a s  SO2 d u r i n g  t h e  combust ion  c y c 1 e ) t h e  l i g n i t e  r e t a i n s  
v e r y  l i t t l e .  The a d d i t i o n  of oxygen t o  t h e  v o l a t i l e s  shows a d d i t i o n a l  s u l f u r  
e v o l u t i o n .  These S O 2  e v o l u t i o n  c u r v e s ,  t o g e t h e r  w i t h  t h o s e  of COS and CSz must  be  
ana lyzed  t o  d e t e r m i n e  whether  a r e l a t i o n  t o  s p e c i f i c  s u l f u r  f o r m s  can  be  o b t a i n e d .  
S u l f u r  i d e n t i f i c a t i o n  could  a l s o  be made under  o x i d i z i n g  c o n d i t i o n s  a s  i n  t h e  
oxida t ive  thermal ana lys i s  method discussed by LaCount (14). 

Sources  for Evolved P r o d u c t s  - An e x c e l l e n t  way of s t u d y i n g  t h e  c h e m i s t r y  o f  
hydrocarbon pyrolysis  i s  t o  combine ana lys i s  of the evolved products wi th  an a n a l y s i s  
of t h e  source of the evolved products. Figure 7 presents  a series of i n f r a r e d  s p e c t r a  
of chars  obtained by stopping the  pyro lys i s  a t  in te rmedia te  temperatures. The l o s s  of 

I n  o t h e r  samples ,  bands f o r  H C 1 ,  NH3, and HCN c a n  be i d e n t i f i e d .  

I 
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f u n c t i o n a l  groups  in t h e  c h a r  can  be c o r r e l a t e d  w i t h  t h e  appearance  of t h e  evolved  
products .  For  example.  t h e  l o s s  of a l i p h a t i c  C-R ( p l o t t e d  as s o l i d  c i r c l e s )  is 
c l e a r l y  c o r r e l a t e d  w i t h  t h e  appearance  of t h e  t a r  as shown i n  Fig. 4a. S i m i l a r  
c o r r e l a t i o n s  can be made between methyl group l o s s  and methane evolut ion,  and e t h e r  
group l o s s  and carbon monoxide evolution. 

An e x t e n s i o n  o f  t h e  method i s  t o  employ l a b e l e d  f u n c t i o n a l  groups in t h e  o r g a n i c  
mater ia l .  As an example, w e  consider  perdeutero-methylated coa l  (15). The coal  was 
c h e m i c a l l y  a l t e r e d  by s u b s t i t u t i n g  CD3 groups  f o r  H on a l l  h y d r o x y l a n d  c a r b o x y l  
g r o u p s  in t h e  coa l .  The d e c o m p o s i t i o n  of  t h e s e  groups  is s t u d i e d  by f o l l o w i n g  t h e  
a p p e a r a n c e  of d e u t e r a t e d  compounds in t h e  p y r o l y s i s  products .  In t h e  i n f r a r e d  
spec t ra ,  t h e  deutera ted  compounds a re  s h i f t e d  wi th  respect  t o  t h e i r  hydrogen analogs. 
F igure  8 presents  t h e  evolut ion of CD3H which occurred j u s t  below 450%. To study the 
s o u r c e  f o r  t h i s  p r o d u c t ,  c h a r s  were p r e p a r e d  by h e a t i n g  t o  300, 400, 500 and 600% 
The i n t e n s i t y  of  t h e  CD3 g r o u p s  i n  t h e  c h a r  a r e  a l s o  p l o t t e d  ( s o l i d  c i r c l e s )  on Fig. 
8 .  and it  is c l e a r  t h a t  t h e  loss of CD3 g roups  in t h e  c h a r  matches t h e  appearance  of 
CD3H i n  the  gas. 

The chemistry learned  from t h i s  set of experiments is most re levant  t o  very low rank 
c o a l s  and l i g n i n s  which have  methoxyl  groups. P y r o l y s i s  e x p e r i m e n t s ,  a t  a h e a t i n g  
r a t e  of  30°C/min. w e r e  per formed on s e v e r a l  s a m p l e s  i n c l u d i n g :  a)  a l i g n i n ,  b) a 
c o a l ,  c )  a m e t h y l a t e d  c o a l ,  d )  t h e  p e r d e u t e r o - m e t h y l a t e d  c o a l ,  e) a polymer w i t h  
methoxyl groups and f )  the same polymer wi th  methyl groups. Where methoxyl groups a r e  
present  (a,c,d,e, and f )  t h e r e  is a methane peak a t  a cons is ten t  temperature of 450'C. 
independent of the  o t h e r  reac t ions ,  such as t a r  formation. In the  absence of methoxyl 
g r o u p s ,  methane  e v o l u t i o n  s t a r t s  c o i n c i d e n t  w i t h  t a r  f o r m a t i o n  o r  a t  500°C. The 
i n t e r p r e t a t i o n  is t h a t  t h e  methoxyl  groups  decay  v i a  h o m o l y t i c  c l e a v a g e  of t h e  
r e l a t i v e l y  weak 0-C bond t o  form methyl  groups  which a b s t r a c t  hydrogen t o  form 
methane. I n  t h e  absence of methoxyl groups, i n i t i a l  methane evolut ion comes from a 
s u b s t i t u t i o n  r e a c t i o n  i n  which H rad ica ls ,  bel ieved t o  be formed during t a r  evolution, 
r e p l a c e  t h e  methyl  groups.  In t h e  absence  of H r a d i c a l s ,  methane e v o l u t i o n  above 
500% comes from homolytic cleavage of methyl groups. 

O i l  Shale - To provide a survey of the y i e l d s  from reac t ions  occurr ing i n  oil 
as a func t ion  of temperature ,  TGA/EGA analyses  were performed on samples of shale  a t  a 
h e a t i n g  r a t e  of  30°C/min f rom 0 t o  900°C a t  1 atmosphere.  F i g u r e  9 a  p r e s e n t s  t h e  
weight loss as  a func t ion  of temperature f o r  a 350 mg sample of an I s r a e l i  o i l  shale. 
F igures  9c-91 present  the evolu t ion  r a t e  ( i n  a r b i t r a r y  sample uni t s )  as a funct ion of 
t e m p e r a t u r e  f o r  t h e  major  evolved  s p e c i e s ;  oil, COS, SOz,  methane, e t h y l e n e ,  C 0 2 ,  
water. and CO. The ind iv idua l  cont r ibu t ions  t o  the  weight loss a r e  a l s o  presented on 
each figure. The sum of these  cont r ibu t ions  is presented in Fig. 9b. 

The weight l o s s  (Figs. 9a and 9b) occurs over t h r e e  regions. The f i r s t ,  below 150°C, 
is due to  the  l o s s  of moisture. Between 300 and 60OoC the  main source of weight loss 
is from oil evolution. There i s  a l s o  a s i g n i f i c a n t  cont r ibu t ion  from COz and minor 
c o n t r i b u t i o n s  from CO, 820. hydrocarbon gases, and s u l f u r  species. It is i n t e r e s t i n g  
t h a t  COS and  SO2 e v o l u t i o n s  p r e c e d e  t h a t  o f  t h e  o i l .  Weight l o s s  above 700OC is due 
t o  c a r b o n a t e  d e c o m p o s i t i o n  t o  produce COz and some CO. The main source  o f  t h e  h i g h  
temperature  COz is t h e  ca lc i te .  

An i m p o r t a n t  f e a t u r e  of this a n a l y s i s  is t h e  a b i l i t y  t o  d e t e r m i n e  t h e  i n f r a r e d  
s p e c t r u m  f o r  e v o l v e d  oil. F i g u r e  10  compares  t h e  o i l  spec t rum of  a n  e a s t e r n  and a 
Colorado  o i l  s h a l e .  As c a n  be seen ,  t h e  E a s t e r n  s h a l e  oil h a s  a h i g h e r  l e v e l  of 
a r o m a t i c  components. T h i s  i s  in agreement  w i t h  t h e  o b s e r v a t i o n  t h a t  t h e  o r g a n i c  
material i n  t h e  Eas te rn  s h a l e s  are more aromatic. 

Methylated c o a l s  a l s o  produce methanol a t  low temperatures. 

shale  
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Information can a l s o  be obtained on the  temperature, Tmax of t h e  o i l  peak (S2 peak). 
Figure 11 compares a Colorado and an I s r a e l i  o i l  shale. Tmax f o r  t h e  I s r a e l i  s h a l e  
a p p e a r s  t o  be about  20°C lower  than  Tmax f o r  t h e  Colorado  oil sha le .  T h i s  i s  
consis tent  wi th  the observat ion tha t  the  I s r a e l i  o i l  s h a l e  is more prone t o  cracking 
under p y r o l y s i s  (16). 

O i l  Source Rock - The objec t ive  in petroleum source rock evaluat ion is t o  determine 
the petroleum generat ion p o t e n t i a l  of the sample and its r e l a t i o n s h i p  t o  neighboring 
samples. ( the height o r  area under t h e  
f i r s t  o i l  e v o l u t i o n  peak) ,  S 2  ( t h e  h e i g h t  o r  a r e a  under  t h e  second o i l  e v o l u t i o n  
peak) and Tmax ( the  temperature of the  maximum of the second peak). We employed t h e  
TCA/EGA a n a l y s i s  of the a l i p h a t i c  peak t o  determine the  evolu t ion  r a t e  and in tegra ted  
weight  loss f o r  s e v e r a l  samples  of s o u r c e  rock. Examples of t h e  e v o l u t i o n  of t h e  
a l i p h a t i c  components f o r  severa l  source rock samples are presented in Fig. 14. The 
f i g u r e  shows t h e  e v o l u t i o n  r a t e  and t h e  i n t e g r a t e d  w e i g h t  l o s s .  A compar ison  of 
r e s u l t s  of the  TGA/EGA with r e s u l t s  obtained a t  Woods Hole Oceanographic I n s t i t u t e  
(17) a r e  presented i n  Table I. 

Current methods determine t h e  parameters S1, 

W L E  I 

SAMPLE s1 52 
Ueight X Ueight X 

S. Meade .007 .070 
2930-2960 .015 .055 

S.  Meade .009 .040 
6100 .040 .040 

Ikpikpuk -010 1.0 
790 .010 4.0 

I cw 
490 Pyroprobe (WHOI) 
470 TGA/EGA ( A F R )  

540 Pyroprobe (WHOI) 
505 TGA/EGA (AFR) 

500 Pyroprobe (WHOI) 
450 TCA/EGA (AFR) 

The values a r e  i n  q u a l i t a t i v e  agreement. The TGA/EGA y i e l d s  a r e ,  however, t y p i c a l l y  
higher. This  may be reasonable in view of the poss ib le  l o s s e s  of some heavy spec ies  
i n  t h e  pyroprobe sample t r a n s f e r  l ines .  

s m - f  

For coal ,  the  TCA/EGA is capable of providing a proximate analysis .  In  addi t ion.  t h e  
a n a l y s i s  p r o v i d e s  not  on ly  t h e  t o t a l  v o l a t i l e  m a t e r i a l ,  b u t  a l s o  t h e  i n d i v i d u a l  
v o l a t i l e  species. The r e l a t i v e  amounts of oxygen and hydrocarbon spec ies  provide a 
good measure of rank and the concentrat ion of func t iona l  groups. The evolut ion of 
s u l f u r  s p e c i e s  provide  d a t a  on t h e  s u l f u r  forms. I g n i t i o n  and c h a r  r e a c t i v i t y  
i n f o r m a t i o n  can a l s o  be obta ined .  The changes i n  t h e  c o a l  f u n c t i o n a l  group 
composi t ion  d u r i n g  p y r o l y s i s  a s  de te rmined  by FT-IR a r e  w e l l  c o r r e l a t e d  w i t h  t h e  
evolved products ( a l s o  determined by FT-IR). Analysis of o i l  s h a l e s  and source rocks 
a l s o  p r o v i d e s  u s e f u l  d a t a  on t h e  o r g a n i c  s t r u c t u r e ,  y i e l d  and r e a c t i v i t y  of t h e s e  
mater ia ls .  

Am- 
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shale  was sponsored by PAMA ( I s r a e l i  Resources LTD). The authors  would l i k e  t o  thank 
Ron L i o t t a  of Exxon Research  and E n g i n e e r i n g  Company f o r  s u p p l y i n g  t h e  sample  of 
perdeutero-methylated coal, and Jean Whelan of Woods Hole Oceanographic I n s t i t u t e  f o r  
the source rock samples and data. 
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Figure 1. Schematic  of TGAIU;A* F i g u r e  3. Spectra of Evolved Products  
Showing Tar Absorp t ion  Bands During 
P y r o l y s i s  of Two Bituminous Coals and 
a L i g n i t e .  
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Figure 7. FT-IR Spectra of Chars at 
Successive Stages of Pyrolysis for ZAP 
North Dakota Lignite. 

- Inert - 

ZAP- ,cs\ 
900 

300TEMPE#URE OC 
Figure 6. 
and a Lignite. The Curves for the Kentucky 
Bituminous are Present with and without 
Oxidation of Volatiles. 

SO2 Evolutions from Two Coals 

0.030 

0,025 

0 I000 

-0,005 
0 200 600 900 

TEMPERATURE OC 
Evolution of CD H Duriq Figure 8.  

Pyrolysis of Perdeutero-Metsylated Coal. 
Heating Rate - 30°C/min. 

159 



100 

90 

80 

70 

60 

50 
100,o 

99,9 

99,8 

99,7 

99,s 

99,5 

3 

\ 
L 

100 

90 

80 

70 

60 

50 
0 300 600 900 

Gases 7 

1 

L hH20T 
f -1 

cos 

4 

0 300 600 900 0 300 600 91 

TEMPERATURE OC 
Figure 9 .  
I s r a e l i  Oil Shale.  
from Individual Gases. 
Individual Gas Species.  

Thermogravimetrlc/Evolved Gas Analysis (TGA/EGA) of 
a)  Measured Weight Loss, b) Sum of Weight Loss 

c - i )  Evolution Rate and Weight Loss from 
Heating Rate = 30°C/min. 

160 



i 
I 

SSOl l H 9 l 3  

161 



1 

INTERACTION BETWEEN COAL AND METHANE 

IN RELATION TO ENHANCEMENT I N  ETHYLENE YIELD 
DURING ENTRAINED-FLOW FLASH PYROLYSIS 

Muthu S .  Sundaram* and Meyer S te inberg  
Process Sciences D i v i s i o n  

Brookhaven Nat ional  Laboratory 
Upton, NY 11973 

ABSTRACT 

The f l a s h  p y r o l y s i s  o f  coal i n  a methane atmosphere leads t o  a s i g n i -  
f i c a n t  improvement i n  t o t a l  ethylene produc t ion  by comparison w i t h  p y r o l y -  
s i s  i n  an i n e r t  hel ium atmosphere. A study was undertaken t o  determine 
t h e  f r a c t i o n a l  c o n t r i b u t i o n  o f  coal  and methane feed toward format ion o f  
ethylene. The a n a l y t i c a l  method e n t a i l s  de terminat ion  f 1 3 C  d i s t r i b u t i o n  

a l k y l  s ide  chains ( o r  polymethylene mo i t i es )  o f  coal ,  which are  considered 
t o  be l i k e l y  p recursors  f o r  ethylene, was found t o  be h igher  than i n t h e  
remaining carbon skeleton. The data ava i l ab le  show an i n t e r a c t i o n  between 
methane and coal  du r ing  en t ra ined- f low f l a s h  p y r o l y s i s  o f  coal w i t h  
methane w i t h  respec t  t o  the  increase i n  ethylene y i e l d .  A t  1000°C and 50 
p s i  methane, w i t h  a methane t o  coal r a t i o  o f  1.2, ethylene concent ra t ion  
i n  the  product stream i s  1.3% by volume. O f  t h i s ,  41.8% i s  produced from 
coal  and t h e  remain ing  58.2% i s  f rom methane feed. This corresponds t o  a 

i n  coal ,  methane feed, and product ethylene. The 13 C d i s t r i b u t i o n  i n  

from methane and 1.6% from coal .  carbon conversion o f  1.9% 

KEYWORDS: Coal ; py ro l ys  
r a t i o ;  carbon. 

s ;  g a s i f i c a t i o n ;  methane; ethylene; i so tope 

INTRODUCTION 

T r a d i t i o n a l l y ,  f l a s h  py ro l ys i s  o f  coals f o r  the produc t ion  o f  f u e l s  
and chemicals has been c a r r i e d  out i n  a reac t i ve  hydrogen atmosphere and 
non- reac t ive  hel ium, n i t rogen,  and argon atmospheres. The fundamental 
aspects of p r imary  d e v o l a t i l i z a t i o n  o f  coal and secondary c rack ing  o f  
v o l a t i l e s  i n  t h e  above gas media have been inves t i ga ted  ex tens i ve l y  under 
var ious r e a c t i o n  cond i t i ons .  

Over t h e  pas t  few years,  Brookhaven Nat ional  Laboratory has i n v e s t i -  
gated the  p o s s i b i l i t y  o f  using methane ( o r  na tura l  gas) as an e n t r a i n i n g  
gas i n  coal p y r o l y s i s  studies.  Py ro l ys i s  o f  coal i n  a methane atmosphere 
resu l ted  i n  enhanced e thy lene and BTX y i e l d s  over those obtained by t h e  
f l ash  p y r o l y s i s  o f  coal i n  an i n e r t  hel'um atmosphere under the  same con- 
d i t i o n s  o f  temperature and pressure.(lsz\ 

The o b j e c t i v e  o f  the  present study was t o  understand the  r o l e  o f  
methane i n  enhancing ethylene product ion.  O r i g i n a l l y ,  experiments were 

*To whom correspondence should be addressed. 
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planned tagg ing  the  methane gas w i t h  a known amount o f  13CH4. However, 
t h i s  approach was economical ly imprac t i ca l ,  s ince  each experiment would 
use Several hundred l i t r e s  o f  expensive CH4-13CH4 gas mixture.  This 
prompted us t o  look  f o r  o the r  a l t e rna t i ves ,  and a successful  at tempt was 
m de t a k i n g  advantage o f  the  small d i f f e r e n c e  i n  the  na tura l  abundance o f  
l 9 C  i n  coal  and methane. 

The focus was on product ethylene r a t h e r  than on producing a complete 
13C ma te r ia l  balance. Accordingly,  t h i s  paper deals w i t h  the  ques t ion :  
How much o f  the  ethylene i n  the  product stream i s  produced from coal and 
how much from methane feed? 

EXPERIMENTAL 

The f l a s h  p y r o l y s i s  experiments were c a r r i e d  ou t  i n  an e x t e r n a l l y  
heated l - in.-diameter-by-8-f t - long downflow en t ra ined  t u b u l a r  reac tor .  
Preheated hel ium and unlabeled methane gases were fed  i n t o  the  reac to r  t o  
a pressure o f  50 p s i .  A New Mexico subbituminous coal, w i t h  ana lys is  
shown i n  Table 1, was used i n  t h e  study. The coal, premixed w i t h  10% by 
weight o f  Cab-0-Si1 (a fumed s i l i c a  powder) t o  prevent agglomeration, was 
d r i e d  i n  a vacuum oven overnight.  The p a r t i c l e  s i ze  o f  t he  coal was 150 
&m or  less, and coal  from the  same batch was used i n  p y r o l y s i s  experiments 
reported here. The h igh  temperature gas feed i s  mixed a t  the  top  o f  t h e  
reac to r  p reheat ing  the  gases a t  optimum cond i t i ons  of temperature, coa l -  
feed r a t e  and gas-feed r a t e  chosen from previous s tud ies  so t h a t  a h igh  
concent ra t ion  o f  e thy lene was obtained i n  the  product stream. 

Rout ine gas analyses were performed i n  an on - l i ne  GC. I n  add i t i on ,  
grab samples o f  product gas mix tu re  were c o l l e c t e d  i n  s tee l  gas c y l i n d e r s ,  
and the  components i n  the  gas mix tu re  were separated from each o the r  i n  a 
convent ional  GC/MS system us ing  a 6 - f t  Carbosieve S column. The composi- 
t i o n s  o f  normal ethylene (C2H4) and heavy e thy lene (13CCH4) i n  the  mix tu re  
were determined by s e l e c t i v e l y  mon i to r ing  ions  due t o  masses 2 8  and 29. A 
t y p i c a l  example o f  i o n  p r o f i l e s  f o r  masses 28, 29, 30, and 44 i s  shown i n  
F igure  1. The n i t rogen  peak i s  an i m p u r i t y  a r i s i n g  from the  use o f  a gas- 
t i g h t  sy r inge f o r  t r a n s f e r  o f  gas samples from s tee l  cy l i nde rs  o t e 
i n j e c t i o n  po r t  o f  t h e  GC/MS. From the  i n t e g r a t e d  peak area, t h e  15C,15C 
r a t i o  f o r  product ethylene i s  r e a d i l y  ca lcu la ted .  

RESULTS AND DISCUSSION 

The na tu ra l  abundance o f  13C i so tope i s  1.1%. During the  process o f  
photosynthesis,  t h e r e  i s  a d i s c r i m i n a t i o n  13C02 i n  the  r a t e  of 
a s s i m i l a t i o n  when compared t o  t h a t  of Cop. fqinik a r e s u l t  f t h i s  i so-  
tope f r a c t i o n a t i o n ,  wood, crude o i l ,  and coal are enr iched i n  I 2 C  by about 
20 t o  30 O/oo. The i s o t o p i c  c o n s t i t u t i o n  o f  carbon i n  some samples o f  
coa l ,  wood, and methane gas f requen t l y  used i n  our l abo ra to ry  i s  shown i n  
Table 2. Meth ne i s  l i g h t e r  than e i t h e r  coal  o r  biomass. An apprec iab le  
d i f f e r e n c e  i n  I 3 C  enrichment between coal o r  biomass and methane i s  seen 
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Table 1 

Analysis o f  New Mexico Coal (w t  % )  

Rank: Subbituminous 

Moisture (as rece ived) :  7.8 

Proximate Ana lys is  ( d r y ) :  U l t ima te  Ana lys is  ( d r y ) :  

Carbon : 55.9 V o l a t i l e  Mat te r  : 34.9 
Fixed Carbon : 42.4 Hydrogen : 4.3 
Ash : 22.4 N i t rogen : 1.1 

S u l f u r  : 1.0 
Oxygen : 14.9 
(by d i f f . )  

Table 2 

I s o t o p i c  Cons t i t u t i on  o f  Carbon i n  Selected Ma te r ia l s  

Feedstock 6('3C) 9 o/oo* 13c/12c W 1 3 C  

Douglas F i r  Wood -23.3 0.01098 91.11 

Sugar P ine  Wood -24.1 0.0109 7 91.19 

I l l i n o i s  No. 6 
Bituminous Coal -25.7 0.01095 91.34 

New Mexico 
Subbituminous Coal -27.0 0.01093 91.46 

Methane -41.4 0.01077 92.85 

*Analyses repor ted  i n  pa r t s  per m i l  (o/oo) and computed as fo l lows:  

where, 

and 

13C/12Cstandard i s  C O ~  f rom Be lemn i te l l a  americana, 
Cretaceous, Peedee format ion,  South Carol ina,  USA, 
Chicago (POB) standard. 
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i n  Table 2. A small enrichment i n  l 3 C  i s  observed i n  a higher-rank Illi- 
no is  No. 6 bituminous coal when compared w i t h  a lower-rank New Mexico sub- 
bituminous coal. Monin repor ted  a p rogress ive  increas i n  6(l3C found i n  
a ser ies  o f  coals from the  Mahakam de l ta ,  1nd0nesia. f~) The a(I3C) value 
increased from -29.5 o/oo a t  t he  p e a t - l i g n i t e  l eve l  t o  -27.6 o/oo a t  the  
bituminous A l eve l .  

A vast l i t e r a t u r e  e x i s t s  on the  p a r t i a l  ox ida t i on  and thermal crack- 
i n g  o f  methane under var ious cond i t ions .  An exce l l en t  review o f  a r t i c l e s  
on t h i s  sub jec t  i s  a v a i l a b l e  i n  Reference 6. Methane, however, d i d  no t  
undergo homogeneous decomposition i n  the  BNL reac tor .  The Cab-0-Si1 addi- 
t i v e ,  spent char, and reac tor  wa l ls  made o f  Inconol  617 a l l o y  were a l so  
found not t o  promote the  c rack ing  o f  methane t o  ethylene i n  the  absence o f  
coal .  

The New Mexico subbituminous coal was pyro lyzed i n  a methane atmo- 
sphere a t  1000°C. The same coal was pyrolyzed i n  a hel ium atmosphere f o r  
comparison. The gas feed ra tes ,  i n  terms o f  lb-mole per hour, were kept 
i d e n t i c a l  i n  both atmospheres. The reac t i on  cond i t ions  and the  product 
y i e l d s  a re  shown i n  Table 3. The y i e l d s  are cus tomar i l y  repor ted  as per- 
cent conversion o f  carbon contained i n  the  feed coal t o  product. 

The l3C/l2c r a t i o s  o f  product ethylene under var ious experimental 
cond i t ions  obtained f rom GC/MS analyses with an e r r o r  o f  f2%, are shown i n  
Table 4. The f o l l o w i n g  po in ts  are noteworthy: ( 1 )  I n  i n e r t  hel ium 
atmosphere, t he  1 3 C / 1 2 C  r a t i o  f o r  ethylene i s  h igher  than f o r  the  o r i g i n a l  
coal .  I f  13C atoms were un i fo rm ly  d i s t r i b u t e d  throughout the  coal 
"s t ruc tu re , "  one would not expect t h i s  f r a c t i o n a t i o n  e f f e c t .  To e x p l a i n  
t h i s  nonhomogeneit i n  1 3 C  d i s t r i b u t i o n  i n  the  coal ma t r i x ,  i t  i s  sug- 
gested t h a t  t h e  lJC d i s t r i b u t i o n  i n  a l k y l  s ide  chains ( o r  polymethylene 
mo ie t i es )  f coal ,  which are  considered t o  be l i k e l y  precursors f o r  

i s  h igher  than i n  t h e  remaining carbon skeleton. This 
suggests t h a t  t he  o r i g i n  o f  these a l k y l  s ide  chains i s  d i f f e r e n t  from the  
r e s t  o f  t he  coal. This might be due t o  a d i f f e r e n t  k ind  o f  p l a n t  
ma te r ia l ,  a diagenesis organism, o r  something else. ( 2 )  I n  hel ium atmo- 
sphere, t he  concent ra t ion  o f  ethylene i n  the  product stream decreases from 
0.65% a t  900°C t o  0.35% a t  1000°C. However, t he  concent ra t ion  i n  the 
product stream o r  t he  p y r o l y s i s  temperature does not a f f e c t  t h e  1 3 C / 1 2 C  
r a t i o  f o r  ethylene. ( 3 )  Ethylene concent ra t ion  increases s u b s t a n t i a l l y  
when the  coal  i s  pyro lyzed i n  methane. ( 4 )  The 1 3 C / 1 2 C  r a t i o  f o r  e thy lene 
from methanolysis experiments l i e s  between t h a t  from a he l ium run and the  
13C/12C r a t i o  f o r  methane feed. This i nd i ca tes  t h a t  a pa r t  o f  e thy lene i n  
t h e  product stream comes from coal and t h e  remaining from the  methane 
feed. 

On the  bas i s  o f  13C mate r ia l  balance w i t h  respect t o  p roduc t  
ethylene, t h e  ac tua l  f r a c t i o n a l  con t r i bu t i ons  o f  coal and methane feed i n  
t h e  fo rmat ion  o f  ethylene can be determined. For t h i s  ana lys is ,  t h e  
fo l l ow ing  assumptions are made: 
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Table 3 

Product Y i e l d  Data 

Reactor Temprature, OC 900 1000 1000 

Coal Feed Rate ( l b / h r )  1.81 1.81 3.84 
Gas Feed Rate ( l b / h r )  1.04 1.04 4.74 
Gas Feed Rate ( l b -mo le /h r )  0.26 0.26 0.29 
P a r t i c l e  Residence Time (sec) 1.5 1.5 1.5 

Product Y ie lds*  

CH 
58 

E n t r a i n i n g  Gas He He 
Gas Pressure, p s i  50 50 

5.4 6.7 ND 
3.3 1.7 3.2' 
0.3 0 0.5 
3.5 3.3 5.9 

co 4.6 7.2 5.3 
co2 1.8 2.1 1.8 

CH4 

f$ 

* A l l  y i e l d s  based on t h e  carbon contained i n  coal. 
+ Corrected t o  1.6% a f t e r  sub t rac t i ng  t h e  c o n t r i b u t i o n  from the  

Note: The d i f f e r e n c e  i n  the  coal f l ow  ra tes  was not g rea t  enough t o  cause 
methane feed. 

a s i g n i f i c a n t  change i n  ethylene y ie lds .  

Table 4 

I s o t o p i c  C o n s t i t u t i o n  o f  Carbon i n  Product Ethylene 

Ethylene 
E n t r a i n i n g  Temperature Concentrat ion 

Gas OC (mole % )  13c/12c* 136+ 

He1 i um 900 
1000 

Methane 1000 

I, 

,I - 

0.65 0.01295 0.01278 
0.35 0.01295 0.01278 
1.3 0.01167 0.01154 - 0.01077 0.01065 

Averase o f  t h ree  analvses from samDles c o l l e c t e d  under spec i f i ed  
cond i t ions .  

This i s  concen t ra t i on  o f  1 3 C  atoms i n  the  t o t a l  of (12C + 13C). 
+ Not t o  be confused w i t h  6 (13C), o/oo. 
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(1 )  A t  g iven temperature and pressure cond i t ions ,  t he  d e v o l a t i l i z a -  
t i o n  c h a r a c t e r i s t i c s  o f  coal a re  the  same i n  both he l ium and 
methane atmospheres. 

The l 3 C / l 2 C  ratio i s  not  a f fec ted  by the  coal feed ra te ,  

The k i n e t i c  i so tope e f f e c t  i n v o l v i n g  1% and 1 2 C  atoms i s  n e g l i -  
g i  b l y  small. 

( 2 )  

( 3 )  

Set t i ng  up a ma te r ia l  balance f o r  1% i n  ethylene, we have 

Amount o f  carbon i n  methane feed. 
Amount o f  carbon i n  coal feed. 
F r a c t i o n  o f  carbon i n  methane converted t o  ethylene. 
F r a c t i o n  o f  carbon i n  coal  converted t o  ethylene. 
To ta l  carbon i n  product ethylene. 
Concentrat ion o f  l3C i n  methane feed. 
Average concent ra t ion  o f  13C i n  coal. 
Concentrat ion o f  l3C i n  product ethylene i n  mthane  
atmosphere. 

The e f f e c t i v e  concent ra t ion  o f  l3C i n  coal i nvo l ved  i n  the  fo rmat ion  
o f  ethylene, as measured i n  an i n e r t  hel ium atmosphere, can be r e l a t e d  t o  
t h e  average concent ra t ion  o f  1 3 C  i n  whole coal by the  f o l l o w i n g  expression: 

where 
1 3 6 ~  = e f f e c t i v e  concent ra t ion  o f  1 3 C  i n  coal invo lved 

i n  the  format ion o f  ethylene 
a = inhomogenity fac to r .  

S u b s t i t u t i n g  f o r  1 3 6 c  and d i v i d i n g  both s ides o f  Eq. ( 1 )  by A e  we 
have 

where xm = wmfm/Ae (4) 
= r a t i o  o f  ethylene produced from methane 

feed t o  t o t a l  ethylene produced. 

xc = aWcfc/Ae 

= r a t i o  o f  ethylene produced from coal t o  
t o t a l  ethylene produced. 

(5) 
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From t h e  d e f i n i t i o n s  f o r  X, and X c  i n  Eqs. ( 4 )  and (51, i t  
fo l l ows  t h a t  

x, + xc = 1.0 

136,, l 3 6 ~ ,  and I3tie a r e  exper imenta l l y  determined and u can be 
Now, Eqs. ( 3 )  and (6 )  can be solved t o  ca l cu la ted  from 136H and 136,. 

ob ta in  the  values f o r  X, and Xc. 

Using the  da ta  shown i n  Table 4, X, and X c  a r e  ca lcu la ted  t o  be 
0.5822 and 0.4178, respec t i ve l y ,  which, s ince  the  k i n e t i c  i so tope e f f e c t  
between 13C and 12C i s  n e g l i g i b l y  smal l ,  means t h a t  58.22% o f  the  e thy lene 
i n  the  product stream i s  produced from methane feed and the  remaining 41.7 
o r i g i n a t e d  i n  coa l  under the  cond i t ions  employed. This corresponds t o  a 
carbon conversion o f  1.92% f rom methane and 1.58% from coal. The e f f e c t  
o f  i n t e r a c t i o n  between coal and methane i n  enhancing the  t o t a l  y i e l d  o f  
ethylene i s ,  thus,  c l e a r l y  ind ica ted .  Conversion o f  methane t o  ethylene 
i n  the  presence o f  coal ,  as observed by the  authors i s  somewhat h ighe r  
than t h e  0.9 - 1.0% conversion reported by Calk ins from p y r o l y s i s  o f  
methane alone a t  85OoC f o r  0.5 sec i n  a f l u id i zed -bed  reac to r  a f t e r  having 
pyro lyzed Alcoa Texas l i g n i t e  i n  i t . ( 7 )  The h igher  carbon conversion i n  
BNL experiments i s  a t t r i b u t e d  t o  the  higher temperature (85OoC vs. 1000°C) 
and increased residence t ime (0.5 sec vs. 1.5 sec). Furthermore, t he  
mineral  mat te r  o r  char from the  New Mexico sub-bituminous coal used i n  our 
study cou ld  have been c a t a l y t i c a l l y  more a c t i v e  than the  l i g n i t e  used by 
Calk ins e t  a l .  

Though t h i s  study es tab l i shes  t h a t  i n t e r a c t i o n  between coal  and meth- 
ane e f f e c t s  t o t a l  ethylene product ion,  it i s  s t i l l  not  c l e a r  whether the  
y i e l d  enhancement i s  due t o  c a t a l y t i c  c rack ing  o f  methane on the coal sur- 
face o r  due t o  chemical reac t i on  o f  methane w i t h  " r e a c t i v e "  ( f r e e  r a d i c a l )  
species generated from coal. It i s  our specu la t ion  t h a t  t he  mechanism i s  
associated w i t h  reac t i on  o f  methane gas w i t h  high-temperature-coal-  
p y r o l y s i s t a r .  React ion s tud ies  using representa t ive  model compounds can 
give g rea te r  i n s i  h t  i n t o  t h e  actual  mechanism. Fur ther  i n v e s t i g a t i o n  
w i th  a complete 15C m a t e r i a l  balance between reac tan ts  and a l l  products 
under d i f f e r e n t  coal  and methane feed ra tes  i s  warranted. 

CONCLUSION 

P y r o l y s i s  o f  coal  i n  methane atmosphere leads t o  a s i g n i f i c a n t  
improvement i n  t o t a l  e thy lene product ion when compared t o  p y r o l y s i s  i n  an 
i n e r t  hel ium atmosphere. This i s  due t o  an i n t e r a c t i o n  between methane 
and coal  d u r i n g  en t ra ined- f low f l a s h  py ro l ys i s .  A t  1000°C and 50 ps i  
pressure o f  methane, and a methane-to-coal r a t i o  o f  1.2, 1.9% carbon from 
the  methane feed, and 1.6% carbon from the  coal feed were converted t o  
produce e thy lene  r e s u l t i n g  i n  a concent ra t ion  o f  1.3 vo l .  % i n  the  
e f f l u e n t  gas stream. 
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UV RESONANCE W A N  SPECTROSCOPY: A NEW TECHNIQUE FOR SPECIATION 
OF AROMATICS IN COMPLEX MATRICES. 

Sanford A. Asher and Colleen M. Jones 

Department of Chemistry 
University of Pittsburgh 
Pittsburgh, Pa. 15260 

Vibrational spectroscopic techniques such as IR and Raman 
are exquisitely sensitive to molecular structure. These techn- 
iques yield incisive results in studies of pure compounds or for 
rather simple mixtures, but are rarely used for the analysis of 
complex systems. Indeed. IR can be utilized for quantitative 
investigations in special cases for complex systems if the 
analyte of interest show8 an infrared absorption spectrally 
resolved from that of other species in the sample. 

Recent advances in laser and optical detection instrument- 
ation permit the development of major new spectroscopic tech- 
niques. One of these, UV resonance Raman spectroscopy ( 1). 
appears to be uniquely suited for studies of aromatic species 
in fuels. coal liquids and in petroleum fractions(2.3). It is 
poasible to selectively excite the vibrational spectra of 
particular ring system in a complex sample to separately 
determine the types and concentrations of conjugated rings 
present in a sample. Our laboratory has pioneered the develop- 
mont of this spectroscopy over the last few years and this report 
KclVieWE our accomplishments and presents our view of the future. 

Excitation of a molecule with mo_ngchromatic light results in 
an induced dipole moment proportiPna1 to the magnitude of the 
electric field of the incident light and to the polarizability of 
tho molecule. The induced dipole moment which oscillates at the 
frequency of the incident light derives from oscillating charges 
which are accelerating and deaccelerating in time. An accelera- 
ting ch8rge must radiate light and this induced moment 1 6  
responsible for the elastic Ftayleigh scattering observed for 
molecules in the gas or condensed phase. Molecular vibrations 
modulate the molecular polarizability., The molecular vibration 
Couples and beats 8g8inet the oscillations of the induced dipole 
moment. Thio results in a oomponent of oscillation which has a 
fr*quenCY offset from the monochronutic light source by a 
Vibrational frequency of tho molecule. This is the origin of 
R n m n  mcattering ( 4 ) .  

The proportionality botweon the intensity of Raman scattered 
light and the intensity of incident light im meaaured by the 
R8lo.n Cross section. Q . The Rsman cross section i6 proportional 
to the forth power of the frequency and to the square of the 
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Raman polarizability. The Raman polarizability is a strong 
function of excitation frequency. kcitation within a molecular 
electronic absorption band can result in a Raman cross section 
increase of ae much as seven orders of magnitude. This occurs 
because of an increase in the magnitude of the induced moment 
oscillating at the Raman frequency. This increase occurs because 
of the dramatic polarizability increaeo of the molecule for 
excitat ion frequencies within the molecular electronic absorpt ion 
band. Excitation in “resonance” with an absorption band results 
in a resonance Raman spectrum. 

The excitation frequency dependence of the Raman cross 
section can be utilized to selectively enhance the vibrational 
Raman spectrum of one component within a complex mixture provided 
excitation can selectively occur within a discrete absorption 
band of the analyte. Over the last few yoars we have Oxa~~ined 
the factors which permit this selective enhancement. We have 
developed new instrumentation. clarified the spectroscopic 
fundamentals, and have begun to apply this new amlytical techn- 
ique to polycyclic aromatic hydrocarbone ( PAH’ 0 ) .  

INBTRUMENTATI ON 

We recently described the construction of a UV and visible 
wavelength Raman spectrometer which is continuously tunable from 
217 to 800 nm and which is discratoly tunable at shorter and 
longer wavelengths using stimulated Raman shifting in a hydrogen 
cell ( 5 . 6 ) .  A block diagram of the instrument is shown in Figure 
1. The excitation source derives from a Nd-YAG laser whose 1064 
nm output is frequency doubled or tripled or quadrupled by using 
nonlinear optical techniques. The frequency doubled or tripled 
Yap oxcitation pumps a dye laser giving tunable light from 
370-800 nm. UV light is generated by either frequency doubling 
the dye laser output or by combining the doubled dye laser output 
with the YAG fundamental. Excitation further in the UV derives 
from Raman shifting of the quadrupled Yag in hydrogen. 

The UV excitation beam is diffusely focused on the sample 
which either flows through the excitation beam in a stream 
free of any sample walls. or flows in a quartz capillary. The 
Raman scattered light is collected by reflective optics to avoid 
lens chromatic aberatione and this light is focused onto the 
entrance slit of a Spex Triplemate spectrometer-spoctrograph. 
The doublo spectrometer stage rejects the Rayleigh scattered 
light by using subtractive disporsion. The spectrograph stago 
disperses the Raman scattered light onto an -0 PAR OUA I1 
intennif iod Rot icon array. This opt ical mult ichannel detactor 
pimultaneously detects the ent ire Raman spectrum disporsed 
across its active surface and avoids tho signal-to-noise limita- 
tion associated with tho pulse-to-pulso flUCtUatiOM in offsctive 
pulso onergy of the laser. Bxcopt in tho cas. of nonlinear 
phonowna the signal-to-noise-ratios for typical aigrul 10~01s 
appoar to bo limited by photon shot noiso. 
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FUNDAMENTALS 3 
We developed a new technique t o  measure. f o r  t h e  f i r s t  time. 

absolu te  Raman c r o s s  s e c t i o n s  ( 7 ) .  We examined small  molecules 
such a s  CH,CN, SO,-. NO;. acetone,  N-methyl acetamide a s  w e l l  a s  
o ther  s p e c i e s  and found t h a t  t h e  i n t e n s i t i e s  der ived  from 
preresonance enhancement by t r a n s i t  ions i n  t h e  vacuum UV. Species  
such a s  NO, and N-methyl acetamide which have c l e a r l y  assigned 
8Wl' t r a n s i t i o n s  show Raman c r o s s  s e c t i o n s  which a r e  e s s e n t i a l l y  
dominated by t h e s e  s t r o n g  absorp t ions  ( 8 ) .  The o ther  s p e c i e s  
show no d i s c r e t e ,  e a s i l y  ass ignable  t r a n s i t i o n s  i n  t h e  vacuum UV 
and show Raman c r o s s  s e c t i o n s  which increase  r e l a t i v e l y  s lowly 
(almost a s  v9 ). A major poin t  of t h e s e  s t u d i e s  is t h a t  no 
i n t e r f e r e n c e  w i l l  occur from t h e  resonance Raman s c a t t e r i n g  of 
small molecules f o r  e x c i t a t i o n  a t  wavelengths g r e a t e r  than  210 
nm. For example, t h e  carbonyl f u n c t i o n a l  group of acetone and t h e  
amide f u n c t i o n a l  group of acetamide show n 4 d  - t r a n s i t i o n s  
between 200 and 280 nm; however, t h e s e  absorp t ions  r e s u l t  i n  
n e g l i g i b l e  resonance Raman s c a t t e r i n g .  I t  is c l e a r  t h a t  s p e c i e s  
conta in ing  theme f u n c t i o n a l  groups w i l l  not  congest  t h e  Raman 
s p e c t r a  of mixtures .  It should be r e a l i z e d ,  however. t h a t  t h e  
signal-to-noise r a t i o  of t h e  s p e c t r a  w i l l  decrease  t o  t h e  e x t e n t  
t h a t  t h e  e x c i t a t i o n  beam is absorbed by t h e  absorp t ion  bands of 
t h e s e  spec ies .  

L i t t l e  resonance Raman i n t e n s i t y  is ev ident  from t h e  260 nm 
absorp t ion  spectrum of benzene ( 9 ) .  Indeed. t h e  Raman i n t e n s i t y  
observed f o r  benzene with v i s i b l e  wavelength e x c i t a t i o n  d e r i v e s  
from e x c i t e d  s t a t e s  i n  t h e  f a r  vacuum UV s p e c t r a l  region.  Major 
increases  i n  benzene Raman i n t e n s i t y  occurs  only  f o r  t h e  V ,  
symmetric r i n g  s t r e t c h  a t  992 c m - , .  This  enhancement which 
appears  t o  d e r i v e  from both t h e  B,, and E,, t r a n s i t i o n s  is only  
ev ident  f o r  e x c i t e t i o n  below 230 nm. Thus. benzene is a r e l a t i v -  
e l y  weak Raman s c a t t e r e r  i n  t h e  215-300 nm s p e c t r a l  region.  
S u b s t i t u t e d  benzene d e r i v a t i v e s ,  i n  c o n t r a s t .  show s t r o n g  
resonance enhancement from t h e i r  L, ( i n  benzene B,,) t r a n s i t i o n s  
(10). The aromat ic  r i n g  modes increase  i n  i n t e n s i t y  by a f a c t o r  
of 1000 compared t o  t h a t  i n  benzene e x c i t e d  between 215-240 nm. 
This occurs  p r i m a r i l y  because r i n g  s u b s t i t u t i o n  breaks t h e  r i n g  
symmetry and a l lows  many r i n g  v i b r a t i o n s  t o  be Raman allowed. 
Figure 2 compares t h e  resonance Raman s p e c t r a  of benzene. to luene  
and phenyla lan ine  with 230 nm e x c i t a t i o n .  The shaded peaks 
d e r i v e  from Raman bands of t h e  s o l v e n t s .  Obviously. s e l e c t i v e  
enhancement is p r e s e n t  f o r  s u b s t i t u t e d  benzene d e r i v a t i v e s .  

S u b s t i t u t e d  benzene d e r i v a t i v e s  such a s  phenol, p-cresol, 
ty ros ine .  phenolate  and t y r o s i n a t e  have s t r o n g  a b s o r p t i o n  bands 
s h i f t e d  t o  longer  wavelength than  t h a t  of a l k y l  s u b s t i t u t e d  
benzenes ( 10.11). The o s c i l l a t o r  s t r e n g t h s  of t h e  absorp t ion  
bands increase  and a l a r g e  increase  occure in t h e i r  UV Raman 
i n t e n s i t i e s .  Indeed. t h e  L, t r a n s i t i o n s  of p-cresolate .  tyroo-  
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inate .  and phenolate  a r e  s h i f t e d  t o  240 nm and e x c i t a t i o n  i n  t h e s e  
absorp t ion  bands r e s u l t  i n  l a r g e  resonance Raman i n t e n s i t i e s .  

Polycycl ic  aromat ic  hydrocarbons show s t r o n g  absorp t  ions i n  
t h e  UV (12). In  general ,  the maximum wavelength f o r  a b s o r p t i o n  
increases  a s  t h e  number of fused  conjugated r i n g s  increase .  
Although t h e  longest  wavelength absorp t ion  bands o f t e n  show 
modest o s c i l l a t o r  s t r e n g t h s  t h e  second and h igher  s i n g l e t  
t r a n s i t i o n s  a r e  e t rong.  Figure 3 shows t h e  absorp t ion  s p e c t r a  of 
a v a r i e t y  of po lycycl ic  aromatic  hydrocarbons. The a b s o r p t i o n  
spectrum of a s o l u t i o n  of a coa l  l i q u i d  i n  water is shown as t h e  
topmost spectrum. The broad s t r o n g  abeorp t ions  of the c o a l  
l i q u i d  sample d e r i v e  from t h e  numerous polycycl ic  hydrocarbon 
r i n g  systems present  i n  t h e  sample. F igure  4 i l l u s t r a t e s  t h e  UV 
resonance Raman s p e c t r a  d isp layed  by t h e  d i f f e r e n t  PAH’P a t  
e x c i t a t i o n s  c l o s e  t o  t h e i r  absorp t ion  s p e c t r a l  maxima. 

The d i f f e r e n t  PAH’s can be s e l e c t i v e l y  s t u d i e d  by u t i l i z i n g  
t h e i r  unique v i b r a t i o n a l  spectral f e a t u r e s  and by s e l e c t i v e l y  
e x c i t i n g  each PAH i n  i t s  r e l a t i v e l y  unique absorp t ion  band ( 12). 
Ring s u b s t i t u t i o n  a l t e r s  t h e  Raman s p e c t r a  a s  can  be mean by 
comparing t h e  UV Roman s p e c t r a  of naphthalene and its 1- and 
2- hydroxy d e r i v a t i v e s (  Fig. 5 ) .  Thus. t h e  s p e c t r a  are d i a g n o s t i c  
of r i n g  s u b s t i t i o n  p a t t e r n s .  Indeed. t h e  s u b s t i t u t i o n a l  isomers 
show absorp t ion  s p e c t r a l  s h i f t s  which can be u t i l i z e d  t o  s e p a r a t e l y  
and s e l e c t i v e l y  e x c i t e  t h e  ind iv idua l  d e r i v a t i v e s  i n  mixtures. 

The magnitude of resonance enhancement f o r  t h e s e  d e r i v a t i v e s  
is huge. For example. t h e  Raman c r o s s  s e c t i o n  f o r  pyrene e x c i t e d  
a t  its 240 nm absorp t ion  s p e c t r a l  maximum is s i g n i f i c a n t l y  g r e a t e r  
t h a n  4 X lo-’= cma/sr molc. This  compares t o  a c r o s s  s e c t i o n  of 
c l o s e  t o  lo-” cm=/sr molc f o r  a n  alkane i n  t h i s  s p e c t r a l  region.  
Thus. a dramatic  s e l e c t i v i t y  e x i s t s  f o r  resonance enhancement of 
po lycycl ic  aromatic  hydrocarbons versus  s a t u r a t e d  hydrocarbons 
and nonaromatic r i n g  systems. A0 discussed  l a t e r ,  our va lues  
f o r  t h e  c r o s s  sect ions of pyrene a r e  underest imate6 because 
s a t u r a t i o n  phenomena have prevented t h e  penul t imate  measuremonts 
of t h e  cross s e c t i o n s .  It in. however c l e a r  from f i g u r e  6 t h a t  
t h e  d e t e c t i o n  l i m i t  f o r  pyrene i n  a c e t o n i t r i l e  s o l u t i o n  is less 
than  20 ppb. Recent improvements have decreased the d e t e c t i o n  
l i m i t  t o  less t h a n  1 ppb. This  l i m i t  derive. from o p t i c a l  
s a t u r a t i o n  phenomena due t o  t h e  high l a s e r  peak powers. and is 
not t h e  u l t i m a t e  d e t e c t i o n  l i m i t .  

We a r e  a b l e  t o  s e l e c t i v o l y  enhance polycycl ic  a romat ic  ring 
systems i n  complex samples of i n d u s t r i a l  a n a l y t i c a l  i n t e r e e t .  
For example, our recent UV Raman s t u d y  (2.3) of a coal l i q u i d  
d isso lved  i n  a c e t o n i t r i l e  demonstrates  that  the spectra are 
c h a r a c t e r i s t i c  of t h e  polycycl ic  r i n g  oystmns preaont in  t h e  coal 
l i q u i d  samples ( F i g u r e  7 ) .  D i f f e r e n t  e x o i t a t i o n  W8VelengthS 
r e s u l t  i n  s p e c t r a l  changes which r e f l o c t  a l t o r a t i o n s  i n  t h o  
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s e l e c t i v e  enhancement of t h e  polycycl ic  aromatic  r i n g  systems i n  
t h e  sample. The f a c t  t h a t  UV Raman measurements of t h e s e  r i n g  
systems is p o s s i b l e  i n d i c a t e s  t h a t  UV Raman spectroscopy is 
apparent ly  immune from t h e  f luorescence  i n t e r f e r e n c e  phenomena 
which plague normal v i s i b l e  wavelength Raman measurements of 
t y p i c a l  environmental and i n d u s t r i a l  samples. This immunity 
stems from t h e  f a c t  t h a t  few. i f  any. compounds show f luorescence  
below 250 nm i n  condensed phase mat r ices  ( 2 ) .  

The f u t u r e  is e s p e c i a l l y  b r i g h t  f o r  t h e  a p p l i c a t i o n  of UV 
Raman measurements t o  petroleum and coa l  l i q u i d  samples. 
Information is a v a i l a b l e  on conjugated fused  r i n g  systems. A6 
l i b r a r i e s  of d a t a  become a v a i l a b l e  on model systems it w i l l  
become p r a c t i c a l  t o  analyze t y p i c a l  samples f o r  aromatic  r i n g  
conten t  and o v e r a l l  s u b s t i t u t i o n  p a t t e r n s .  Unfortunately. t h e  
technique is r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  exact  s t r u c t u r e  of t h e  
King s u b s t i t u e n t  un less  i t  i s  unsa tura ted  and conjugated with t h e  
r ing.  The s p e c t r a  are, however, s e n s i t i v e  t o  t h e  r i n g  s u b s t i t u t i o n  
pos i t  ion. 

&ctKaoKdinaKily complex samples w i l l  r e q u i r e  presepara t ion  
p r i o r  to s p e c t r a l  i d e n t i f i c a t i o n  of ind iv idua l  components. The 
high s e n s i t i v i t y  of UV Flaman measurements can be e f f e c t i v e l y  
u t i l i z e d  i n  t h e  d e t e c t i o n  of po lycycl ic  aromatic  hydrocarbons 
e l u t i n g  from a n  HPLC column a s  is i l l u s t r a t e d  i n  f i g u r e  8 .  

The u t i l i t y  of U V .  Raman spectroscopy f o r  s t u d i e s  of f u e l s  
is j u s t  now being inves t iga ted .  Many of t h e  ongoing s t u d i e s  
focus on c h a r a c t e r i z i n g  t h e  s p e c t r o s c o p i c  phenomena involved and 
r e l a t i n g  s p e c t r a l  d a t a  t o  d e t a i l e d  r i n g  s t r u c t u r e .  Other s t u d i e s  
involve developing new sampling methodologies. The present  UV 
l a s e r  e x c i t a t i o n  sources  a r e  pulsed with low duty cyc les .  These 
pulses  which a r e  t y p i c a l l y  less t h a n  5 nsec i n  d u r a t i o n  have 
e x t r a o r d i n a r i l y  high peak powers. These high peak powers can 
r e s u l t  i n  p e c u l i a r  o p t i c a l  phenomena which 1 i m i t  s p e c t r a l  
s e n s i t i v i t y  and/or  r e s u l t  i n  t h e  c r e a t i o n  and observa t ion  of 
photochemical t r a n s i e n t  s p e c i e s  ( 11). For example. recent  
s t u d i e o  of t y r o s i n e  and phenol d i sp layed  s p e c t r a l  f e o t u r o s  
ass ignable  t o  phenoxy and t y r o s y l  r a d i c a l  s p e c i e s  which were 
formed due to  photon absorp t ion  from t h e  inc ident  l a s e r  pulse. A 
subsequent photon from t h e  same e x c i t a t i o n  pulse  was resonance 
Raman s c a t t e r e d  from t h e  t r a n s i e n t  r a d i c a l  spec ies .  It was 
i n t e r e s t i n g  t h a t  t h e  phenoxy r a d i c a l  forms o n l y  t r a n s i e n t l y  and 
decayo back t o  ground s t a t e  phenol with a m i l l i -  t o  micro- 
second l i f e t i m e .  

A mote i n s i d i o u s  l i m i t a t i o n  of t h e  high peak power exc i ta -  
t i o n  p u l s e s  is o p t i c a l  s a t u r a t i o n  phenomena ( 13). Figure  9 shows 
t h r e e  resonance Raman opec t ra  of pyrene i n  a c e t o n i t r i l e .  
The a c e t o n i t r i l e  peaks a r e  shaded. The d i f f e r e n c e s  between 
t h e  s p e c t r a  d e r i v e  from changes i n  t h e  inc ident  e x c i t a t i o n  pulse  
power dens i ty .  The important f e a t u r e  t o  note is t h a t  t h e  
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relative pyrene intensities compared to acetonitrilo intensities 
increase dramatically as the pulse power density decreases. 
Indeed. no intensity is evident for the acetonitrile at the 
lowest laser excitation power. The acetonitrile intensities are 
directly proportional to laser power. Thus, the acetonitrile 
Cross soctiona do not depend on the excitation powor. In 
contrast. the pyrene cross sections aro obviously docreasing as 
the excitation power density increases. Thus, the optimal crosa 
section for pyrene would occur for low power excitation. 
Unfortunately. this condition is accompanied by low net Raman 
intensit ies. poor signal-to-noise ratios and high detection 
1 imita. 

We are in the process of doveloping a quasi-CW UV laser 
excitation source to improve the sensitivity of UV Raman spectral 
measurements. The likely detection limits for pyreno in pure 
acetonitrile solutions. for example. are likely to be in the part 
per trillion range. It should be realized that this reprosents 
leas than a femtogram of pyrene in the sample volume probed by 
the laser. Further. wo are in the process of examining cryogenic 
sampling methodologies such as Ohpol' skii and matrix isolation. 

These techniques will lead to increased sonaitivity and soloctiv- 
ity. Increased selectivity derives d&rectly from narrowing 
of vibrational Raman bands which permit finer resolution betweon 
Ramnn bands of qifferent species, and also the narrowing of the 
Raman excitation profiles which permit higher resolution eXCita- 
tion for the Raman spectra of individual specles. Increased 
seruitivity derives from the accompanying dramatic increasos in 
Raman intensity due to decreased homogeneous and inhomogoneous 
linowidths of tho electronic absorption bands. 

We expect the next feu years to renult in major new advancem 
in the demonstrated utility an& utilization of UV Raman spectros- 
copy as a technique for the study of PAH's in complex samples. 
In addition to an increased understanding of the fundamental 
spectroscopic processes involved. the development of a 1 ibrary of 
EpeCtrPl data, and the development of simple aampl ing methodol- 
ogies we expect major improvements in instrumentation which will 
make the technique routine and permit tho commercialization of a 
reasonably priced instrument. 
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COAL TAR ANALYSIS BY LC/MS 

A.A. Herod, W.R. Ladner, B.J. Stokes 

National Coal Board, Coal Research Establishment, 
Stoke Orchard, Cheltenham, Glos. GL52 4R2, UK 

A.J. Berry and D.E. Games 

Department o f  Chemistry, University College, 
P.O. Box 78, Cardiff, CF1 lXL, UK 

SUMMARY 

The application of LC/MS to the analysis of an aromatic fraction of a 
hydropyrolysis tar is described. The results are compared with those obtained 
by GC/MS, low eV probe mass spectrometry and field desorption mass spectrometry. 

INTRODUCTION 

The production of liquids from coal gives rise to complex intermediates which 
require detailed analysis to understand the processes occurring and to make 
effective use of the products. Analysis has hitherto been based on structural 
parameters from NMR methods (1) to give the average characteristics of the 
sample, supplemented by molecular information from GC and GC/MS. The gas 
chromatographic approach to molecular information is often hampered by lack of 
volatility and is generally limited to aromatic systems of five or six condensed 
r i n g s  with molecular weights up to about 300 ( 2 ) .  For samples with number 
average molecular weights over 300, the molecular information available through 
GC/MS describes less than half of the compounds present. To improve this 
situation we have investigated LC in conjunction with mass spectrometry for the 
analysis of coal tar. 

Liquid chromatographic separations of coal-derived o i l s  have been followed 
off-line by GC (3-6)  and by probe-mass spectrometry (6). Directly combined 
LC/MS studies of coal-derived samples are rare (7,8). although LC/MS of 
standards found in coal tars (9) and of aromatic material from petroleum ( l o ) ,  
as well as super-critical fluid chromatography/MS applied to a coal tar extract 
(ll), have been described. 

This paper describes the application of LC/MS to the analysis of an aromatic 
fraction of a hydropyrolysis coal tar and compares the results with those 
obtained by GClMS, by mass spectral probe at low ionising voltage and by field 
desorption mass spectrometry. 

EXPERIMENTAL 

Tar Sample and Fractionation 

The tar chosen for study was produced by the hydropyrolysis of a high volatile 
bituminous coal (82.9% C; 5.3% H) at 5OO0C in 150 bar hydrogen in a fixed bed 
reactor. The tar was first separated by solvent extraction into pentane 
solubles, asphaltenes (pentane insoluble-benzene soluble) and preasphaltenes 
(benzene insolubles) ; the pentane soluble fraction was further subdivided into 
saturates, aromatics and polars by column chromatography on silica (12) .  The 
separation scheme is shown in Figure 1 where yields for the various fractions 
are given relative to the starting weight. 
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Standard compounds 

Standard compounds used to establish the mode of separation of the LC column 
were cyclohexane, perhydropyrene, benzene. toluene, pentyl benzene, 
sym-octahydrophenanthrene, naphthalene, methylnaphthalene, acenaphthene, 
diphenyl, dibenzofuran, 9.10 dihydroanthracene, fluorene, phenanthrene, methyl 
phenanthrene, pyrene, chrysene, perylene, dibenzanthracene and dibenzopyrene. 

EQUIPMENT 

The LC was performed using an analytical 3.9 x 300 mm stainless steel-l10 pm 
Bondapak NH column with hexane as the mobile phase pumped at 1 ml min by a 
Waters 60002 pump. Detection was either by a variable wavelength Cecil 272 
detector at 254 nm or a Finnigan 4000 mass spectrometer equipped with a moving 
belt interface and an Incos data system. 

GC/MS examination was carried out using a Perkin-Elmer F17 gas chromatograph 
with a 42 m glass SCOT capillary column coated with SP2100 phase which was 
interfaced by a glass jet separator to a Kratos MS30 double beam mass 
spectrometer fitted with a DS55 data system. Mass spectrometric resolution of 
3000 and a scan rate of 3 s/decade of mass enabled accurate mass measurement of 
all the spectral peak7. The gas chromatograph temperature-programme was from 
85O to 285°C at 4"min . 
MS 30 examination of the aromatics (at 10 eV) was achieved using a solids 
injection probe heated from ambient temperature to 350°C. Field desorption mass 
spectrometry on the same sample was performed using a Varian CH5 double 
focussing instrument. 

RESULTS AND DISCUSSION 

The full ultimate and proximate analyses of the coal and tar asphaltenes and 
aromatics are given in reference (1); the whole tat contained 82.X C and 7.0% 
H while the aromatics fraction contained 87.5% C and 7.7% H. Number average 
molecular weights of the whole tar and the aromatics were 260 and 250 
respectively. 

LC of standards and aromatic fraction 

The LC/W separation of some of the standards is shown in Figure 2. This 
separation gave a linear relationship between log capacity factor (corrected for 
column dead volume) and the number of double bonds in the standard compound as 
indicated in Figure 3. Thus, the elution volume is controlled by the 
aromaticity of the compound and classes of similar compounds elute together with 
their alkyl derivatives. This separation is significantly different from that 
obtained by GC where the compounds elute in approximate boiling point order 
which means that long chain alkyl aromatics coelute with unsubstituted but much 
more condensed aromatics. Figure 4 shows that the LC/W and LC/MS profiles of 
the aromatic fraction are similar; any differences are due to the changes in W 
adsorbance with increasing aromaticity compared with the total ion current. The 
first peaks in the LC/MS profile correspond to cycloalkanes, including the 
biomarkers, pentacyclic triterpanes such as hopanes revealed by an intense m/z 
191, which have no significant W adsorption. Their presence indicates that the 
saturates/aromstics split is not complete, possibly because the boiling range of 
the sample exceeds that originally intended for the method (12). 

Figures 5 to 8 show mass spectra of some of the more prominent peaks in the 
total ion current profile of Figure 4. In each spectrum we have linked the 
fragment or molecular ion peaks for the various 2 seties of hydrocarbons by 
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solid lines. 2 is defined by the general hydrocarbon formula C H and 
denotes the hydrogen deficiency compared with alkanes (where Z = +2) Ns8%-&z each 
double bond or ring adds (-2) to the Z number. The graphically represented Z 
series indicate the range of homologues present in the spectrum but not the 
aromatic structure since all structural isomers elute close together. The mass 
spectra reveal that homologous series are prominent and extensive; Table 1 
numerises the Z series found with the maximum alkyl chain homologues detected. 
Other evidence for long alkyl chains (> C ),  for example, from NMR analysis is 
given in reference 1. Long 2 series alipsatic and aromatics were also found in 
off-line LC-field ionisation MS on two non-distillable SRC-I coal liquids(51, 
these extended to over mass 700 and revealed long homologous series for the 
different Z series. This similarity is not surprising since the SRC-I process 
and hydropyrolysis at 500'C use very similar severities of treatment. 

The GC/MS study revealed a complex alkylated aromatic mixture but only extending 
to about mass 2 4 0 .  The total ion current profile in Figure 9 shows that the 
number of structural isomers of overlapping alkylated aromatic types was so 
great that the GC resolution was insufficient to cope and broad multiple peaks 
were evident. The main unsubstituted aromatics are indicated in the Figure and 
components found are listed in Table 2 which shows that there are numerous 
highly alkylated aromatics. 

Mass Spectrometry Probe 

Figure 10 shows an averaged mass spectrum of the aromatic fraction obtained by 
low ionising voltage probe MS. It reveals a complex series of aromatic 
molecular ions with components such as alkyl-naphthalenes, alkyl-diphenyls, 
alkyl-perylenes etc. up to mass 600, the upper limit of the mass range. The 
average molecular weight, calculated as the 50% intensity of the averaged 
spectrum is 260. i.e. close to the number average molecular weight determined 
isopiestically. 

Field Desorption Mass Spectrometry 

Figure 11 shows the field desorption spectrum. There is no cignificant 
intensity below mass 200 but a complex series of masses extending, at low 
intensities, beyond mass 1000; the low molecular weight material observed by 
LClW and GClMS has presumably been pumped awey in the mass spectrometer. 

GENERAL DISCUSSION 

This study indicates that on-line LC/MS gives chemical information on the 
coal-derived aromatics which has not previously been obtained by other methods. 
On the other hand, probe experiments have revealed the presence of high 
molecular weight material which is not detected by LC/MS, most probably because 
this material was not volatilised from the moving belt interface and therefore 
did not enter the ion source (13). 

The complex alkylated aromatics with evidence of the biomarkers pentacyclic 
triterpanes of the hopane type indicate that there has not been undue 
degradation of the molecular structures and evidence from NMR (1) indicates that 
the loss of hydroaromatic groups by aromatisation is one of the main reactions 
taking place during mild hydropyrolysis; the small quantity of l o w  carbon 
number hydrocarbon gas (less than 5 wt X daf coal) produced during the 
hydropyrolysis reinforces this view. 
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Alkylated m a t e r i a l ,  including up t o  C - a l k y l  naphthalenes, has  a l s o  been 
observed (14-16) t o  evaporate from coals  a t  low temperatures (>3OO0C) and has  
been descr ibed as the remains of the  o i l  produced during c o a l i f i c a t i o n  the bulk 
of which has  migrated from the  coa l  measures t o  o i l  and gas  f i e l d s .  The 
aromatics f r a c t i o n  described i n  t h i s  work probably corresponds t o  a s l i g h t l y  
modified, wider molecular weight range f r a c t i o n  of the  o i l  remnant. 

CONCLUSIONS 

LC/MS gives  s i g n i f i c a n t  chemical information on a wide b o i l i n g  sample of 
aromatics der ived from coal  by revea l ing  both the  ex ten t  of  t h e  homologous 
s e r i e s ,  up to  C a l k y l  subs t i tuents ,  and the s i z e  of the aromatic systems, up 
t o  seven r ings .20This  information is not  revealed by o ther  techniques such a s  
NMR, MS, o r  GC/MS. Although the  method works s a t i s f a c t o r i l y  on-line, there  is 
sti l l  d iscr imina t ion  aga ins t  high molecular weight mater ia l .  
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TABLE 1 

Aromatic types detected by LC/MS 

Mass of parent Z No. Name of one isomeric Maximum 
of homologous Cn H2n+Z structure alkyl chain 

series detected 

78 -6 Benzene >15 
118 -8 Indan >20 
116 -10 Indene >20 
128 -12 Naphthalene >21 
154 -14 Diphenyl >19 
166 -16 Fluorene >19 
178 -18 Phenanthrene >12 
204 -20 Phenylnaphthalene 12 
202 -22 Pyrene 15 
228 -24 Chrysene 1 1  
226 -26 Benzo(ghi)fluoranthene 1 1  
252 -28 Benzopyrene 10 
278 -30 Dibenzanthracene 10 
276 -32 Naphthylphenanthrene 7 
302 -34 Dibenzopyrene 8 
300 -36 Coronene 9 

TABLE 2 

Aromatic types detected by GCIMS 

Mass of parent Z No. Name of one isomeric Maximum 
of homologous Cn H2n+Z structure alkyl chain 

series detected 

78 
118 
116 
128 
154 
166 
178 
204 
202 

-6 
-8 
-10 
-12 
-14 -16 

-18 
-20 
-22 

Benzene 
Indan 
Indene 
Naphthalene 
Diphenyl 
Fluorene 
Phenanthrene 
Phenylnaphthalene 
Pyrene 

5 
5 
O* 
6 
5 
4 
4 
2 
2 

* Components of 2 = -10 are not normally detected at masses less than 
mass 186 COKKeSpOnding to octshydro-phenanthrene although indene is 
the lowest "parent" of the series. 
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Negative I o n  Processes f o r  t he  Unambiguous 
I d e n t i f i c a t i o n  o f  P o l y c y c l i c  Aromatics* 

M. V. Buchanan and M. 6. Wise 

Oak Ridge Nat ional  Laboratory 
P. 0. Box X 

Oak Ridge, Tennessee 37831 

The unambiguous i d e n t i f i c a t i o n  o f  p o l y c y c l i c  aromatic hydrocarbons (PAH)  i n  a 
complex m ix tu re  i s  a d i f f i c u l t  a n a l y t i c a l  problem. Combined gas chromatography/ 
mass spectrometry i s  one o f  t h e  most f requen t l y  used techniques f o r  t h e  ana lys i s  o f  
PAH i n  complex mixtures due t o  i t s  a b i l i t y  t o  separate components p r i o r  t o  detec- 
t i o n  by the  mass spectrometer. Conventional e l e c t r o n  impact i o n i z a t i o n  i s  o f t e n  
l i m i t e d  i n  i t s  a b i l i t y  t o  i d e n t i f y  PAH a t  t h e  isomer ic  l e v e l  because PAH genera l l y  
y i e l d  s t rong molecular i ons  w i t h  l i t t l e  o r  no f ragmentat ion which would a l l o w  
isomeric species t o  be d i f f e r e n t i a t e d .  The presence o f  a p a r t i c u l a r  isomer i n  a 
m ix tu re  can have a profound e f f e c t  on t h e  m ix tu re ' s  b i o l o g i c a l  a c t i v i t y .  Fo r  
example, benzo(a)pyrene i s  a well-known po ten t  carcinogen, whereas i t s  isomer, 
benzo(e)pyrene i s  r e l a t i v e l y  i nac t i ve .  Therefore, i t  i s  impor tant  t o  be ab le  t o  
i d e n t i f y  these compounds and even q u a n t i t a t i v e l y  determine t h e i r  l e v e l s  i n  t h e  
presence o f  each other  i n  order  t o  f u l l y  assess a m ix tu re ' s  p o t e n t i a l  r i s k  w i t h  
respect  t o  human heal th .  

A number o f  mass spec t ra l  techniques have been repor ted i n  recen t  yea rs  as a 
means o f  d i f f e r e n t i a t i n g  isomer ic  PAH, i n c l u d i n g  mixed charge exchange chemical 
i o n i z a t i o n  (1,2), pulsed p o s i t i v e  and negat ive chemical i o n i z a t i o n  us ing mixed 
reagents (3,4), and metastable i o n  spect ra (5). These methods r e l y  upon comparing 
t h e  r a t i o s  o f  the observed i o n  i n t e n s i t i e s  f o r  t he  d i f f e r e n t i a t i o n  o f  t h e  isomer ic  
compounds. Th is  would l i m i t  t he  usefulness o f  these techniques t o  compounds f o r  
which standards were ava i l ab le .  I d e a l l y ,  one would l i k e  an a n a l y t i c a l  technique 
which would no t  r e l y  on t h e  a v a i l a b i l i t y  o f  au then t i c  compounds. Th is  i s  p a r t i c u -  
l a r l y  t r u e  i n  the  case o f  PAH and a l k y l - s u b s t i t u t e d  PAH, where thousands o f  isomers 
are possible, but  r e l a t i v e l y  few are commercial ly ava i l ab le .  

Recently, we have been i n v e s t i g a t i n g  t h e  use o f  e l e c t r o n  capture negat ive i o n  
processes f o r  the d i f f e r e n t i a t i o n  o f  isomer ic  PAH ( 6 ) .  Most PAH have p o s i t i v e  
e l e c t r o n  a f f i n i t i e s  ranging i n  magnitude from a few ten ths  t o  over one e l e c t r o n  
v o l t  (7 ) .  E lec t ron  capture reac t i ons  o f  PAH us ing bo th  e l e c t r o n  capture chromato- 
g r a p h i c  de tec to rs  (8,9) and negat ive i o n  chemical i o n i z a t i o n  mass spectrometry 
( 6 , l O - 1 2 )  have been reported. I n  t h i s  paper, negat ive i o n  processes have been 
inves t i ga ted  f o r  t he  d i f f e r e n t i a t i o n  o f  isomer ic  PAH based upon r e l a t i v e  d i f f e r -  
ences i n  e lec t ron  a f f i n i t i e s .  The use o f  these processes i n  both negat ive i o n  
chemica l  i o n i z a t i o n  mass s p e c t r o m e t r y  and a newly developed chromatographic 
de tec to r  w i l l  be discussed. 

I n  the e l e c t r o n  capture negat ive i o n  chemical i o n i z a t i o n  (C I )  experiments, 
methane was used as a b u f f e r  gas and in t roduced i n t o  the i o n  source o f  a Hewlett- 
Packard 59858 quadrupole mass spectrometer a t  a pressure o f  a few ten ths  o f  a t o r r  
( 6 ) .  Elec t ron  bombardment was used t o  i o n i z e  the  methane. Under these condi t ions,  
e lec t rons  w i t h  nea r l y  thermal energy are produced and can be captured by compounds 
t o  form anions. I n i t i a l  experiments us ing these cond i t i ons  revealed t h a t  some PAH 
undergo e l e c t r o n  capture t o  form molecular  anions, M-, whereas o the rs  d i d  no t  
ion ize,  as shown i n  F igure 1. 

*Research sponsored by t h e  O f f i ce  o f  Heal th  and Environmental Research, 
U.S. Department of Energy under Contract  No. DE-AC05-840R21400 w i t h  Mar t i n  Mar ie t ta  
Energy Systems, Inc. 
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Further  s tud ies  us ing over f o r t y  PAH suggested t h a t  t h e  i o n i z a t i o n  behavior 
o f  the PAH under e l e c t r o n  capture condi t ions was r e l a t e d  t o  t h e i r  e lec t ron  a f f i n i -  
t i e s .  E l e c t r o n  a f f i n i t i e s  (EA) o f  complex molecules a re  d i f f i c u l t  t o  measure 
exper imenta l ly  (7 ) .  However, EA values may be estimated from Hiickel molecular 
o r b i t a l  c a l c u l a t i o n s  (13). The E A  o f  a PAH i s  l i n e a r l y  r e l a t e d  t o  the energy o f  
t h e  lowest unoccupied molecular o r b i t a l ,  ELUMO, where 

and a and B are  de f i ned  as the Coulomb and resonance i n t e g r a l s ,  respect ive ly ,  and 
mm+l i s  t h e  c o e f f i c i e n t  o f  energy f o r  t he  LUMO. The values o f  mm+l have been 
ca l cu la ted  f o r  a l a r g e  number o f  PAH and are a v a i l a b l e  i n  a number o f  compi la t ions 
(14-16). Because mm+l i s  l i n e a r l y  r e l a t e d  t o  ELUHO. which i s  i n  t u r n  l i n e a r l y  
r e l a t e d  t o  t h e  e l e c t r o n  a f f i n i t y  o f  a molecule, m,,,+l values may be used as a 
r e l a t i v e  measure o f  EA values ( 6 ) .  

Using a d i a b a t i c  E A  values which had been c a l c u l a t e d  by Younkin e t  al., (17 ) .  
as we l l  as m,+l values, i t  was found t h a t  t h e  i o n i z a t i o n  behavior o f  the PAH f e l l  
i n t o  two groups w i t h  respect  t o  t h e i r  E A  values, as shown i n  Table 1. Those w i t h  
E A  va lues g rea te r  t han  0.5 eV (or  m m + l  values g rea te r  than -0.42) ion ized t o  
produce molecular  anions. Compounds w i t h  lower EA values d i d  n o t  i o n i z e  and thus 
were not observed. This d i f f e r e n c e  i n  i o n i z a t i o n  behavior pe rm i t s  a number o f  
isomeric PAH t o  be d is t inguished.  For example, f luoranthene and pyrene, both w i t h  
a molecular weight o f  202, are r e a d i l y  d i s t i ngu ished  under t h e  negative ion C I  
condi t ions,  w i t h  o n l y  f luoranthene y i e l d i n g  a molecular  anion. Perhaps the most 
important d i f f e r e n t i a t i o n ,  however, i s  between t h e  two benzopyrene isomers. As 
s ta ted  p rev ious l y ,  benzo(a)pyrene i s  a much more potent  carcinogen than i t s  isomer, 
benzo(e)pyrene. Under negat ive i o n  C I  cond i t i ons ,  on l y  benzo(a)pyrene i s  ion ized,  
a l lowing i t  t o  be i d e n t i f i e d  r e a d i l y  and q u a n t i t a t i v e l y  determined i n  the presence 
o f  i t s  isomer w i t h o u t  i n te r fe rence .  

The a d d i t i o n  o f  a l k y l  groups t o  a PAH i s  p red ic ted  t o  a l t e r  t h e  a t e r m  i n  
Equation 1 on ly  s l i g h t l y  and thus have l i t t l e  e f f e c t  on EA value o f  the a l ky la ted  
PAH (13). Th i s  p r e d i c t i o n  has been confirmed i n  s tud ies  us ing a l k y l - s u b s t i t u t e d  
PAH, which show t h a t  these compounds may be d i f f e r e n t i a t e d  i n  a manner s i m i l a r  t o  
t h e i r  p a r e n t  compounds. T h i s  e l i m i n a t e s  the  need f o r  standard compounds t o  
d i f f e r e n t i a t e  these compounds as we l l .  

A number of n i t rogen-subs t i t u ted  PAH have a l s o  been stud ied by the  e l e c t r o n  
capture negat ive i o n  CI techniques, and the same type o f  isomer ic  d i f f e r e n t i a t i o n  
i s  observed. A few o f  t h e  compounds which have been stud ied are shown i n  Table 2. 
The add i t i on  o f  a n i t r o g e n  i n t o  t h e  r i n g  system o f  a PAH r a i s e s  the e lec t ron  
a f f i n i t y  of t he  azaarene s l i g h t l y  above t h a t  o f  t h e  parent  PAH. Th is  i s  observed 
c l e a r l y  i n  the case o f  ac r id ine ,  which y i e l d s  molecular anions, i n  con t ras t  t o  the  
corresponding PAH, anthracene, which does n o t  i on i ze .  

An example i l l u s t r a t i n g  the  use o f  e l e c t r o n  capture negat ive i o n  C I  i s  shown 
i n  Figure 2. I n  th is  f i g u r e  a r e  three t o t a l  i o n  chromatograms o f  a PAH i s o l a t e  
from a coal -der ived l i q u i d .  The lower t r a c e  was obta ined by conventional e lec t ron  
impact i o n i z a t i o n .  The middle t r a c e  was obta ined by methane chemical i o n i z a t i o n  i n  
t h e  p o s i t i v e  ion mode. I n  both o f  these chromatograms, a l l  o f  t he  compounds are 
i o n i z e d  and t h e  p r o f i l e s  appear e s s e n t i a l l y  i d e n t i c a l .  The upper t r a c e  was 
obtained i n  the  e l e c t r o n  capture negt ive i o n  CI mode us ing  methane as the buf fer  
gas. I n  t h i s  chromatogram, on ly  compounds w i t h  EA values over 0.5 eV are observed, 
a l lowing a number o f  isomers t o  be d is t inguished.  Most no tab le  i s  t he  d i f f e r e n t i a -  
t i o n  Of f luoranthene (peak l)  and pyrene (peak 2), as w e l l  as the  C2-substi tuted 
f luoranthenes (peak 4) and t h e  C2-subst i tu ted pyrenes (peak 5 ) .  Another feature o f  
t h i s  technique i s  a l so  observed i n  F igure 2. Higher molecular weight  compounds are 
of ten d i f f i c u l t  t o  observe us ing chromatographic methods. This  i s  due t o  the  f a c t  
t h a t  the chromatographic e f f i c i e n c y  drops o f f  as t h e  compounds are re ta ined  on the 
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Column f o r  longer per iods o f  time. I n  t h e  negat ive i o n  C I  mode, however, these 
h igher  molecular weight PAH are more c l e a r l y  observed than w i t h  e i t h e r  e l e c t r o n  
impact or  p o s i t i v e  i o n  chemical i o n i z a t i o n .  The h igher  s e n s i t i v i t y  o f  t h e  com- 
pounds i n  the e l e c t r o n  capture process i s  due t o  t h e  f a s t e r  r e a c t i o n  r a t e s  of 
electron-molecule react ions,  i n  general,  and the  h ighe r  capture c ross -sec t i on  and 
e l e c t r o n  a f f i n i t i e s  o f  these l a r g e r  PAH. The a b i l i t y  t o  de tec t  these l a r g e r - r i n g  
PAH i s  espec ia l l y  impor tant  i n  t h e  ana lys i s  o f  complex mixtures w i t h  respect  t o  
human hea l th  r i s k s  because these compounds g e n e r a l l y  have h i g h e r  b i o l o g i c a l  
a c t i v i t y  t han  compounds w i t h  fewer aromatic r i ngs .  Compounds w i t h  molecular  
weights i n  excess of 350 have been observed i n  coal -der ived l i q u i d s  us ing t h i s  
technique. 

E lec t ron  capture de tec to rs  (ECD), which a re  widely  used i n  chromatography, 
employ chemical processes which are s i m i l a r  t o  those used i n  e l e c t r o n  c a p t u r e  
negat ive i o n  C I  experiments. I n  t h e  case o f  an ECD, t h e  de tec to r  i s  operated a t  
atmospheric pressure instead o f  a few ten ths  o f  a t o r r ,  and a source o f  
@- rad ia t i on ,  usua l l y  3H o r  63Ni, i s  used instead o f  an e l e c t r o n  f i l a m e n t  f o r  t he  
i o n i z a t i o n  o f  t he  b u f f e r  gas. T y p i c a l l y ,  a m ix tu re  o f  10% methane i n  argon i s  used 
as the b u f f e r  gas. The p a r t i c l e s  c o l l i d e  w i t h  t h e  argon t o  produce metastable 
ions, which then i o n i z e  methane t o  produce thermal e lect rons.  As a compound enters  
the de tec to r  c e l l  and captures these e lec t rons ,  t he  cu r ren t  measured a t  t h e  anode 
decreases, producing the  r e s u l t i n g  s ignal .  

Studies o f  PAH us ing an ECD have shown t h a t  some d i f f e r e n t i a t i o n  may be 
obtained based on t h e  r e l a t i v e  responses o f  t h e  isomers (19). Th i s  d i f f e r e n t i a t i o n  
can be enhanced w i t h  the  a d d i t i o n  o f  dopants t o  the  b u f f e r  gas, such as oxygen and 
e t h y l  c h l o r i d e  (19.20). The s i m i l a r i t y  i n  the  chemical processes used i n  an ECD 
and t h e  n e g a t i v e  i o n  C I  exper iments prompted the i n v e s t i g a t i o n  o f  whether a 
chromatographic de tec to r  s i m i l a r  t o  an ECD b u t  operated a t  lowered pressures would 
y i e l d  the  same type o f  d i s t i n c t  responses f o r  isomer ic  PAH as was observed i n  t h e  
mass spectrometry experiments. 

A vacuum chamber was designed t o  con ta in  a convent ional  ECD c e l l  w i t h  a 63Ni 
source. The chamber was const ructed so t h a t  t he  pressure could be va r ied  from a 
few ten ths  o f  t o r r  t o  atmospheric. A separate l i n e  suppl ied the  b u f f e r  gas t o  t h e  
c e l l  and a fused s i l i c a  c a p i l l a r y  column was connected d i r e c t l y  t o  t h e  detector .  A 
more d e t a i l e d  d e s c r i p t i o n  o f  t h e  d e t e c t o r  d e s i g n  has been s u b m i t t e d  f o r  
pub l i ca t i on .  

A mix ture o f  f o u r  PAH, phenanthrene, anthracene, f luoranthene,  and pyrene, 
were f i r s t  studied w i t h  the  de tec to r  a t  atmospheric pressure. As shown i n  F igure 
3a. on l y  th ree  o f  t h e  fou r  compounds were detected w i t h  t h e  de tec to r  operated i n  
the  conventional ECD mode. Phenanthrene has a low e l e c t r o n  a f f i n i t y  (0.03 e V ) ,  and 
does n o t  undergo e l e c t r o n  capture (17,19). When t h e  pressure i n  t h e  de tec to r  was 
lowered t o  about one t o r r ,  t he  d i r e c t i o n  o f  t h e  ch romatog raph ic  peaks were 
reversed, as shown i n  F igure 3c. Th is  reverse response ind i ca tes  t h a t  t he  e l e c t r o n  
populat ion i n  the c e l l  increased as the compounds e lu ted,  represent ing e l e c t r o n  
emission by the  compounds themselves. The emission process y i e l d s  approximately 
equal response f o r  a l l  f ou r  compounds, i n  c o n t r a s t  w i t h  the  d i s t i n c t l y  d i f f e r e n t  
r e l a t i v e  responses observed i n  t h e  e l e c t r o n  capture mode a t  atmospheric pressure. 

When the pressure w i t h i n  the  v a r i a b l e  pressure de tec to r  was increased t o  
a p p r o x i m a t e l y  200 t o r r ,  a t h i r d  t y p e  o f  response was observed, as shown i n  
Figure 3b. The peaks f o r  t he  two isomers f luoranthene and pyrene a r e  i n  t h e  
e l e c t r o n  capture and e l e c t r o n  emission modes, respec t i ve l y ,  a l l ow ing  them t o  be 
r e a d i l y  d is t inguished.  The peak f o r  phenanthrene i s  i n  the  e l e c t r o n  emission mode 
and t h a t  f o r  anthracene i s  a t  a cross-over p o i n t  between emission and capture 
modes. A t  lower pressures, t he  peak would be negative, i n d i c a t i v e  o f  e l e c t r o n  
emiss ion,  and a t  h ighe r  pressures, t he  peak would be p o s i t i v e ,  i n d i c a t i v e  of 
e l e c t r o n  capture. Th is  demonstrated t h a t  d i f f e r e n t i a t i o n  o f  var ious isomers can be 
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obtained w i t h  t h i s  new de tec to r  by se lec t i ng  pressures where one isomer would be i n  
the  e lec t ron  capture mode, w h i l e  the  o the r  isomer would be i n  t h e  e l e c t r o n  emission 
mode. An example o f  t h i s  i s  shown i n  F igure 4. I n  t h e  t o p  p r o f i l e ,  t h e  de tec to r  
was opera ted  i n  t h e  e m i s s i o n  mode and a l l  c o m p o n e n t s  o f  a m i x t u r e  o f  
a l k y l - s u b s t i t u t e d  phenanthrenes and anthracenes a re  observed. Rais ing t h e  pressure 
t o  175 t o r r  causes the  subs t i t u ted  anthracenes t o  cross-over  t o  t h e  e l e c t r o n  
capture mode, a l l o w i n g  them t o  be c l e a r l y  d i f f e r e n t i a t e d  from the  isomer ic  a l k y l -  
subs t i t u ted  phenanthrenes. 

This v a r i a b l e  mode i o n i z a t i o n  de tec to r  can be operated i n  t h r e e  d i s t i n c t  
modes j u s t  be changing t h e  pressure w i t h i n  the c e l l .  A t  atmospheric pressure, i t  
can be operated as a convent ional  ECO. A t  low pressures, it can be operated i n  the  
e lec t ron  emission mode and very l e v e l  responses f o r  each compound can be obtained, 
not  un l i ke  e l e c t r o n  impact i o n i z a t i o n  or flame i o n i z a t i o n  response, F i n a l l y ,  a t  
in termediate pressures, a h igh degree o f  s e l e c t i v i t y  f o r  var ious compounds may be 
obtained. I n  t h i s  l a t t e r  mode, t h e  same t ype  o f  isomer ic  d i f f e r e n t i a t i o n  observed 
i n  the negat ive i o n  C I  mass spectrometry experiments can be obtained, b u t  wi thout  
t he  need f o r  t he  mass spectrometer. Not on l y  can t h e  d e t e c t o r  be used i n  t h i s  mode 
t o  d i s t i n g u i s h  va r ious  isomers, bu t  a l s o  t o  s e l e c t i v e l y  d e t e c t  one c l a s s  o f  
compounds i n  the presence o f  o the r  classes. 
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Table 1. Electron capture CI response of PAH 

Base 
Molecular peak 

Compound weight -m,+la €Ab m / z  

Acenaphthylene 
Anthanthrene 
Indeno(l.2.3-cd)pyrene 
Benzo(i)fluoranthene 
Benzo(a) pyrene 
Fluoranthene 
Benzo (b)fl uoranthene 
Benzo(ghi ) fluoranthene 
Azulene 
Benzo (k )f 1 uoranthene 
Anthracene 
Dibenzo(a,i)pyrene 
Di benzo( a,e) pyrene 
Benzo(ghi)perylene 
Pyrene 
Benzo(a)anthracene 
Oibenzo(a,i)anthracene 
Benzo(e)pyrene 
1.2.3.4-Dibenzanthracene 
Picene 
Chrysene 
1-Phenyl naphthalene 
Coronene 
Benzo(c)phenanthrene 
2-Phenyl naphtha1 ene 
p-Terphenyl' 
Phenanthrene 
Naphthalene 
Biphenyl 

152 
276 
276 
252 
252 
202 
252 
226 
128 
252 
178 
302 
302 
276 
202 
228 
278 
252 
278 
278 
228 
204 
300 
228 
204 
230 
178 
128 
154 

0.285 
0.291 
0.293 
0.312 
0.371 
0.371 
0.377 
0.378 
0.400 
0.401 
0.414 
0.522 
0.422 
0.439 
0.445 
0.452 
0.492 
0.497 
0.499 
0.502 
0.520 
0.522 
0.539 
0.568 
0.565 
0.593 
0.605 
0.618 
0.705 

0.77 
-c 

0.64 
0.63 

0.77 

0.49 

0.51 
0.45 
0.42 
0.33 
0.35 
0.34 
0.29 
0.26 

0.32 
0.18 

- 

0.03 
-0.06 

152 
276 
276 
252 
25 2 
202 
252 
226 
128 
252 

302 
302 
276 

-c 

acalculated coefficient of energy for LUMO from Refs. 14, 

bCalculated electron affinity values from Ref. 17. 
CThe - signifies that no response was observed. 

15. and 16. 
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Table  2.  Negat ive i o n  CI response o f  se lec ted  azaarenes 
-. - 

MU Negative I o n  CI Response 

Acr id ine  (9-azaanthracene)  179 
Phenanthridene (9-azaphenanthrene) 179 
2 -aza f luoranthene  203 
1-azapyrene 203 
I -azachrysene 229 
IO-azabenzo(a)pyrene 253 

179 

203 
203 

253 

I 1  
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SEPARATION AND ANALYSIS OF HYDROXYAROMATIC SPECIES I N  
LIQUID FUELS. I .  ANALYTICAL METHODOLOGY 

J. 6. Green. J. 5. Thomson, S. K-T Yu, C. A. Treese, 
B. K. St ie rwa l t ,  and C. P. Renaudo 
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Nat ional  I n s t i t u t e  f o r  Petroleum and Energy Research 

D i v i s i o n  o f  I I T  Research I n s t i t u t e  
P. 0. Box 2128 

B a r t l e s v i l l e ,  OK 74005 

INTRODUCTION 

The ana lys is  o f  hydroxyaromatics (ArOH)  i n  f u e l s  has received considerable 
a t t e n t i o n  f o r  t h e  l a s t  20-30 years. 
1970's and e a r l y  1980's dur ing  the "synfuels boom" because o f  the r e l a t i v e l y  
high concentrat ions o f  ArOH i n  shale o i l s  and e s p e c i a l l y  coal  l i q u i d s .  ArOH 
as a c l a s s  are important because they impact f u e l  p roper t ies  such as i t s  
s t a b i l i t y ,  v i s c o s i t y ,  water m i s c i b i l i t y  and t o x i c i t y  as we l l  as i t s  behavior 
i n  r e f i n e r y  processes. For example, Hara, et ai. (1) and White et al .  (2) 
found t h a t  phenol ic compounds cont r ibu ted  t o  sediment format ion i n  SRC- I1  coal 
l i q u i d  through o x i d a t i v e  coupl ing.  I n  addi t ion.  ArOH are bel ieved t o  increase 
v i s c o s i t y  by hydrogen bonding t o  n i t rogen bases ( 3 ) .  f i n a l l y ,  ArOH and c y c l i c  
ethers are bel ieved t o  c o n t r o l  the r a t e  o f  hydrodeoxygenation o f  coal  l i q u i d s  
dur ing  hydro t rea t ing  processes (4). 

The approach most conanonly used f o r  ana lys is  o f  ArOH invo lves  a p r e l i m i -  
nary step f o r  t h e i r  i s o l a t i o n  from the bulk fue l  mat r i x  fo l lowed by ana lys is  
o f  the ArOH concentrate. Aqueous e x t r a c t i o n  and l i q u i d  chromatography are the 
most common methods f o r  i s o l a t i n g  ArOH; GC, GC/MS, MS. NMR, I R ,  and UV have 
a l l  been used s i n g l y  o r  i n  combination f o r  ana lys is  o f  the  ArOH concentrate. 

While any o f  t h e  publ ished methods w i l l  work on f u e l s  r i c h  i n  ArOH, 
unsat is fac to ry  r e s u l t s  are o f t e n  obtained on samples such as petroleum which 
are  low i n  ArOH as w e l l  as w i t h  samples w i t h  a higher average molecular weight 
o r  b o i l i n g  p o i n t .  For example, aqueous-alcoholic NaOH e x t r a c t i o n  y i e l d s  
n e g l i g i b l e  amounts o f  a c i d i c  mater ia l  from h i g h - b o i l i n g  petroleum d i s t i l l a t e s  
and residues which a c t u a l l y  con ta in  10-20 weight-percent a c i d i c  compounds 
(5). The hydrophobic nature o f  l a r g e r  molecular weight acids prevents them 
from p a r t i t i o n i n g  i n t o  the  aqueous phase. 

L i q u i d  chromatography on alumina probably has the  widest a p p l i c a b i l i t y  
f o r  i s o l a t i o n  o f  ArOH from f u e l s  (6-11). a l though methods using s i l i c a  as the 
adsorbent have a l s o  been repor ted  (11-17). Reportedly, t h e  s i l i ca -based 
methods have y i e l d e d  ArOH f r a c t i o n s  a l s o  conta in ing  n i t r o g e n  compounds (11,13, 
14) bu t  Schabron et  al. (16) and Hurtubise et al. (17) reported t h a t  pre- 
t r e a t i n g  t h e  s i l i c a  w i t h  HC1 e l im ina tes  t h i s  problem by forming HC1-salts o f  
n i t r o g e n  bases on the  column, thereby prevent ing  t h e i r  c o e l u t i o n  w i t h  ArOH. 
Coelut ion of n i t r o g e n  compounds w i t h  ArOH has a l s o  been reported t o  be a 
problem with alumina-based separat ions (10.15). 
i o n  exchange chromatography has been used t o  o b t a i n  ArOH concentrates. e i t h e r  

I n t e r e s t  was e s p e c i a l l y  high i n  the  l a t e  

On t h e  o ther  hand. nonaqueous 
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by sequential e l u t i o n  o f  t he  i on  exchange r e s i n  (3,18,19) o r  by subfract iona-  
a t i o n  of t he  t o t a l  ac id  concentrate on alumina (20.21). Since n i t r o g e n  bases 
are trapped by a c a t i o n  r e s i n  and ArOH by an anion r e s i n  i n  t h a t  procedure, 
over lap o f  those classes i s  minimal. F i n a l l y ,  s i ze  exc lus ion chromatography 
w i t h  THF e luent  separates A r O H  as a c lass  from coal l i q u i d s  (22.23). 
Reportedly, phenols hydrogen bond t o  THF, thereby e f f e c t i v e l y  increas ing t h e i r  
molecular s i ze  and decreasing t h e i r  e l u t i o n  volume from the  s i z e  exc lus ion  
column. 

Chemical d e r i v a t i z a t i o n  o f  ArOH o f t e n  f a c i  1 i t a t e s  subsequent chromato- 
graphic and/or spectroscopic analysis. 
anhydrides o r  ac id  ch lo r i des  has been used i n  conjunct ion w i t h  GC (24) and 
espec ia l l y  NMR methods (25-29). 
t o  determine pr imary aromatic amines i n  coal  l i q u i d s .  S im i la r l y ,  s i l y l a t i o n  
w i t h  a v a r i e t y  o f  reagents enables s p e c i f i c  A r O H  analys is  by NMR (13,30) and 
GC/MS (31.32). Chemical d e r i v a t i z a t i o n  i s  use fu l  from both q u a l i t a t i v e  and 
q u a n t i t a t i v e  standpoints because 1) i t  e l im ina tes  many p o t e n t i a l  0-conta in ing 
i n t e r f e r i n g  compound classes which w i l l  no t  r e a c t  (e.g., ketones, e thers) ,  2) 
i t  adds a chemical moiety conta in ing elements not  commonly i n  f u e l s  (e.g. 
F,Si) a l l ow ing  f o r  s p e c i f i c  de tec t i on  o f  ArOH, 3) it s i g n i f i c a n t l y  adds t o  t h e  
molecular weight o f  t he  ArOH which f a c i l i t a t e s  mass spec t ra l  ana lys i s  because 
the de r i va t i zed  ArOH molecular ions are a t  s i g n i f i c a n t l y  h igher  mass than 
i n t e r f e r i n g  compounds, 4) i t  improves gas chromatographic r e s o l u t i o n  o f  ArOH, 
and 5) i t  a l t e r s  t h e  p o l a r i t y  o f  ArOH which can enable t h e i r  f u r t h e r  separa- 
t i o n  from i n t e r f e r i n g  compound classes. 

The A r O H  analys is  method described here i s  based on 1) i n i t i a l  i s o l a t i o n  
o f  a t o t a l  ac id  concentrate by nonaqueous i o n  exchange chromatography, 2) sub- 
f r a c t i o n a t i o n  o f  t h e  ac ids i n t o  compound c lass  f r a c t i o n s  by HPLC, 3) chemical 
d e r i v a t i z a t i o n  v i a  a c y l a t i o n  o r  s i l y l a t i o n ,  and 4) GC/MS analys is  o f  t he  
de r i va t i zed  A r O H  concentrate. 
t a i l e d  analys is  o f  A r O H  species regard less o f  f u e l  type and o v e r a l l  concen- 
t r a t i o n  o f  ArOH present. Because the  u l t i m a t e  ana lys i s  i s  by GC/MS, t he  
method i s  l i m i t e d  t o  d i s t i l l a t e s  b o i l i n g  below approximately 500" C (932" F).  

Nonaqueous i o n  exchange chromatography was chosen f o r  t he  f i r s t  s tep 
because i t  separates a c i d i c  types from t h e  bu lk  hydrocarbon ma t r i x  as w e l l  as 
from basic  n i t rogen  compounds. 
schemes based on s i l i c a  o r  alumina over lap some n i t rogen  compound types i n t o  
the  ArOH f rac t i on .  This presents a ser ious i n te r fe rence  f o r  GC/MS ana lys i s  
because n i t rogen  compounds y i e l d  even-numbered fragments which can p a r t i a l l y  
o r  completely obscure parent ArOH ions. Chemical d e r i v a t i z a t i o n  a lone f r e -  
quent ly  cannot compensate f o r  t h i s  i n te r fe rence  because many N-compounds a l so  
de r i va t i ze .  HPLC was chosen over the p rev ious l y  c i t e d  open-column separat ion 
methods f o r  sub f rac t i ona t ing  acids because o f  i t s  higher chromatographic reso- 
l u t i o n ,  use o f  automated instrumentation, use o f  detectors  which cont inuously  
monitor t he  separation, and microprocessor-contro l led so lvent  g rad ien t  and 
pump. The above f a c t o r s  coupled w i t h  t h e  f a c t  t h a t  a s ing le  column may be 
used f o r  numerous samples r e s u l t  i n  much h ighe r  q u a l i t y ,  more rep roduc ib le  
ArOH concentrates. This  d u a l - l i q u i d  chromatographic approach has the  fo l l ow-  
i n g  inherent  advantages: 1) ac id i c  compounds are concentrated i n  t h e  f i r s t  
s tep from bu lk  f u e l  components and then subfract ionated i n  a second step -- 
t h i s  approach i s  e s p e c i a l l y  su i ted t o  f u e l s  which con ta in  low amounts o f  ArOH, 
2) extremely hydrophobic o r  hyd roph i l i c  A r O H  which are incomplete ly  recovered 

Acy la t i on  w i t h  f l u o r i n a t e d  ac id  

This r e a c t i o n  has a l s o  been used ex tens i ve l y  

The o b j e c t i v e  o f  t he  scheme i s  t o  prov ide de- 

As discussed prev ious ly ,  many o f  t h e  publ ished 
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in aqueous extraction procedures pose no special problems for this procedure, 
3) the complementary selectivities of the ion exchange and HPLC separations 
yield ArOH concentrates relatively free of other compound classes, 4) it has 
been evaluated using numerous pure compounds as well as a wide variety of 
fuels, and 5) it yields concentrates of other major acidic compound classes 
suitable for detailed analysis. 

EXPERIMENTAL 

Preliminary Fractionation of Fuels 

Details of distillation (4,33) and nonaqueous ion exchange isolation of 
acid concentrates (5) appear elsewhere. Distillation was not absolutely 
necessary for analysis of ArOH, but the level of information obtained on 
higher boiling ArOH was enhanced if the bulk of the phenols and indanols/ 
tetralinols were distilled into a light (ca. 200-325" C) boiling fraction. 

b 

Preparative HPLC Subfractionation of Acid Concentrates 

A preliminary evaluation of HPLC methods for acid subfractionation (34) 
and a study of the liquid chromatographic behavior of acidic compounds on 
silica using mobile phases spiked with tetraalkylammonium hydroxides (35) give 
background information on the HPLC method used here. Table 1 shows details of 
the equipment and conditions for the acid subfractionation. 

TABLE 1. Conditions for HPLC Subfractionation of Acid Concentrates 

Column - 30 cm X 2.5 cm 1.0. 316 ss 
Packing-Adsorbosil-LC (Al(1tecl Assoc. - l o p  prep grade silica) 
N (average plates/m) - 15,000-20,000 
Flow rate - 28 mL/min 
Chart speed - 0.5 cm/min 
Temperature - 35.0" C 
Detector (uv) - ISCO UA-5, 1 mm path cell, 280 nm, 0-2 AUFS 
Apparatus - Spectra Physics M8000 HPLC 
Injection vol (mL) - 1.8 
Injection amount (mg) - 300 
Gradient - (linear) 

Volume Percent 
Time (min) A B C 

0 88 12 0 
2 88 12 0 

17 
30 
38 
50 
5 1  
53 

78 22 0 
20 80 0 
20 80 0 
0 30 70 
0 30 70 

88 12 0 

A: Methyl t-but 1 ether (MTBE) 

methylammonium hydroxide 
c: Methanol with 0.03 percent tetramethylammonium hydroxide. 

B: 70 percent { -? /v) MTBE: 30 percent (v/v) methanol, 0.03 percent tetra- 
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Chemical O e r i v a t i z a t i o n  o f  ArOH 

Acylat ions were done a t  room temperature by bubbl ing t r i f l u o r o a c e t y l  
ch lo r i de  (TFACl) (SCM S p e c i a l i t y  Chemicals, Ga insv i l l e .  FL) i n t o  0.5 mL of 
benzene conta in ing 0.05 
minutes. 
remove res idua l  TFACl, and the  r e a c t i o n  mix was t rans fe r red  t o  a 1-mL p ropy l -  
s u l f o n i c  acid-bonded s i l i c a  c a r t r i d g e  (PRS Bond Elute, Analytichem I n t e r -  
nat ional ,  Harbor City, CA) and e lu ted  w i t h  10 mL dichloromethane. The bonded 
S i l i c a  c a r t r i d g e  removed t r i e thy lam ine  c a t a l y s t  and t r i f l u o r o a c e t i c  a c i d  pro- 
duced as a by-product from r e a c t i o n  o f  TFACl and water. E i t h e r  o f  t he  above 
contaminants gave r i s e  t o  a large,  poo r l y  e l u t i n g  GC peak which i n t e r f e r e d  
w i t h  ana lys i s  o f  Co-C3 phenols. 

S i l y l a t i o n  was accomplished by heat ing a mixture o f  0.5 mL BSTFA con ta in -  
i n g  10 percent  TMCS c a t a l y s t  ( N  ,0-b is( t r imethy1 s i  l y 1 ) - t r i f  luoroacetamide, 10 
percent t r ime thy l ch lo ros i l ane ;  Regis Chemical, Morton Grove, I L )  and 4 mg ArOH 
d isso lved i n  1.0 mL benzene a t  60" C f o r  one hour. 

n i t rogen  p r i o r  t o  i n j e c t i o n  i n t o  t h e  GC. 

t r i e t h y l a m i n e  c a t a l y s t  and 1-2 mg ArOH f o r  30 
Nit rogen gas was passed through the  reacted ArOH f o r  10 minutes t o  

The s i l y l a t e d  and acety la ted A r O H  w e r e  concentrated t o  0.1-0.2 mL under 

GC/MS 
A Kratos (Ramsey, NJ) MS-80 GC/MS system comprised o f  a Carlo Erba model 

4662 temperature programed GC, S c i e n t i f i c  Glass Engineering (Austin, TX) 
open-spl i t  i n te r face ,  €1 source, MS-80 magnetic-scan mass spectrometer and 
Data General Nova 4-based OS-55 da ta  system was used f o r  a l l  analyses. A 0.25 
mm X 30 m, 0.25 pm f i l m  th ickness J and W (Rancho Cordova, CA) 06-5 column was 
programed from 50" C ( i n i t i a l  t ime one minute) a t  a 5" C/min t o  350" C (ho ld  
20 minutes) f o r  a t y p i c a l  ArOH concentrate. Other inst rumenta l  cond i t i ons  
were: i n j e c t o r  - 300" C, 1OO:l s p l i t ;  GC/MS i n t e r f a c e  - 300" C. He make u 
mL/min (50 mL/min f o r  so lvent  peak purge); column head pressure 1.25 Kg/cm 
(1 mL/min He); mass spect ra l  cond i t i ons  - 70 eV i o n i z i n g  voltage, 1,OgO 
dynamic reso lu t i on ,  0.5 sec/decade scan ra te ,  source pressure 5 X 10- t o r r ,  
and source temperature 300" C. 

RESULTS AND DISCUSSION 

9 l  

HPLC Acid Subfract ionat  i o n  

F igure 1 shows UV detector  t races  from HPLC separat ion o f  t y p i c a l  ac id  
concentrates obtained by nonaqueous i o n  exchange as w e l l  as a chromatogram o f  
a syn the t i c  blend (STD) o f  a c i d i c  compounds t y p i c a l  o f  those i n  fue ls .  
and weak ac id  concentrates are obta ined from i o n  exchange separat ion o f  d i s -  
t i l l a t i o n  res idues (5) ;  thus, F igure 1 shows t races from sub f rac t i ona t ion  o f  
strong and weak ac ids from S R C - I 1  >325" C and OSCR shale o i l  >ZOO" C res idues 
whereas t o t a l  ac ids were separated from the  Wilmington, CA, 370-535" C pet ro-  
leum d i s t i l l a t e .  

ta ined from t h i s  separation. 
any neu t ra l  compounds present as contaminants from the  i o n  exchange procedure. 

Strong 

As i nd i ca ted  i n  the  f i gu re ,  f i v e  o r  s i x  subf ract ions are t y p i c a l l y  ob- 
F r a c t i o n  1 conta ins very weak ac ids as w e l l  as 
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Fraction 2 is largely made up of pyrrolic benzologs. For example, GC/MS 
analysis of fraction 2 from the SRC-I1 >325" C weak acid concentrate showed it 
to contain largely Co-C4 carbazoles. 

retention region would contain hindered phenols, strongly retained pyrrolic 
benzologs, or possibly amides (see corresponding compounds eluting in STD in 
Figure 1). Subsequent analysis of this fraction revealed it to usually 
contain hindered phenols; hence in much of the authors' current work, fraction 
3 is combined with fraction 4 -- the main ArOH subfraction. Cut points for 
fraction 4 are usually defined by retention of 2,4,5-trimethylphenol and 2- 
naphthol (see STD, Figure 1). However, as indicated in the figure, sometimes 
the final cut point is extended beyond this range during separation of syn- 
thetic fuels or other fuels not likely to contain carboxylic acids. Subse- 
quent work (35) with a chloroform-based mobile phase has indicated that much 
of the retention of polycyclic ArOH beyond that of 2-naphthol is due to their 
poor solubility in methyl t-butyl ether (MTBE). Hence, conditions specified 
in Table 1 are no longer used for subfractionation of nondistillable acids. 
Instead, an analogous mobile phase system is used where chloroform is substi- 
tuted for MTBE as the bulk solvent. Details of this separation are available 

In separations of petroleum acid concentrates (Figure 1, Wilmington 370- 
535" C), fraction 5 cut points are set such that it will contain the bulk of 
the carboxylic acids present. 
which contains either very acidic ( i . e . ,  condensed aromatic) carboxylic acids, 
dicarboxylic acids, and/or polyfunctional compounds. With synfuels, all 
compounds more retained than ArOH are usually lumped into the fifth subfrac- 
tion. This subfraction probably contains dihydroxyaromatics as well as 
hydroxylated nitrogen heterocycles (35), such as those recently identified in 
a SRC-I1 coal liquid (37). As expected, weak acid concentrates show very 
little material eluting in fractions 4-6. 

As stated previously, one of the objectives of the liquid chromatographic 
separations was to obtain ArOH fractions relatively free of nitrogen com- 
pounds. Figure 2 shows that this objective was largely met as evidenced by 
the dual FID/NPO GC chromatograms of representative ArOH subfractions. The 
sensitivity ratio of the FID/NPD detectors was adjusted such that carbazole 
gave an FID/NPD response ratio of two. The largest concentration of nitrogen 
compounds observed was in the fraction from OSCR shale oil. This observation 
is consistent with relatively high concentrations of amides such as 2-hydroxy 
pyridines in shale oil (21,38). 
amide) and amides analogous to 2-hydroxypyridine are known to elute into the 
ArOH subfraction in this HPLC system (35). 

Originally, fraction 3 was isolated because it was uncertain whether this 

( 3 6 ) .  

A later eluting fraction 6 is then obtained 

Amides with two free hydrogens (e.g. benz- 

Chemical Derivatization 

Tables 2 and 3 show yields of silylated and acylated hydroxy compounds, 
respectively. 
either system, but most other ArOH reacted in good yield in both systems. As 
shown by Table 3, use of 6:l molar ratio of catalyst to ArOH gave improved 
yields over those obtained using a 0.6:l ratio. Triethylamine serves a dual 
role as catalyst and HC1 scavenger (25,26); thus, an excess is necessary for 
quanti tat i ve y i el ds . 

The highly hindered 2,4,6-tri-t-butylphenol did not react in 

202 



TABLE 2. - Results of BSTFA silylation of ure alcohols and hydroxyaromatics f 

Compound Percent Reacted 

A1 coho1 s 
1-Dodecanol 
9-Hydroxyfluorene 
1-Acenaphthenol 

Hydroxyaromatics 
o-Cresol 
2,6-D i met hy 1 phenol 
2,4,6-Tri-t-butylphenol 
2-Naphthol 

99.9 
99.7 
100.0 

98.3 
99.9 
0 
99.8 

Dihydroxyaromatics 
Resorcinol 0,1002 

10 Percent trichlorosilane catalyst. 

The first number indicates percentage reacted at 
one OH, the second number indicates the percent- 
age reacted at both OH-sites. 

GC/MS 
Figures 3 and 4 show total ion current GC/MS profiles of ArOH, acylated 

ArOH, and silylated ArOH in SRC-I1 200-325" C distillate and >325" C residue, 
respectively. Inspection of the figures and analysis of the resulting data 
lead to the following conclusions. 1) Acylated ArOH are more volatile than 
their underivatized counterparts while silylated ArOH are less volatile than 
plain ArOH. 2) Chemical derivatization greatly improves gas chromatographic 
resolution of ArOH on nonpolar columns. This feature is especially obvious in 
Figure 4, where the resulting mass spectra from the underivatized ArOH run 
were so complex they were essentially unanalyzable. Even in the case of the 
low boiling SRC-11 ArOH (Figure 3), many more isomers of a given ArOH homolog 
were observed in GC/MS runs of derivatized ArOH. 
phenols were resolved in GC/MS of underivatized ArOH (Figure 3A), whereas six 
were detected during analysis of both the acylated (Figure 38) and silylated 
ArOH (Figure 3C). In the case of C3-phenols, the number of isomers resolved 
in Figures 3(A-C) were 4, 9, and 5 ,  respectively. 3) Mass spectra from acyl- 
ated ArOH are much more characteristic and therefore more useful for qualita- 
tive identification of ArOH than either silylated or underivatized ArOH. 
However, silylated ArOH give stronger parent (M+) and M-15 ions which enables 
more sensitive detection of minor components in ArOH subfractions. 
points are discussed in detail below. 

For example, only two C2- 

These 
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TABLE 3. Results o f  TFACl a c y l a t i o n  o f  pure a lcohols  
and hydroxyaromatics 

Ca ta l ys t  r a t i o  1 
0 0.6 6 

Compound Percent Reacted 
Alcohols 
1-Dodecanol 100 100 100 
9-Hydroxyfluorene 
1-Acenaphtheno 1 

77 100 -- 
10 100 -- 

Hydroxyaromatics 
o-Cresol 
2,4-Dimethylphenol 
2,6-Dimethylphenol 
2,4-0imethyl-6-&-butylphenol 
2,4,6-Tri -t-bu t y l  phenol 
2-Hydroxybiphenyl 
2-Naphthol 
9-Phenanthrol 

Dihydroxyaromatics 
Catechol 
Resorcinol 

<1 43 
<1 80 
<1 8 
0 0 

0 
0 40 

<1 89 
<1  100 

-- 

2,02 
0 

100 
100 
100 
48 
0 

100 
98 -- 

-- 
0,100 

Molar r a t i o  o f  t r i e thy lam ine  c a t a l y s t  t o  reactant .  
The f i r s t  number i nd i ca tes  percentage reacted a t  one OH; the second number 
number i n d i c a t e s  the  percentage reacted a t  both OH-sites. 

Figures 5 and 6 show mass spectra o f  i n d i v i d u a l  peaks from GC/MS o f  ArOH 
f r a c t i o n s  from f u e l s .  Figures 5 (A-C) show rep resen ta t i ve  spectra o f  phenol, 
a cresol  and a C2-phenol from s i l y l a t e d  ArOH i s o l a t e d  from Wilmington ~ 3 7 0 "  C 
d i s t i l l a t e .  Obviously, t he  dominant ions i n  the spectra are the  parent  i ons  
(M+), M-15 ions produced from loss  o f  a methyl group from the t r i m e t h y l s i l y l  
e the r  moiety, and m/e 73 i ons  from (CH3)3Si+. Spectra i n  Figures 5 (0-F) a re  
a l l  C phenols obta ined from GC/MS o f  acy la ted A r O H  from the  same Wilmington 
d i s t i f i a t e .  Parent ions (m/e 218) are c e r t a i n l y  in tense i n  the acy lated C2- 
phenols, b u t  t hey  do no t  overshadow t h e  fragment ions t o  the  ex ten t  observed 
i n  spectra o f  s i l y l a t e d  ArOH. 
t he  CF$(O)O+ f u n c t i o n a l i t y  are apparent as we l l  as m/e 69 ions from CF +. 
More impor tant ly ,  l oss  o f  CH3 i n  the ethylphenol (Figure 5F) can be u s e i  t o  
d i s t i n g u i s h  i t  f rom dimethylphenols (Figures 5D and 5E) i n  the acy lated 
f ract ion.  whereas a l l  s i l y l a t e d  C phenols show M-15 ions. Furthermore, 
spectra o f  t he  two acy lated dimet&lphenols are e a s i l y  d i s t i ngu ished  by the  
presence o f  the m/e 175 i o n  i n  on l y  one as w e l l  as the l a r g e  d i f f e r e n c e  i n  
i n t e n s i t y  o f  t he  m/e 121 ion. Thus, F igure 5 demonstrates the g r e a t l y  
enhanced u t i l i t y  o f  a c y l a t i o n  over s i l y l a t i o n  f o r  i d e n t i f i c a t i o n  o f  s p e c i f i c  
ArOH isomers. On the  o the r  hand, GC/MS o f  under ivat ized Wilmington <370" C 

Also, M-97 ions (m/e 121) represent ing l o s s  o f  
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ArOH resolved only one cresol and only one C phenol; thus, no isomeric 
information was obtained whatsoever from thaz-analysis. 
up to six C2-phenols have been observed from GC/MS of derivatized ArOH. 

Figure 6 further illustrates points made by Figure 5; also, it shows the 
need for standard spectra of acylated ArOH to aid in identification of ArOH in 
fuels. Figures 6A and 68 show spectra of two C -indanols and Figure 6C shows 
a C1-tetralinol from analysis of acylated SRC-I? 200-325" C ArOH. Figure 6C 
can be identified as a 2- or 3-methyltetralinol by the fragment ion at m/e 216 
produced from retro-Diels-Alder loss of propylene from the methyl-substituted 
six-membered saturated ring (39). Indanols do not show this type of fragmen- 
tation, but do readily lose any alkyl groups substituted onto the cyclopentyl 
ring. 
saturated ring (M-15 = 243) and figure 68 shows what is probably an indanol 
with an ethyl group substituted on the cyclopentyl ring (m-29 = 229). With a 
sufficient library of standard acylated ArOH spectra, identification of a 
large number of phenol and indanol/tetralinol isomers would be possible. 

All three cresols and 

Thus, Figure 6A shows a C indanol with one methyl group on the 

Figures 6 (D-F) further emphasize the need for standard spectra. 
spectra show mass 280 (184 underivatized) members of the CnH2 - 4O series 
from OSCR >200" C shale oil (6D), SRC-I1 200-325" C (6E) and YRE-11 >325" C 
(6F) acylated ArOH fractions. Possible structures for this series include: 
hydroxybiphenyls, hydroxyacenaphthalenes, benzindanols and benztetralinols. 
Although the spectra in Figures 6 (D-F) are distinctively different, it is 
quite difficult to definitively assign a structure to each because of the lack 
of reference spectra. Usually, this series is referred to as hydroxybiphenyls 
in the literature; but, considering the differences in these and many other 
spectra not shown it appears very doubtful that all members of this series are 
hydroxybiphenyls. After phenols and indanols/tetralinols, this series is the 
most abundant in most ArOH concentrates. 
of Figures 6(D-E) are: (6D) C1-hydroxybiphenyl, (6E) C1-2-hydroxybipheny1, and 
(6F) C1-hydroxyacenaphthalene. 

CONCLUSIONS 

These 

Current best guesses at assignment 

The combined liquid chromatographic-chemical derivatization-GC/MS 
approach can provide a detailed analysis of ArOH in fuels boiling below 
500" C. 
enhances the volatility of ArOH and provides the most useful mass spectra for 
compound identification. Currently, the greatest limitation on the method is 
the unavailability of standard spectra for acylated ArOH. 
series presents results from detailed analysis of ArOH from SRC-I1 coal 
liquid, OSCR shale oil and Wilmington, CA, petroleum (40). 
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Figure 1. HPLC subfractionation of acid concentrates. 
1)dibenzofuran. 2) benzophenone, 3) 13H-dibenzo[a.i Icarbazole, 4) oxindole. 
5) 2.4.5-trimethylphenol, 6) e-cresol, 7) 3,4- dimethylphenol, 8) phenol I 

9) 2-naphthol, 10) 2.2-diphenylpropanoic acid. 11) p-toluic acid, 12) 1- 
fluorenecarboxyl ic acid, 13) 1-naphthoic acid. See text for explanation of 
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For several years, a major research goal of our laboratory has been 
the developnent of non-destructive spectroscopic techniques designed to 
study the mlecular structure present in whole ccal mcerals. a r  inter- 
est in this grows from our desire to know in more detail the microscopic 
structure of the organic components in coal in order to better determine 
the effects of various coal beneficiation technologies (e.g. various 
desulfurization techniques) on that structure. In this paper we wish to 
report on our progress using one very prdsing approach - Electron Spin 
Echo (ESE) spectroscopy. We will first briefly review the ESE technique 
and then present results obtained from Illinois #6 whole coal. 

l3AammQ 

The physicdl and chemical characterization of whole coal by spectre 
wpic techniques presents several challenging problems. As Retcofsky 
points out in a good review of the applications of various spectroscopies 
to the coal system, the opaque, relatively non-volatile and insoluble 
nature of whole ccal renders it a poor sample for conventional visible, 
W, &man, and IMSS spectrometry [I]. ks a corwiquence of these difficul- 
ties, it has been customary to dissolve, extract, or volatilize coal prior 
to studying its atomic and molecular structure, and these pre-spectroscopic 
treatments have been shcun to produce materials for examination that no 
longer represent the state of affairs in the whole coal itself. Magnetic 
resonance techniques (NMR, EPR, BE, ENoaw) are not adversely effected by 
coal's physical properties, however, and these spectroscopies have played 
a role of ever increasing importance in coal characterization since 1954 
when the first EPR spectrum of coal was obtained [2,31. III particular, we 
know that new methods of performing the EPR experiment in the time domain 
hold exciting promise for the elucidation of the atomic and molecular 
structure of whole coal. 

Electron Paramagnetic Resome (El%) looks at the energies associ- 
ated with the magnetic dipole transitions of unpaired electrons. m coal, 
these unpaired electrons most often are associated with naturally occur- 
ring free radicals, which are present in all Illinois d s .  W e  the 
stable free radicals in coal are interesting in themselves, they are of 
imprtance to our work i n  that they act as probes of the atomic environ- 
ment in which they find themselves. Because of electron-nuclear dipole 
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interactions, the unpaired electrons "report" on the distance and orienta- 
tion of neighboring nuclei with non-zero nuclear dipole moments ( * .e. I # 
carton ( 3c), and sulfur ( SI. ~ h u s  EPR is, in principle, able to give 
detailed information concerning the structure 05 coal. %e excellent 
sensitivity of EPR (it can observe as few as 10 unpaired spins under 
favorable conditions) and the fact that it can be observed while 
subjecting coal to thermal and chedcal treatments are other key benefits 
of stuaying coal by this spectroscopic technique. 

In order to illustrate the main features of EPR spectra, and to gain 
insights into the characteristics of the EPR spectra from coal, let us 
consider a specific example. Figure 1 shows the Em( spectrum of a radical 
believed to occur naturally in coal[4]. 'his condensed ring aromatic, 
perylene, has three magnetically inequivalent protons which  give rise to 
the complex and uniquely characteristic spectrum through their interaction 
with the unpaired electron of the radical. The excellent resolution of 
all the energies of interaction is due to the fact that the ion is freely 
tlnnbling in solution. If the species is imnobilized by adsorption on a 
solid, a spectrum like that shown in Figure 2 results. Note that much of 
the resolution (detail) has disappeared. This spectrum no longer exhibits 
enough resolved information to identify the structure of the species giv- 
ing rise to it; we will need somehcw to extract the now unresolved infor- 
mtion. 

before EPR can be used to probe the atomic and molecular structure of 
coal. A new technique needs to be employed to resolve the important 
structural information that is obscured by so-called i n h q e n e o u s  broab 
ening and various anisotropic interactions usually averaged to zero when 
the species are tumbling rapidly in solution. We have recently 
demonstrated that Electron Spin Echo spectroscom (ESE) does, in fact, 
achieve this spectral resolution of the structural detail (hyperfine 
structure) from radicals in coal. 
spectrum of the adsorbed perylene radical showing the resolution of all 
three proton hyperfine couplings, including the weakest (about 2 MHz) , 
which m o t  be resolved by cw EPR [5]. This spectrum has the same format 
as an ENDOR spectrum, i.e. 

0 nuclei1 through the Em spml. Such nuclei include hydrogen ( i HI , 

%is example illustrates the k e y  problem that needs to be addressed 

Figure 3 is a Fourier transformed ESE 

fi(=) = f(prot0n) f (Ai(/2, 1) 

here f i ( m )  is the frequenp of the ith 
the precessional frequency of H at the magnetic field of the experiment !& this case f (proton) = 13.9 MHz) and 1 Ail is the absolute value of the 
1 

transition, f(proton) is 

proto hyperfine coupling constant. In Figure 3, only the frequencies 

INEcLK)sP- 

below the 9 H precessional frequency are sham. 

Although the ideas behind ESE techniques are as old as magnetic reso- 
nance itself (1946), the general application of spin echo methods to para- 
magnetic systems has occurred in only the last  few years with the advent 
of very high speed digital electronics under computer control. Unlike the 
familiar continuous wave (cw) EPR experiment, which has been available in 
comrcial instrumentation for nearly 20 years, FSE spectroscopy is not 
yet comnercially available, and only a dozen or so laboratories ulroughout 
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the world currently perform the experiment. mr an excellent review of 
the theory and early applications of ESE spectroscopy, the book by Kevan 
and Schwartz is reccBtmMded [61. 

Unlike cw EPR, ESE is a pulsed microwave experiment. Very short mi- 
crowave pllses excite the paramagnetic spin system, and the time evolution 
of the magnetization is monitored. Certain pulse schemes, characterized 
by the n d r  of degrees the magnetization vector is timd by each wise, 
are k n m  to generate a strong instantaneous magnetization in the sample 
following the sequence. Typical pulse schemes known to induce this re- 
phasing or "echo" effect are 90' - 'P- 180' (Hahn echo sequence) and the 
goo - t - 900 - T - goo (stimulated echo sequence). we have found the 
latter (stirdated echo) sequence to be mst useful in our coal work. The 
sequence is diagramred in Figure 4. 

ESE spectroscopy has many advantages over the more conventional CN 
EPR. Chief among the advantages for our coal work is that the technique 
my be used to obtain spectra which resolve hyperfine structure that is 
obscured in cw spectra by inhomogeneous line broadening. In order to 
understand how ESE can be made to acconplish this task, let us look at the 
characteristics of the information obtained in the experiment. 

In a typical stimulated echo experiment done on mal, the time inter- 
val & between the first and second 90' pulse is set at a fixed value dur- 
ing the experiment, while the interval 
@ses is increment& in steF6, as shown in Figure 5. The amlit& of 
the echo induced by the sequence is measured as a function of the delay 
t ime T between the second and third pulses. In the absence of any inter- 
actions between the unpaired electrons being observed and neighboring 
nuclei with non-zero magnetic nments, the variation of the echo amplitude 
V with the delay the 

between the second and third 

is given by the simple exponential function: 

where T is the phase memory time of the individual spin packets. The 
exponential decay curve describing the echo amplitude as a function of T 
is called the electron &JJ echo envel- 

If our unpaired spins experience hyperfine interactions with neigh- 
boring nuclei, these interactions will manifest thewelves as modulation 
patterns in the FSE envelope. "his phenomenon is thus known as &?ctrm 
min g& envelorx -at ion (ESEEM!.  or an S. 1/2 system with isotropic 
g-values (a very good approximation m the case of coal) and two hyperfine 
interactions characterized by frequencies fa and fb, the EsEpl pattern 
compensated for echo decay is given by: 

In this expre sion, k is the so-called modulation depth parameter,.propor- 
tional to B;' in the limit of gpall hyperfine interactions (Bo being the 
value of the static external magnetic field). 
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What makes the EsEQll effect so important to us is that a Fourier 
transform of the ESEP~ pattern results in a frequency dorain spectrum 
exhibiting linewidths that are characteristic of individual spin packets 
rather than of the entire envelope of spin packets camprising the inhomc~ 
genWusly broadened lines observed by cw EPR. Since the modulation fre- 
quencies can be analyzed in an ENDOR-like theory, this technique provides 
us with a potential way of resolving the hyperfine interaction energies 
nOrmally obscured in the rn spectra of whole coal. This information, in 
turn, allows us to study the environment experienced by radicals in coal, 
giving us a route to explore the atomic and molecular structure of whole 
coal. ~n exauq$e of a Fourier transformed EsEEM data set for the coal 
model system of perylene on alumina was shown in Figure 3. 

(Xlr typical experimental procedure when working on coal is to first 
carefully evacuate samples that have been ground to 50-100 mesh (although 
we have performed ES% experiments on large fragments). we have noticed 
that the presence of adsorbed oxygen has a significant effect on %, re- 
ducing it by more than a factor of two and making the experiments more 
difficult to perform; we have reported similar effects of oxygen o ENww 
spectra of coal [T I .  m l e s  evacuated to pressures less than 1O-e  Torr 
for several days are then sealed in quartz glass tubes for study. Experi- 
ments typically are performed at liquid helium temperatures in order to 
make !$, and T1 as long as possible. A typical ESER4 result from an 
Illinois 116 codl is shown in Figure 6.  

overall envelope is quite d 1 .  %is is true for all coal samples. Since 
the signal-to-noise of the Fourier transformed spectrum is proportional to 
the rrodulation depth, we seek always to find ways to inprove this feature 
of our ESE work. One obvious approach to inprove matters is to recall 
tha k, the rrodulation depth parameter from Equation 2, is proportional to 
Bo-’. The spectrum shown in Figure 6 was taken at Bo = 3400 G. on the 
spectrometer built by Norris and Bowman at ANL. We currently are building 
a spectrometer operating at Bo = 1000 G. This instrument should improve 
the SFEM amplitude by a factor of 10, and will be much better suited for 
the special characteristics of coal samples. 

One can see in Figure 6 that the depth of the EZEM pattern on the 

The result of a stinulated echo experiment performed on m e r e d  
Illinois 116 coal was illustrated in Figure 6.  Information on the proton 
hyperfine coupling constants of the species under observation now is pres- 
ent in the form of different periods of mdulation that comprise the EsEEM 
pattern. In order to extract this data, the overall echo envelope may be 
simulated, making use of equations similar to that given in Equation 3. 
Alternately, the echo envelope decay function can be subtracted from the 
data and the remaining ESEEM function can be Fourier transformed to gener- 
ate a frequency dcaMin spectrum similar to that obtained from a cw ENDOR 
experiment. lbe advantage of the latter data processing route is that the 
result is in a familiar spectral fomt; one difficulty is that the qli- 
tudes and phases of the spectral lines obtained in this way may be very 
unreliable. 

~ecently, Wkhuijsen, et. al. pblished a technique for analyzing 
ESm data that m y  corbine the best features of both the swation and 
FT approaches [E l .  Called LPSVD (linear prediction singular value 
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decanposition) , the analysis f i r s t  sirrmlates the ESm data using a linear 
conbination of exponentially d a q d  sinusoidal functions. The frequency, 
amplitude, TM, and phase data for each component is then used t o  construct 
a new data set which then may be Fourier transformed t o  give a 
"noisefree" frequency domain spectrum. we currently are studying this 
analysis technique, and a mre  efficient variation of it called LFQRD 191. 
Figure 7 i l lustrates  the result of processing the ESEEM data of Figure 6 
by the LFQRD method. 

Analysis of the spectrum sham in Figure 7 is by the standard ENK)R 
fornuila given in  Equation 1. For proton couplings, we expect t o  find pairs 
of lines symnetr idly positioned about the free precessio frequency of 

pairs of lines are indicated by the brackets marked %, %, and corre- 

peak without the conplimentary high frequency partner is also seen, 
indicating another coupling cons?$ of 2.8MHz. In addition t o  these lines, a 
l ine =ked with an arrm labeled shown. This resonance a p  
pears a t  the free precessional frequency ofY3C, and may be due to  th i s  
isotope of carbon. 

Kevan and colleagues were the f i r s t  t o  publish ESE spectra of whole 
coal, and they dyns t r a t ed  the power of the technique by analyzing the 
lineshap of the H resonance (called the proton matrix line) [lo]. m, 
and later Doetschman, have reported ESE results in  which proton hyperfine 
couplings of 4.8 and 14.0 MHz were seen in a low sulfur Pittsburgh 
bituminous coal [11,12]. Such hyperfine constants are consistent w i t h  
protons in conjugated aramatic molecules, and provide direct evidence for 
the existence of such species in whole coal. mey also are in  good 
agreement with the constants measured by Wtcofsky, et. al. using EMx3w 
s p e c t r o q  on several Pennsylvania coals 1131. 

Not  only can ESE spectroscopy obtain information about the molecular 
structure of organic corrpounds in  coal, it can probe their environment. 
Figure 8 shom the IMgnetic field dependence of the amplittide of the 12.4 
ME32 coqcnent of the  FSEEM pattern. It represents an necho-inducedn EPR 
spectrum of an I l l inois  #6 coal. The unique shap  is due to a phenommn 
called instantaneous diffusion, and can be related to  the amplitude of the 
dipolar f ie ld  experienced by an unpaired electron due t o  neighboring u w  
paired electrons [14]. Bowman and Clarkson have analyzed this effect and 

the proton, f (proton) , which is marked by an arrcw labeled YP H. Three such 

spending to  coupling constants of 8.0, 14.7, and 17.9 MBz. A low 9, requency 

C is al 

w i t h  a radical concentration of 5 , quite close t o  the average value EpR masurement of 1 x 

Figure 9 i l lustrates the f ie ld  dependence of two different frequency 
Components of the ESEPI data from the Il l inois 16. As we have already 
Seen, the 12.4 MEk colrponent has a l ineshap characteristic of instantare 
ous diffusion. The 2.9 MEz peak, on the other hand, does not exhibit this 
effect, indicating that it arises fran a coal maceral nf 

io  . The centers of the two spectra do not coincide, further 
indicating that the two signals have d i f f e r m  a-valw. The g-value dif- 
ference between the  two peaks, og, is nearly 0.001. Assuming that the 
principal mechanism for differences in g-values is the variation in  
heteroatom (OtN,S) content in  different macerals, this data is consistent 
with a picture indicating that the 12.4 MHz coupling constant arises from 
a radical i n  a maceral with a significantly higher heteroatom content than 
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that found in the mceral corkahbig the 2.9 MIiz species. Such ohe* 
tiom lead us to hope that in the future, EsE data can help US to &*lap 

ifis information about the molecular forms present in whole 
cwl. - 
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THE USE OF DYNAMIC NUCLEAR POLARIZATION IN COAL RESEARCH 

R.A. Wind 
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Colorado S t a t e  U n i v e r s i t y  

F o r t  C o l l i n s ,  Colorado 80523 

1. I n t r o d u c t i o n  

I n  a v a r i e t y  o f  a r t i c l e s  i t  has been shown t h a t  t he  qrfsence o f  unpaired e lec-  
t r o n s  i n  c o a l  makes i t  p o s s i b l e  t o  enhance t h e  H and c NMR s i g n a l s  o f  t h i s  
m a t e r i a l  by i r r a d i a t i n g  a t  o r  n e a r  t h e  e l e c t r o n  La rmor  f requency :  t h e  Dynamic 
Nuclear P o l a r i z a t i o n  (DNP) e f f e c t  ( re f .  (1)-(5) + references c i t e d  there in) .  It i s  
found  t h a t  i n  f a v o u r a b l e  cases t h e  n u c l e a r  p o l a r i z a t i o n  can be enhanced by  one t o  
th ree  ord r o f  magnitude, which can e.g., be used as a f a s t  method t o  cha rac te r i ze  
c o a l  v i a p s c  NMR. I n  t h i s  paper  t h e  DNP enhancement w i l l  be i n v e s t i g a t e d  as a 
func t i on  o f  coal rank, and t h e  observed behavior w i l l  be explained. Furthermore, 
spec ia l  DNP experiments l w i l J  be g iven which prov ide i n f o r m a t i o n  about t h e  carbon 
percentage detected v i a  H- c c ross -po la r i za t i on  (CP). 

2. Experimental 

Fo r  an extens ive t reatment  o f  t h e  exper imenta l  set-up we r e f e r  t o  t h e  r e f e r -  
ences (1) and (3). The e x t e r n a I 3 f i e l d  s t reng th  was 1.4 T, corresponding t o  a p ro ton  
Larmor frequency of 60 MHz, a C Larmor frequency o f  15 MHz and an e l e c t r o n  Larmor 
frequency o f  40 GHz. The microwave power was prov ided b a 10 W Klyst ron,  i n  our  
s e t - u p  r e s u l t i n g  i n  an a m p l i t u d e  B A l l  
e x p e r i m e n t s  shown i n  t h i s  paper  excep t  f o r  t h e  "C (DNP)-CPMAS e x p e r i m e n t s  w e r e  
p e r f o r m e d  on c o a l  samples w h i c h  were  d r i e d  and degassed and have been p u t  i n t o  

(We found t h a t  both d r y i n g  and degassing caused an increase i n  
b o t h  t h e  H and C Zeeman r e l a x a t i o n  t i m e s  as w e l l  as i n  t h e  r e s p e c t i v e  DNP en- 
hancements). 

3. The DNP enhancement a f u n c t i o n  o f  coal  rank. 

I n  a s o l i d  s e v e r a l  t y p e s  o f  DNP e f f e c t s  can occur ,depending on t h e  n a t u r e  and 
nce o f  t h e  sp in-sp in i n t e r a c t i o n  term H between the  e lec t rons  and t h e  

t i m e - d ~ ~ ~ g ~ :  so l  i d s  i s  time-dependent on a 
s c a l e  comparab le  t o  t h e  i n v e r s e  e l e c t r o n  La rmor  frequenec"yaG ( i f )  a s o l i d  s t a t e  
e f f e c t  o c c u r s  when H i s  ( p a r t i a l l y )  t i m e - i n d e p e n d e n t ;  ( i i i )  a t h e r m a l  m i x i n g  
e f f e c t  can be found wt?& Hen ,is t ime-independent and when t h e  e l e c t r o n  concen t ra t i on  
i s  s o  l a r g e  t h a t  t h e  b roaden ing  o f  t h e  ESR l i n e  becomes homogeneous i n  c h a r a c t e r .  
I n  the  l a t t e r  case t h e  p o l a r i z a t i o n  corresponding t o  t h i s  broadening can be enhanced 
v i a  microwave i r r a d i a t i o n ,  and t h i s  enhanced p o l a r i z a t i o n  i s  t r a n s f e r r e d  towards t h e  
n u c l e a r  Zeeman system e i t h e r  v i a  e l e c t r o n - n u c l e u s  r e l a x a t i o n  i n t e r a c t i o n s  ( t h e  
d i r e c t  thermal mix ing e f f e c t )  o r  v i a  so-ca l led forb idden t r a n s i t i o n s  ( t h e  i n d i r e c t  
thermal  m i x i n g  e f fec t ) .  

The H and 13C DNP enhancement i n  coal has been inves t i ga ted  ex tens i ve l y  i n  t h e  
r e f .  (3 )  t o  (5)1 I t  has been f o u n d  t h a t ,  t hough  a l l  DNP mechanisms a r e  p r e s e n t  i n  
t h e  coal, t h e  H p o l a r i z a t i o n  enhancement becomes a maximum when t h e  microwave f r e -  
quency a= W -OH =a - 60 MHz and t h a t  f o r  t h i s  v a l u e  o f  w t h e  enhancement i s  
main ly  due t { 3  combinaeton o f  t h e  s o l i d  s t a t e  e f f e c t  and t h e  i n d i r e c t  thermal m ix ing  
e f fec t .  The c p o l a r i z a t i o n  becomes max ima l  when O = W  - W k , O '  b e i n g  t h e  ESR 
1 i n e w i d t h  ( h a l f  w i d t h  a t  h a l f  h e i g h t )  and i s  m a i n l y  caus8d by  t h e  % i r e c t  t h e r m a l  
m ix ing  effect. These r e s u l t s  appeared t o  be t h e  same f o r  a l l  coa ls  we have i n v e s t i -  
gated, w i t h  t h e  except ion o f  a meta-anthracite, where t h e  Overhauser e f f e c t  domi- 
nated. 

o f  t h e  m i c r  aye d e l d  o f  about  -05 mT. 1 

pytex tub?? 

A1 1 measurements have been performed a t  room temperature. 

(i) an Overhauser e f f e c t  i s  observed %en H 

1 
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We i n v e s t i g a t e d  t h e  maximum 'H and 1 3 C  enhancements, (PHI and (p 
respec t ive ly ,  o f  more than s i x t y  coal  samples o f  d i f f e r e n t  rank a f t ' o r i g in ,  cw?t?f'a 
v o l a t i l e  m a t t e r  percentage % VM v a r y i n g  f r o m  6.8 t o  91% (dmmf) and a carbon content 
%C varying f r o m  96% t o  66% (dmmf). The meta-an thrac i te  has been omitted. We found 
t h a t  f o r  a m i c r o w a v e  a m p l i t u d e  B1 o f  ca 0.05 mT (P ) was a b o u t  8 t i m e s  l a r g e r  
t h a n  (p  i n d e p e n d e n t  o f  t h e  c o a l  rank ,  so t h l t v g  can c o n f i n e  o u r s e l v e s  by  
showingHtagX{roton resu l ts .  

becomes m a x i m a l  when%rax  92% and t h a t  f o r  %C < 75% no e n h " p c e p p k f : s  found!  mfG 
order  t o  e x p l a i n  t h i s  we use an approximate equat ion f o r  (PH max 

F igure  1 shows (P ) as a f u n c t i o n  o f  %C, f rom which we observe t h a t  (P ) 

('H'rnax 1 + c Ne(W;)'l(p~t)-l 1) 

N i s  t h e  number o f  organic rad i ca l s ,  W H  i s  t h e  pro ton  Zeeman r e l a x a t i o n  r a t e  AB?- = 
2 f e W l i s  t h e  ESR l i n e w i d t h  and c i s  a &stant,  among o thers  prop r t i o n a l  t o  8'. a For, 
B1 =%.05 mT c i s  g i v e n  by c = 2.4 w; I n  sec- 

a n d n B _ ;  i n  mT. A s  AB:, v a r i e s  o n l y  be tween 0.8 and 1.3 mT fc!?%i'the c o a l  
samples, t h e  change i n  (P ) a s  a f u n c t i o n  o f  c o a l  r a n k  i s  m a i n l y  due t o  v a r i a -  
t i o n s  i n  N and W'. F i g u r b  E%ows N as a f u n c t i o n  o f  % VM, f rom which we observe 
t h a t  N I n  f a c t  t w o  dependencies a r e  
observgd, c u r v e  1 a n d  c u r v e  2, and i t  was f o u n d  t h a t  t h e  c o a l s  w i t h  t h e  l a r g e  N 
va lue  (curve 2) almost a l l  o r i g i n a t e d  from t h e  southern hemisphere. Moreover, i f  
was found t h a t  f o r  t h e s e  c o a l s  o n l y  a p a r t  c o n t r i b u t e d  t o  t h e  ONP enhancement, so 
t h a t  presumably not a l l  t h e  r a d i c a l s  i n  these coa ls  a re  present i n  t h e  organic p a r t  
o f  t h e  coal .  F i g u r e  3 shows W "  as a f u n c t i o n  of t h e  oxygen c o n t e n t .  We observe  
t h a t  w: increases w i t h  increasi f ig I O ,  which probably means t h a t  a p a r t  o f  t h e  oxygen 
i s  p r e s e n t  as p a r a m a g n e t i c  oxygen, because i t  i s  w e l l - k n o w n  t h a t  even a s m a l l  
percentage of paramagnetic oxygen causes a s t rong increase i n  t h e  Zeeman r e l a x a t i o n  
r a t e .  The i n c r e a s e  i n  W H  f o r  s m a l l  oxygen p e r c e n t a g e s  i s  caused by  an i n c r e a s e d  
number o f  o rgan ic  rad ica fs .  

By i n s e r t i n g  t h e  observed v a l u e s  o f  AB&, Ne ( e x c e p t  f o r  t h e  c o a l s  o f  t h e  
southe n hemisphere, where on ly  a p a r t  o f  Ne i s  causing t h e  ONP e f f e c t ,  see above) 

enhadement very s a t i s f a c t o r i l y .  We l i k e  t o  emphasize t h a t ,  as t h e  constant c i n  
Equat ion 1) i s  p ropor t i ona l  t o  B', both  (P ) and t h e  reg ion  o f  coa ls  f o r  which a 
DNP enhancement i s  observed, '$1 i n c r e a d  v m o r e  microwave power were a v a i l a b l e  
( t h i s  does n o t  h o l d  f o r  t h e  'C enhancement, as f o r  t h e  used 6 1  v a l u e  (PC)max i s  
a l ready  c l o s e  t o  t h e  l a r g e s t  poss ib le  value). 

if N~ i s  expressed i n  m- 9 

i g  d e c r & s i n g  f o r  d e c r e a s i t g  c o a l  rank. 

and W 4- i n t o  Equat ion 1) i t  was found t h a t  t h i s  equat ion p r e d i c t s  t h e  observed pro ton  

4. How much carbon do we observe i n  c o a l ?  

A l o n g  s t a n d i n g  p r o b l e m  i s  t h e  p e r c e n t a g e  o f  c a r b o n s  observed v i a  t h e  '+13c 
c r o s s - p o l a r i z a t i o n  technique, because i t  i s  p o s s i b l e  t h a t  a subs tan t i a l  f r a c t i o n  o f  
espec ia l l y  t h e  aromat ic  carbons may be t o o  remote f rom t h e  protons t o  be measured 
v i a  t h i s  method. I n  t i t e r a t u r e  t h i s  problem has been approached v ia  a v a r i e t y  
o f  d i f f e r e n t  e x p e r i m e n w ,  and t h e  found percentage d i f f e r e d  between 50 and 100% so 
t h a t  the p r o b l e y j s  s t i l l  unresolved. T h q f e s t  way t o  determine t h i s  fgrcentage i s  
t o  compare t h e  C CP s p e c t r u m  w i t h  t h e  FID spec t rum,  where  t h e  C s i g n a l  i s  
obtained a f t e r  a 90° pulse a p p l i e d  a t  t h e  "C Larmor frequency, bu t  t h i s  i s  almost 
imposs ib le  t o  do because o f  t h e  many scans needed and t h e  long recyc le  delay bflween 
t h e  scans. T B r e f o r e ,  we used an a l t e r n a t i v e  a p p r o a 5 5  and compared t h e  C cp  
Spectra W i f t J  C p o l a r i z a t i o n  v i a  ONP. I n  
f i gu re  4, C spec t ra  a re  g iven of a medium v o l a t i l e  b i tuminous  c a1 (31% VM, 87.4% 
C, 5.2% H, 5.3% 0, a l l  dmmf) o b t a i n e d  v i a  CP, DNP-CP ( h e r e  t h e  'H s i g n a l  was 99- 
hanced with a f a c t o r  16 v i a  DNP be fore  t h e  CP experiment) and ONP-FIO (here t h e  c 
s igna l  was enhanced w i t h  a f a c t o r  130 b e f o r e  t h e  90' pulse), bo th  w i t h  and w i t h o u t  

C FID spectra, obtained by enhancing t h e  
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gic-Angle Spinning (MAS). We observe t h a t  w i t h i n  t h e  s igna l - to -no ise  r a t i o  the  
"C CP(MAS) and DNP-CP (MAS) spectra a r e  t h e  same,ldndicating t h a t  t h e  pro ton  po la r -  
i z a t i o n  i s  enhanced un i fo rmly .  However, i n  t h e  C DNP-FID MAS spec t ra  t h e  a l i -  
p h a t i c  carbons  a r e  suppressed. Two e x p l a n a t i o n s  a r e  p o s s i b l e :  t i )  i n  t h e  DNP-FID 
experiment we a re  indeed observing more aromat ic carbons than i n  t h e  (DNP)-CP exper- 
iments; ( i i )  i n  t h e  DNP-FID experiment, t h e  DNP enhancement o f  t h e  a l i p h a t i c  carbons 
i s  l e s s  t h a n  t h a t  o f  t h e  a r o m a t i c  carbons ,  w h i c h  i s  p o s s i b l e  i f  t h e  r a d i c a l s  a r e  
l o c a t e d  m a i n l y  i n  t h e  a r o m a t i c  p a r t  o f  t h e  coa l .  I n  o r d e r  t o  i n v e s t i g a t e  t h i s  we 
performed t h e  f o l l o w i n g  experiments: 

a. 
i n  coal i s  o f  @e order  o f  psec, which means tha(t4)this p rov ides  an e f f i c i e n t  way 
r e l a x i n g  t h e  
magn i tude as t h e  i n v e r s e l p c k  f i e l d .  As t h e  
thb);T],yation o f  t h e  
bY 

T C  experiments. It i s  known t h a t  t h e  e l e c t r o n  Zeeman r e l a x a t i o n  t i m e  T 

C n u c l e i  i n  t h e  r o t a t i n g  f r a T 9  as T i e  i s  of t h e  Same o r d e r  of 
C- '3c s p i n  d i f f u s i o n  i s  v e r y  Slow, 

C m a g n e t i z a t i o n  M c  i n  t h e  r o t a t i n g  f rame i s  g i v e n  

Equation 2) holds provided t h a t  a l l  t h e  carbon nuc le i  a re  observed. If a percen- 
tage s o f  t he  carbons c lose  t o  t h e  e l e c t r o n s  are not observed, Equat ion 2) i s  v a l i d  
on ly  fo r  l a r g e r  values o f  t, whereas f o r  shor t  values of t M ( t )  i s  a lmost indepen- 

C d e n t  o f  t and g i v e n  by I-s. 

F i g u r e  5 shows t h e  r o t a t i n g  f r a m e  r e l a x a t i o n  o f  t h e  a r o m a t i c  carbons  o f  t h e  
medium v o l a t i l e  bi tuminous coal, measured v i a  t h e  DNP-FID and DNP-CP experiment. It 
f o l l o w s  t h a t  i n  t h e  f i r s t  case we measure about 90% o f  t h e  rbons, probably because 
carbons very c lose  t o  t h e  e lec t rons  a re  sh i f t ed  ou t  of t h e  % DNP-FID spectrum. I n  
t h e  DNP-CP e x p e r i m e n t  o n l y  65% o f  t h e  a r o m a t i c  c a r b o n s  a r e  observed, w h i c h  means 

ha 3another 25% o f  t h e  carbons are t o o  remote f rom t h e  protons t o  be observed v i a  
' H j  c c ross-po la r iza t ion .  

b. The back-match experiment. The contac t  t i m e s  T between t h e  ca bo and CH . protons, which determine the  increase o f  t h e  carbon p o l a r i z a t i o n  du r ing  a 'H-% CP 
e x p e r i m e n t ,  depend on th(9f;rengths o f  t h e  C-H i n t e r a c t i o n s ,  and t h e r e f o r e  on t h e  
c a r b o n - p r o t o n  d i s t a n c e s .  can  be d e t e r m i n e d  by v a r y i n g  t h e  
matching t i m e  tM dur ing  which t h e  c r o s s - p o l a a a t i o n  takes place. F i g u r e  6a shows 
t h e  r e s u l t  o f  such an e x p e r i m e n t  f o r  t h e  a r o m a t i c  carbons  i n  t h e  medium v o l a t i l e  
bi tuminous coal. We see t h a t  f o r  about 35% o f  t h e  carbons T = 30 psec ( d i r e c t  C-H 
bonds) whereas f o r  t h e  remain ing  65% T = 3501psec (C-C-H scbhds). F i g u r e  6b shows 
a s i m i l a r  experiment, bu t  now fo r  a c m 3 C 4  H c r o s s - p o l a r i z a t i o n  experiment ( the  
'back-match' experiment), a f t e r  enhancing t h e  l 3 C  p o l a r i z a t i o n  d i r e c t l y  v i a  DNP. We 
observe a much s lower  decay t h a n  i n  F i g u r e  6a, because f o r  aboyt 4.fl$ o f  t h e  aromat ic 
carbons TCE = 1600 psec which i s  no t  observed v i a  the usual HS c cp experiment. 
Hence i n  t e l a t t e r  expgriment about 40% o f  t h e  aromat ic  carbons are  no t  observed, a 
p e r c e n t a g e  w h i c h  i s  comparab le  t o  t h e  one o b t a i n e d  v i a  t h e  TC exper iments .  
S i m i l a r  r e s u l t s  were obtained f o r  a h igh  v o l a t i l e  bi tuminous coal  h d  an an thrac i te .  

However, i f  we c o r r e c t  t h e  aromat ic p a r t  o f  t h e  13C (DNP)-CP(MAS) spectra f o r  
t h e  percentage o f  carbons no t  observed, s t i l l  t h e  percentage o f  a l i p h a t i c  carbons i n  
these spectra i s  l a r g e r  than t h a t  obtained v i a  t h e  DNP-FID method. T h i s  means t h a t  
i n d e e d  i n  t h e  l a t t e r  e x p e r i m e n t  t h e  a l i p h a t i c  c a r b o n s  a r e  enhanced l e s s  t h a n  t h e  
aromat ic ones. Therefore, we conclude t h a t  bo th  types  o f  experiments a re  necessary 
t o  o a i n  t h e  t r u e  percentages o f  t h e  a l i p h a t i c  and aromat ic  carbon atoms, and t h a t  
t h e  P:C a r o m a t i c i t y  i n  coal  i s  l a r g e r  than t h e  apparent a r o m a t i c i t y  f o l l o w i n g  from 
t h e  C CP spectra. 

References 

1. R.A. Wind, F.E. A n t h o n i o ,  M.J. D u i j v e s t i j n ,  J .  Smid t ,  J. Trommel and G.M.C. de 

The v a l u e s  O f  T 

V e t t e ,  J. Magn. Res. 3 (1983), 424. 

225 



2. R.A. Wind, M.J. D u i j v e s t i j n ,  C. vd L u g t ,  J. S m i d t  and J. Vr iend,  M a g n e t i c  
Resonance. I n t r o d u c t i o n ,  Advanced T o p i c s  and A p p l i c a t i o n s  t o  F o s s i l  Energy. 
Eds. L. P e t r a k i s  and J.P. F r a i s s a r d .  D. R e i d e l  P u b l i s h i n g  Co., D o r d r e c h t  1984, 
p. 461. 

3. R.A. Wind, M.J. D u i j v e s t i j n ,  C vd Lugt ,  A. M a n e n s c h i j n  and J. Vr iend,  Progr.  NMR 
Spectr .  17 (1985), 33. 

4. C. vd L u q ,  J. S y j d t  and R.A. Wind. I n v e s t i g a t i o n  o f  c o a l  and c o a l  p r o d u c t s  b y  
means of H and C NMR i n  combinat ion w i t h  Dynamic P o l a r i z a t i o n  and ESR. F i n a l  
r e p o r t  o f  t h e  r e s e a r c h  p r o j e c t  n r  4351, s u p p o r t e d  b y  a g r a n t  f r o m  t h e  P r o j e c t  
O f f i c e  f o r  Energy Research o f  t h e  N e t h e r l a n d s  Energy Research F o u n d a t i o n  ECN, 
w i t h i n  t h e  f r a m e w o r k  o f  t h e  D u t c h  N a t i o n a l  Coal Research Program, 1985 ( i n  
Dutch). 

5. M.J. D u i j v e s t i j n .  The use of Dynamic Nuclear P o l a r i z a t i o n  i n  'H and 13C s o l i d  
s t a t e  NMR. Thesis. D e l f t  U n i v e r s i t y  o f  Technology, D e l f t ,  1985. 

6. D.L. VanderHar t  and H.L. R e t c o f s k y ,  Fue l ,% (1976), 202. 
7. F.P. M i k n i s ,  M. S u l l i v a n ,  V.J. B a r t u s k a  and G.E. M a c i e l ,  Org. Geochem.3 (1981), 

19. 
8. D.E. Wemmer, A. P i n e s  and D.D. W h i t e h u r s t ,  P h i l .  Trans. R. SOC. Lond. A 9 

(1981), 15. 
9. E.W. Hagaman and M.C. Woody, Proc. I n t .  Conf. on Coal Sc ience,  D u s s e l d o r f  

(Essen, FRG, V e r l a g  G l u e c k a u f ) ,  (1981), p. 807. 
10. D. Tse and S.R. Hartmann, Phys. Rev. L e t t .  21 (1968), 511. 
11. M. Mehring, High Reso lu t ion  NMR i n  S o l i d s , T p r i n g e r  Verlag, Be r l i n ,  Heidelberg, 

New York, (1983). 

226 



30 

eH 

t-- I 

- % C(dmmf ) 
Figure 1. The maximum proton enhancenent as a function of the carbon content. 
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Figure 2. The number of unpaired electrons as a function of the percentage v o l a t i l e  matter. 
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figure 5. The r o t a t i n g  frame r e l a x a t i o n  of the aromatic carbons of a medium 

v o l a t i l e  bituminous coal. 
KHz. c i r c l e s  : measured v i a  DNP-FID; t r iangles:  neasured v i a  
OHP-CP. 
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Figure 6. The magnitude of the aromatic 13C s i  nal as a function of the match- 
i n g  time. a: After IH DNP and IH - 93C t P ;  b :  After 13C DNP and 
13c - IH CP. 
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Introduction 
A knowledge of the chemical atructures present in coals is essential for 

developing a better anderstanding of cor1 chemistry. Therefore. the study of coal 
strncture is important to the successful synthetic conversion of coal to a 
chemical feedstock or high quality fuel. A great deal has been inferred about coal 
strncture from the study of liquid coal products by both classical chemical 
methods and modern spectroscopic techniques. This approach is attractive as most 
modern analytioal mothods are applicable only to liquid samples and are not 
suitable for Solids. However, because of the heterogeneity of coals and the 
complexity of coal chemistry it is often difficult to extrapolate back to the 
structure of a whole coal solely from the characterization of liquid products and 
extracts. Over the last decade this has spurred the development of spectroscopic 
methods suitable for nondestructively analyzing the structures of whole coals in 
the solid state. The two most useful techniques to emerge so far have been Fourier 
transform infrared spectroscopy and carbon-13 solid state nuclear magnetic 
resonance. The latter technique in the form of the combination of cross 
polarization and magic angle sample spinning (CP/MAS) spectroscopy has proven the 
most useful in characterizing the functionalities present in the organic portion 
of coals(l.2). This method provides the best direct measure of carbon 
aromaticitiea and can also measure the relative amounts of protonated versus 
nonprotonated carbon when combined with dipolar dephasing techniques. Much more 
information is. in principle, contained in carbon-13 CP/IuS spectra. but the 
resolution typically obtained does not permit as detailed an analysis as is 
possible in the NlIB of liquids. The sitnation for coal W/IuS spectra is similar 
to that found in the NME of complex biomolecules where the large number of 
reaonances and broad natural linewidths result in incompletely resolved spectra. 
In solution studies these difficulties can often be overcome by the application of 
two dimensional (Za) NYB methods (3.4). In 2D NHlt experiments a complex spectrum 
is separated into component subspectra on the basis of a second spectroscopic 
parameter. The subspectra are simpler. more resolved and thna easier to interpret. 

Standard 2D NMR methods are not directly applicable to organic solids for 
a number of reasons. the main one being the strong dipolar couplings among the 
abundant protons. In this paper two 2D NME methods are presented that overcome 
these problems and are suitable for solids. The first in an adaptation of 
heteronuclear shift correlation spectroacopy to solids (5.6). In this method the 
carbon-13 and proton chemical shifts of a solid are correlated with one another. 
This allows the spectroscopist to 8enerate the carbon-13 spectra of all the 
species with a particular proton chemical shift and vice versa. The second method 
is a new variant of the dipolar-shift spectroscopy (DIPSHIFT) methods that have 
been developed to moasure C-E distances from carbon-13 proton dipolar cou lings 
( 7 ) .  Since bonded C-E distances in organic solids are all very close to 1.09!,'the 
dipolar coupled pattorns observed in DIPSEIFT spectra are principally determined 
by the u m b e r  of directly attached protons. In this way the dipolar interaction 
is used to give the number of protons attached to a carbon-13 with a particular 
chemical shift. The last approach to high resolution aolid state spectrorcopy 
described here i s  deuterium zero field NNR (ZFNNR) ( 8 ) .  In most solid state NYB 
methods the larle anisotropic aolid state interactions are suppressed to give 
liquid like hiih resolution chemical shift apeotrr. However, by doing NHlt in zero 
=agnatic field these interactions can be used to apectroacopically discriminate 

230 

1 



among d i f f e r e n t  f a a t i o n a l i t i e s .  For deuterium t h e  spec t ra  a r e  determined by t h e  
e l e c t r i c  f i e l d  gradient  tensor  which i s  a measare the  the  amount of r -character  i n  
a C-D bond. The spectra  so obtained give information eqnivalent  t o  normal proton 
M f E  spec t ra ,  however t h e  reso ln t ion  is  now ss good i n  t h e  s o l i d  s t a t e  as  i n  
solat ion.  These methods have shorn grea t  promise i n  model systems and shoald prove 
Usefnl i n  s tud ies  of coa l  s t r u c t a r e .  The f i r s t  of these methods has a l ready had 
some success when appl ied t o  coa l .  Hopefully the f i n e r  r t m c t a r a l  information made 
ava i lab le  by these  techniques rill make i t  poss ib le  t o  apply more sophis t ica ted  
and s e l e c t i v e  chemistry t o  coa l .  I n  t h e  following paragraphs tbe basic  p r i n c i p l e s  
underlying these experiments a r e  examined and some appl ica t ions  a r e  given. The 
in te res ted  reader  is r e f e r r e d  t o  the papers referenced above sad t o  the  
references contained there in  f o r  a more complete descr ip t ion  of the theory and 
the experimental reqairements of  these methods. 
Eeteronnclesr  S h i f t  Correlat ion Spectroscopy 

The pulse  sequence used in  he ts ronuclear  s h i f t  c o r r e l a t i o n  i s  indicated i n  
f igure  1. The bas ic  idea of  t h i s  method i s  to  separa te  the  overlapping carbon-13 
resonances on the  b a s i s  of the d i f fe rences  i n  the  chemical s h i f t s  of t h e  protons 
at tached t o  the  carbon-13 a n c l e i  and v i c e  versa .  During t h e  t ,  i n t e r v a l  t h e  
protons a r e  allowed t o  evolve under t h e i r  chemical s h i f t s .  To give  optimal 
reso lu t ion  the carbon-13 n u c l e i  a r e  deconpled from t h e  protons and MREV-8 
homonuclear deooapling i s  employed t o  remove the d i p o l a r  couplings among t h e  
protons.  A t  the  end of t ,  t h e  proton evolut ion mast be t ransfered  t o  the  carbon-13 
nulce i .  In  s o l i d s  t h i s  can be accomplished by applying a proton spinlocking rad io  
freqaency (Bp) f i e l d  sad then c ross  polar iz ing .  When the  proton spinlocking BF is 
tamed on only  t h a t  por t ion  of the  magnetization t h a t  is p a r a l l e l  t o  the  Bp f i e l d  
i s  spinlocked. For the  protons on resonance a l l  of the  magnetization is  spinlocked 
independent of t h e  i n i t i a l  t ,  per iod.  On the  other  hand the protons of f  resonance 
go in  and out  of phase with t h e  spinlocking f i e l d .  This r e s a l t s  a spinlocked 
magnetization t h a t  o s c i l l a t e s  a t  tho off  resonance freqaency as a funct ion of t ,  . 
Since the  carbon-13 s igna l  produced i n  the  CP s t e p  depends on the  s i z e  of  the  
spinlocked proton magnetization, the carbon-13 s igna l  w i l l  a l s o  o s c i l l a t e  as s 
fanct ion of t ,  a t  the proton resonance o f f s e t .  The Fourier  transform of t h e  carbon 
s igna l  amplitude versus t, then g ives  the  proton chemical s h i f t .  To prodace a ZD 
spectram a s e t  of carbon-13 spec t ra  f o r  saccess ive ly  longer va laes  of t ,  i s  
acqnired. A second Fourier  transform versus t, r e s u l t s  i n  a ZD spectrum i n  which 
t h e  proton and carbon-13 chemical s h i f t s  a r e  cor re la ted .  The CP mixing t ime i s  
kept shor t  t o  minimize the  cont r ibu t ion  t o  the carbon-13 s igna l  from non-bonded 
in te rac t ions .  This ensures t h a t  only d i r e c t l y  bonded p a i r s  a r e  c o r r e l a t e d .  This  
shor t  mixing time a l s o  reduces the  spin d i f f a s i o a  among the  protons during cros6 
polar iza t ion  which can degrade the  reso lu t ion  i n  the  proton dimension. A s  a 
r e s n l t .  t h i s  experiment i s  s e n s i t i v e  only  t o  the sabset  of carbons t h a t  have a 
d i r e c t l y  a t tached proton. I n  addi t ion  the  proton spec t ra  are  only representa t ive  
of t h a t  por t ion  of the  protons in t h e  coa l  a t tached t o  a carbon. 

The most n a t a r a l  way t o  por t ray  2D spec t ra  i s  i n  a contour p lo t  with t h e  
contours being paths  of constant  amplitnde. Peaks appear as s e t s  of  concentr ic  
Contours i n  t h i s  type of p l o t .  In  f i g u r e  2 i s  the  contoar p l o t  of the  
heteronuclear  s h i f t  c o r r e l a t i o n  spectram of an I l l i n o i s  #6 coal  ( 6 ) .  Along t h e  top 
and s i d e s  a r e  t h e  sauanations of the d a t a  s e t  onto the  two axes. These spec t ra  a r e  
the same a s  t h e  normal shor t  contact  time CP/MAS spectram and the  combined 
mult iple  pulse  MAS proton spectrum. I n  the  contour p l o t  there  a re  three  c l e a r l y  
resolved peaks and two weaker peaks l a b e l l e d  1-5. For the  aromatic region t h e r e  i s  
one peak a t  6 %  = 6.8 ppm, 6°C = 128 ppm as  expected f o r  the  protonated 
aromatics. The r e s a l t s  i n  the  a l i p h a t i c  region are  much more reveal ing.  Eere t h e  
two most c l e a r l y  resolved peaks, 4 and 5,  a r e  a t t r i b u t e d  t o  methylenes with 6 %  = 
2.1 ppm, 6°C = 29 ppm, and t o  with 6'E = 1.0 ppm, 6°C = 18 ppm. These 
peaks a r e  c l e a r l y  resolved i n  both proton and carbon s h i f t  i n  t h e  2D spectram. As 
t h e  spec t ra  along t h e  top and s i d e s  ind ica te  t h i s  reso lu t ion  i s  not poss ib le  in 
e i t h e r  t h e  proton o r  carbon-13 one dimensional spec t ra .  I n  addi t ion  there  a r e  two 
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o t h e r  weakpeaks, 2 and 3. t h a t  a re  observed a s  shoulders  i n  the  2D apeotrum, one 
a t  6% = 3.5 ppm, 8°C = 40 ppm, and a second a t  8'H = 0.8 ppm, 8°C = 35 ppm . 
These peaks a r e  probably due t o  methyl groups with the  f i r s t  corresponding t o  
heteroatom s u b s t i t u t e d  methyls of  some type and the second t o  s t e r i c a l l y  hindered 
methyls. Taking i n t o  account the  b i a s  i n  i n t e n s i t i e s  t h a t  the  short  CP mixing time 
produces, the r e l a t i v e  amounts of  methyl t o  methylene t o  aromatic hydrogen can be 
est imated a s  1.0 : 0 . 9  : 0.7 respec t ive ly .  

From t h i s  2D spectrum one can e a s i l y  apprec ia te  the  increase in  reso lo t ion  
t h a t  the  method has over the usual  CP/MAS technique. It is a l s o  apparent t h a t  the  
d i s t r i b u t i o n  of  protons i n  t h e  organic  por t ion  i s  e a s i l y  access ib le  without 
s p e c t r a l  in te r fe rence  from water o r  mineral protons a s  would be encountered in 
d i r e c t  so l id  s t a t e  proton spectroscopy of coa ls .  As shorn above the method should 
be p a r t i c u l a r l y  usefu l  i n  disentangl ing t h e  overlapping bands i n  the  a l i p h a t i c  
por t ion  of coal CP/MAS spec t ra .  
Dipolar Resolved Chemical S h i f t  Spectroscopy- DIPSEIFT 

The previous method used s o l i d  s t e t e  pulse  sequence t r i c k e r y  to  adapt a 
l iqu id  s t a t e  method t o  the  s o l i d  s t a t e .  I n  the method diagrammed i n  f igure  3, the 
s o l i d  s t a t e  i n t e r a c t i o n s  a r e  a c t u a l l y  put t o  good use r a t h e r  than considered j u s t  
a nuisance. Let us begin by f i r s t  consider ing some of the fundamentals of the 
magic angle spinning experiment. 

In  an MAS experiment the  sample spinning i s  t y p i c a l l y  used t o  average the 
an iso t ropic  chemical s h i f t s  t o  t h e i r  i so t ropic  values  producing l iqu id  l i k e  
spec t ra .  I f  the s p i n  r a t e  does not  exceed the  width of the s h i f t  anisotropy i n  
Eer tz ,  the spectrum rill conta in  spinning sidebands. I n  the  l i m i t  of very slow U S  
spinning the  envelope of the  sideband p a t t e r n  is the same as  t h e  s t a t i c  powder 
p a t t e r n .  I f  IlfLEV-8 decoupliug is  used t o  remove the  proton-proton d ipolar  
couplings i n  a s o l i d ,  the  remaining carbon-proton d ipolar  in te rac t ion  a l s o  a c t s  
l i k e  a s h i f t  anisotropy.  The combination of XEEV-8 decoupling and MAS then g ives  
d ipolar  coupled carbon-13 spectra  broken up i n t o  sideband patterns.From t h e  
envelope of the sidebands t h e  d i p o l a r  couplings can be determined. This i s  t h e  
pr inc ip le  behind the  DIPSEIFT methods used t o  measure C-E dis tances  v i a  carbon- 
proton d i p o l a r  coupl ings and t h e i r  l / r '  dependence. I n  the  cur ren t  appl ica t ion  t h e  
s t ra tegy  i s  t o  t a k e  advantage of the constancy of  C-E dis tances  in  organic s o l i d s  
and t o  r e a l i z e  t h a t  the  d ipolar  coupled s p e c t r a l  p a t t e r n s  thus  depend only on t h e  
number of protons at tached to  a given carbon center .  I n  f igure  4 are  t y p i c a l  
dipolar  coupled p a t t e r n s  f o r  methylene, methine, rap id ly  ro ta t ing  methyl and 
quaternary carbons using MEEV-8 proton decoupling with CP/MAS. Note t h a t  t h e  
methylene p a t t e r n  i s  approximately twice a s  wide a s  the  methine p a t t e r n  and t h a t  
bo th  are much wider than t h e  methyl or quaternary p a t t e r n s .  The d i f f e r e n t  widths 
of these p a t t e r n s  can be used t o  c leanly  separa te  overlapping carbon-13 resonances 
t h a t  have d i f f e r e n t  numbers o f  a t tached protons.  Consider the  case where t h e  
resonances for  a methylene, methine and methyl carbon a l l  overlap. In  the  I(BEV-8 
decoupled CP/WS spectrum t h e  outermost sidebands w i l l  come only from the  
methylene carbon. Since the  sideband i n t e n s i t y  r a t i o s  i n  each p a t t e r n  a r e  f ixed by 
the  s ize  of  the carbou-proton d ipolar  coupling and the  sp in  r a t e ,  the cont r ibu t ion  
of the methylene t o  the r e s t  of  the spectrum can  be subtracted.  I n  t h i s  r e s u l t a n t  
spectrum the  outermost sidebands w i l l  now only  be due t o  the methine. The 
subt rac t ion  operat ion used f o r  t h e  methylene can be repeated f o r  the methine 
leaving only t h e  methyl carbon spectrum. I n  th i s  r a y  the contr ibut ions t o  a l i n e  
from methylene. methine and methyl plus  quaternary carbons cen be separated. This  
is  a s i g n i f i c a n t  improvement over d ipolar  dephasing which cannot separate  
methylenes from methines. Also, s ince  a l l  carbons a r e  observed a t  the same time, 
t h i s  type of technique avoids the  problems with quant i ta t ion  encountered i n  
d ipolar  dephasing. 

For a complex s o l i d  t h e  d i p o l a r  coupled p a t t e r n s  are  bes t  obtained from a 
ZD experiment a s  i n  f i g u r e  3. During t, the  carbon-13 nuc le i  evolve under the  
e f f e c t  of  lbBEV-8 decoupling and the  oarbon-proton d i p o l a r  coupling. Afterwards i n  
t, the carbon s i g n a l  i s  acquired under t h e  inf luence of s t rong d ipolar  decoupling. 
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As before a s e t  of carbon-13 spec t ra  f o r  successively longer values  of t, i s  
acquired. The second Fourier  t ransform gives  a 2D spectrum with the normal carbou- 
13 chemical s h i f t  along one a x i s  and chemical s h i f t  p lus  d ipolar  coupl ings along 
the  second ax is .  I n  o ther  DIPSEIPT methods t h e  chemioal s h i f t s  a re  removed during 
the  t ,  i n t e r v a l  with a n refocussing pulse .  To refocus the an iso t ropic  a s  well as  
the  i so t ropic  s h i f t  t h e  n pulse  must be  appl ied a t  an in tegra l  mul t ip le  of  the  MAS 
spinning cycle .  Since accura te ly  c o n t r o l l i n g  MAS sp in  r a t e s  i s  d i f f i c u l t .  an 
a l t e r n a t i v e  method is  a t t r a c t i v e .  I n  the  new method presented here the chemical 
s h i f t  i s  kept i n  both t, and t,. Spec t ra l  d i s t o r t i o n s  w i l l  occur i n  t h i s  
experiment from t h e  so-called phase t w i s t  problem ( 3 )  unless  the  carbon 
magnetization i s  projected a t  the end of t,. This i s  done by f l i p p i n g  a por t ion  of 
the carbon-13 magnetization up along the  appl ied f i e l d ,  wai t ing a shor t  dephasing 
time t o  des t roy  any t ransverse  magnetization, and f l ipp ing  the  s p i n s  back d o m  
i n t o  the  x-y plane. This  method has t h e  advantage t h a t  none of the  experiment need 
be done synchronously with the  MAS r o t a t i o n .  I n  addi t ion  the  MIEV-8 sequence can 
be incremented a piece a t  a time giving a g r e a t l y  increased bandwidth i n  the 
d ipolar  dimension. The pulses  used i n  the pro jec t ion  s t e p  a r e  a l s o  phase cycled in  
90 degree increments f o r  each successive point  t o  s imulate  the  e f f e c t  of having 
the  de tec tor  off-resonance during t,. This  allows the  c a r r i e r  frequency t o  be 
placed in  the  center  of the  spectrum while appearing t o  be a t  the  extreme edge and 
makes the most e f f e c t i v e  use of the  ava i lab le  bandwidth i n  t,. This  f e a t u r e  is 
e s p e c i a l l y  important f o r  methylenes because t h e i r  d ipolar  coupled p a t t e r n s  a r e  so 
wide. 

By using the  subtract ion scheme out l ined  above on the  2D spectrum the 
methylene only, methine only  and methyl p lus  quaternary only spec t ra  can be 
generated. With s u i t a b l e  software rout ines  the r e l a t i v e  numbers of methylenes, 
methines and methyls plus  quaternary carbons can a l s o  be ex t rac ted  f o r  the 
d i f f e r e n t  resolvable  s p e c t r a l  regions.  Application of t h i s  method i n  model polymer 
systems has allowed separa t ion  of overlapping resonances such as  the  methine and 
methylene t h a t  overlap i n  polystyrene.  Whereas the  peak i n  question seems t o  be a 
s ing le  resonance i n  t h e  normal CP/MAS spectrum, the d ipolar  s l i c e s  taken i n  the  2D 
experiment c l e a r l y  show t h a t  t h i s  l i n e  i s  a superposi t ion of a methylene and 
methine. The advantage of t h i s  method over the heteronuclear  s h i f t  c o r r e l a t i o n  
technique i s  t h a t  a l l  carbons a re  de tec ted  a s  a long mixing time cen be used and 
therefore  the  s ignal  t o  noise  obtained in  a given amount of time i s  much b e t t e r .  
The information obtained i s  complementary being i n  terms of proton m u l t i p l i c i t y  
r a t h e r  than chemical s h i f t .  For coa ls  the  method should prove p a r t i c u l a r l y  usefu l  
f o r  separat ing and assigning the  resonances observed i n  CP/MAS spec t ra .  
Zero F i e l d  NWR 

Another method t h a t  should prove usefu l  i n  the  study of coa l  s t r u c t u r e  i s  
zero f i e l d  NlIB (ZFW). I n  the  2D methods descr ibed so f a r  t h e  b a s i c  s t r a t e g y  has 
been t o  use carbon-13 chemical s h i f t s  t o  i d e n t i f y  d i f f e r e n t  func t iona l  types of 
carbon. Then e i t h e r  proton chemical s h i f t s  o r  carbon-13 proton d i p o l a r  couplings 
a re  used t o  separa te  resonances t h a t  occur a t  the same s h i f t .  I n  ZFNlIB a very 
d i f f e r e n t  approach is used. Ins tead  of suppressing the  la rge  s o l i d  s t a t e  
an iso t ropic  i n t e r a c t i o n s  such a s  d i p o l a r  o r  quadrupolar couplings t o  obta in  l i q u i d  
l i k e  chemical s h i f t  spectra .  these in te rac t ions  themselves a r e  used a s  the  
pr inc ipa l  means of resolving d i f f e r e n t  chemical species .  

Consider the case of a spin 1 nucleus i n  a large s t a t i c  magnetic f i e l d .  
The main i n t e r a c t i o n  t h a t  t h i s  nucleus f e e l s  i s  the coupling t o  the  s t a t i c  f i e l d  
giving the usual  Zeeman s p l i t t i n g 8  observed i n  an NWR experiment. I n  a r i g i d  s o l i d  
a sp in  1 nucleus a l s o  has a quadrupole coupling t h a t  produces an addi t iona l  
s p l i t t i n g  of the  energy l e v e l s .  For deuterium i n  organic  s o l i d s  t h i s  i n t e r a c t i o n  
i s  a measure of the a-character i n  t h e  C-D bond and i n  a sense i s  analagona t o  a 
chemioal s h i f t .  Deuterium quadrupole couplings t y p i c a l l y  range from tens  t o  
hundreds of kEz. Thia i s  much la rger  than t h e  spread of deuterium chemical s h i f t s  
t h a t  span only  750 BE a t  t h e  highest  f i e l d 8  ava i lab le  today. Thus quadrupole 
couplings could p o t e n t i a l l y  be the b a s i s  f o r  a deuterium spectroscopy with much 
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grea ter  resolving power than standard NMR. Unfortunately the  quadrupolar 
i n t e r a c t i o n  does not simply add t o  t h e  Zeeman i n t e r a c t i o n  and t h e  s i z e  of  t h e  
s p l i t t i n g  a t  high f i e l d  depends on the  o r i e n t a t i o n  of t h e  e l e c t r i c  f i e l d  grad ien t  
tensor  with respec t  t o  the appl ied f i e l d .  I n  a randomly or ien ted  powder sample 
t h i s  r e s u l t s  i n  a range of observed s p l i t t i n g s  and the  spec t ra  a re  broad 
overlapping powder p a t t e r n s .  

The a p p l i c a t i o n  of a s t rong magnetic f i e l d  produces powder broadening 
because i t  polar izes  t h e  nuc le i  along a p a r t i c u l a r  d i r e c t i o n  i n  space. However i n  
the  absence of an appl ied f i e l d ,  a l l  denterium n u c l e i  of  the same type experience 
t h e  same s p l i t t i n g  o f  t h e i r  energy l e v e l s  independent of  t h e i r  absolute  
o r i e n t a t i o n  i n  space and the sp ins  are  quantized i n  a molecule f ixed frame. Thus 
the  zero f i e l d  deuterium NUB (ZFDMR) spectrum of a randomly or ien ted  powder i s  t h e  
same a s  f o r  a s i n g l e  c r y s t a l  and has narrow resolved l i n e s .  This i s  the bas ic  idea 
behind pure nuc lear  quadrupole resonance (NQR) spectroscopy as  wel l .  The t r i c k  i s  
t o  do a high s e n s i t i v i t y  experiment in the  absence of  an appl ied f i e l d .  Several 
c lever  f i e l d  cycl ipg and double resonance techniques have previously been 
developed f o r  pure NQB spectroscopy of nuc le i  such as  deuterium ( 8 ) .  Eowever a l l  
of the s tandard methods a r e  e i t h e r  continuous wave techniques o r  involve low 
frequency de tec t ion .  The ZFNLIB method i s  more genera l ly  appl icable  t o  n u c l e i  snch 
a s  deuterium with r e l a t i v e l y  small qnadrupole coupl ings.  The method uses high 
frequency de tec t ion  f o r  good s e n s i t i v i t y  and i s  a l s o  a Fourier  transform 
technique. This  l a t t e r  fea ture  gives  ZFNMR a b e t t e r  inherent  r e s o l u t i o n  than any 
of the  continuous wave methods ( 8 ) .  

The magnetic f i e l d  cyc le  used i n  t h e  ZFNKR method i s  shown i n  f igure  5 .  The 
f i r s t  s t e p  i s  t o  p o l a r i z e  the  nuc le i  i n  a high f i e l d  magnet t o  produce a 
measureable s i g n a l .  The sample i s  then mechanically removed t o  an intermediate  
region i n  the f r i n g e  f i e l d  of the high f i e l d  magnet. I f  t h i s  i s  done rap id ly  
compared t o  the c b a r a c t e r i s t i c  re laxa t ion  times of t h e  sample. the high f i e l d  
polar iza t ion  i s  maintained in  the intermediate  f i e l d  system. As long a s  t h e  
intermediate  f i e l d  i s  chosen t o  give a Zeeman s p l i t t i n g  several  times l a r g e r  than 
t h e  quadrupole s p l i t t i n g s ,  the polar iza t ion  w i l l  oontinue t o  be al igned with t h e  
appl ied f i e l d  a x i s .  This  intermediate f i e l d  i s  suddenly removed by a s e t  of pulsed 
c o i l s  t h a t  can c o l l a p s e  the  f i e l d  r a p i d l y  compared t o  the inverse of the  NQB 
f requencies  of t h e  sample. The magnetization t h a t  was i n i t i a l l y  along t h e  
appl ied f i e l d  a x i s  now f inds  i t s e l f  influenced s o l e l y  by the  quadrupolar 
in te rac t ion .  Since the polar iza t ion  a t  zero f i e l d  would prefer  t o  be aligned in  
t h e  i n t e r n a l  a x i s  system of t h e  e l e c t r i c  f i e l d  grad ien t  tensor ,  any por t ion  t h a t  
is not so o r i e n t e d  now o s c i l l a t e s ,  a t  the zero f i e l d  NQB f requencies .  I f  a 
receiving c o i l  was in place aronnd t h e  sample a t  t h i s  point ,  a zero f i e l d  f r e e  
induct ion decay (FID) would be observed. The Fourier  transform of t h i s  zero f i e l d  
FID would give t h e  ZFNMR spectrum. Because of t h e  low frequencies  involved, it i s  
b e t t e r  t o  tu rn  t h i s  o s c i l l a t i o n  in to  a high f i e l d  observable. This  requi res  a 2D 
type of da ta  tak ing  sequence with the zero f i e l d  time as  t,. A t  the  end of the 
zero f i e l d  i n t e r v a l  the  intermediate  f i e l d  i s  suddenly pulsed back on t rapping the  
component of the  magnetization p a r a l l e l  t o  the appl ied f i e l d .  A f t e r  t h e  sample i s  
re turned t o  the  NHB magnet t h i s  component can be measured a s  a high f i e l d  NMR 
s igna l .  The amplitude of t h i s  s ignal  n a t u r a l l y  o s c i l l a t e s  as a funct ion of the 
length  of  time t, t h a t  the  sample spent a t  zero f i e l d .  A Four ie r  transform of the 
high f i e l d  s i g n a l  amplitude versus  t, then r e s u l t s  i n  t h e  ZFNMR spectrum. Although 
a 2D type of d a t a  s e t  i s  a c t u a l l y  acquired. a f u l l  2D transform i s  not  performed 
s ince  the high f i e l d  spec t ra  do not provide any addi t iona l  information. 

A t y p i c a l  r e s u l t  i s  shown in  f igure  6 where t h e  ZFDMR 6a and high f i e l d  
U S  NJdR 6b spec t ra  of perdeuterated dimethoxy benzene a r e  conpared. In spectrum 6a 
t h e  methyls give a resonance a t  about 40 kEz and t h e  aromatics appear in  the  
region aronnd 135 LBz. This  reso lu t ion  i s  comparable t o  the reso lu t ion  of the 
methyl and aromatic carbon-13 resonanoes i n  the CP/IIAS spectrum. The two types of 
deuterium are  b a r e l y  resolved i n  spectrum 6b with the  aromatics appearing a t  2 and 
4 PPm from t h e  methyl. This  s e t  of spec t ra  dramat ica l ly  demonstrates t h e  snperior  

234 



resolving power of p(DyB over the  more conventional high f i e l d  HAS technique. I n  
f a c t  the reso lu t ion  of ZFDMR is comparable t o  high f i e l d  deuterium NMR in  so lu t ion  
and can discr iminate  among d i f f e r e n t  f u n c t i o n a l i t i e s  a s  well a s  carbon-13 CP/MAS 
spectrosoopy can. Thus the method should be the  technique of choice f o r  
determining the d i f f e r e n t  types of hydrogen i n  organic  s o l i d s .  For  ins tance  proton 
aromaticies in  coa ls  could accura te ly  be measured with ZFDME. The successful  
appl icat ion of t h i s  method w i l l  undoubtedly requi re  addi t iona l  developments t o  
increase the  s e n s i t i v i t y  of the  method such a s  combining ZFDME with dynamic 
nuclsar  po lar iza t ion  (1) o r  i n d i r e c t  de tec t ion  of  the deuterium v i a  the  abundant 
protons (8) .  A l l  experiments t o  da te  hive used i s o t o p i c a l l y  enriched samples 
because of the low n a t u r a l  abundance of deuterium. A t  present  n a t u r a l  abundance 
s tudies  a r e  not  f e a s i b l e  and in  the  immediate fu ture  t h e  most f r u i t f u l  
cont r ibu t ions  t o  coal  chemistry w i l l  involve chemically modified coa ls  e i t h e r  by 
using deuterated reagents  o r  exchanging l a b i l e  hydrogen f o r  deuterium. 
Conclnsions 

The increase i n  reso lu t ion  made poss ib le  by these new ZD WR and zero 
f i e l d  NME methods should make it  poss ib le  t o  determine the  chemical s t r u c t u r e s  
present  i n  coals  t o  a much f i n e r  degree than previously poss ib le .  With a b e t t e r  
knowledge of the  func t iona l  u n i t s  i n  coa ls  i t  should be poss ib le  t o  develop more 
sophis t ica ted  chemistry f o r  convert ing coa l  t o  a chemical feedstock or fuel. These 
NME methods are s t i l l  in  an e a r l y  s tage  of development but  have already had some 
sucess i n  appl ica t ion  t o  polymers and coa l .  The question of quanta t ive  response 
has yet t o  be f u l l y  addressed but  a t  present  t h e r e  is no evidenoe t o  ind ica te  t h a t  
t h i s  rill be any more of  a problem than i n  s tandard carbon-13 CP/MAS spectroscopy. 
More development i s  needed t o  make these techniques genera l ly  access ib le  t o  t h e  
prac t ic ing  chemist and work i n  t h i s  area i s  being a c t i v e l y  pursued. 
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INTRODUCTION 

F o r  more t h a n  f o r t y  y e a r s ,  i t  h a s  b e e n  r e c o g n i z e d  t h a t  t h e  
many i n t e r a c t i v e  p h y s i c a l  and chemica l  phenomena which compr ise  
c o a l  l i q u e f a c t i o n  f a l l  i n t o  two f u n c t i o n a l  c a t e g o r i e s :  p roduc t ive  
p r o c e s s e s  and coun te r -p roduc t ive  p r o c e s s e s  (1,2,3). Yet d e s p i t e  
t h i s  u n d e r s t a n d i n g ,  t h e  n a t u r e  of t h e s e  components and t h e  con- 
t r i b u t i o n  of e a c h  t o  t h e  o v e r a l l  c o n v e r s i o n  have  r e m a i n e d  ob-  
scure.  Th i s  c a n  be a t t r i b u t e d ,  i n  p a r t ,  t o  t h e  complex n a t u r e  of 
c o a l  b u t  i s  a l s o  d u e  t o  poor  p e r c e p t i o n  of t h e  p r o b l e m  and  t o  
consequent  d e f i c i e n c i e s  i n  e x p e r i m e n t a l  des ign .  

The c o n v e r s i o n  o f  c o a l  t o  l i q u i d  p r o d u c t s  i s  c l e a r l y  a 
dynamic p rocess .  I t  is ,  t h e r e f o r e ,  q u i t e  c u r i o u s  t h a t  most coa l  
s c i e n t i s t s  c o n t i n u e  t o  employ  i n v e s t i g a t i v e  t e c h n i q u e s  more 
a p p r o p r i a t e  f o r  m e a s u r i n g  the rmodynamic  r a t h e r  t h a n  dynamic  
phenomena. These t e c h n i q u e s  c o n f i n e  s t a r t i n g  mater ia ls ,  i n t e r -  
media tes ,  and p r o d u c t s  t o  t h e  same r e a c t i o n  space th roughou t  t h e  
p r imary  p roduc t -de te rmin ing  segment of t h e  convers ion .  

From t h i s  p e r s p e c t i v e ,  a u t o c l a v e s  (4,5), t u b i n g  bombs (61, 
and even s t a g e d  f low r e a c t o r s  ( 7 )  a r e  s imply  i n c a p a b l e  of r e s o l v -  
i n g  p r o d u c t i v e  and  c o u n t e r - p r o d u c t i v e  p r o c e s s e s .  I n  t h e s e  
r e a c t o r  s y s t e m s ,  s e c o n d a r y  p r o c e s s e s  a r e  p r o m o t e d  r a t h e r  t h a n  
i n h i b i t e d  and, t h u s ,  obscu re  p r imary  pathways i n  t h e  convers ion .  
I n t e r p r e t a t i o n s  of t h e  r e s u l t s  from t h e s e  expe r imen t s  i n  terms of 
p r i m a r y  p r o c e s s e s  a r e  beyond t h e  c a p a c i t i e s  o f  mere mor ta l s .  On 
t h e  o t h e r  h a n d ,  f i x e d  bed ,  f l o w  mode r e a c t o r s  have  t h e  c a p a c i t y  
t o  remove  c o n v e r s i o n  p r o d u c t s  a s  t h e y  d i s s o l v e  i n  t h e  f l o w i n g  
phase :  and., i n  t h i s  way, s u c h  r e a c t o r s  i n h i b i t  s e c o n d a r y  r e a c -  
t i o n s  i n v o l v i n g  s o l u b i l i z e d  products .  

Recent ly ,  we r e p o r t e d  t h e  development of a f low mode micro-  
r e a c t o r  f o r  the purpose  of d y n a m i c a l l y  i n v e s t i g a t i n g  t h e  the rma l  
d i s s o l u t i o n  o f  c o a l  ( 8 ) .  Us ing  t h i s  a p p a r a t u s ,  w e  e s t a b l i s h e d  
c h a r a c t e r i s t i c  s t a g e d  t e m p e r a t u r e  s o l u b i l i z a t i o n  p r o f i l e s  f o r  
c o a l s  of v a r i o u s  r anks  and p r e s e n t e d  ev idence  t h a t  t h e s e  dynamic 
p r o f i l e s  were compr ised  of ( a t  least)  t w o  t y p e s  of s o l u b i l i z a t i o n  
phenomena. I n  t h e  p r e s e n t  s tudy ,  w e  have conf i rmed and extended 
t h e s e  f i n d i n g s  by u s i n g  t e m p e r a t u r e  programmed e x p e r i m e n t s  t o  
c l e a r l y  r e s o l v e  t h e  benzene s o l u b i l i z a t i o n  e v e n t s  and by c h a r a c t -  
e r i z i n g  t h e  c o a l  l i q u i d s  produced d u r i n g  t h e s e  events .  

238 

J 



EXPERIHENTAL 

General  

I l l i n o i s  No. 6 C o a l  f r o m  t h e  A m e s  L a b o r a t o r y  C o a l  L i b r a r y  
was used f o r  t h e s e  s t u d i e s .  The u l t i m a t e  a n a l y s i s  f o r  t h i s  c o a l  
(dmmf b a s i s )  i s  C:  80.60%; H: 5.63%; N: 1.56%: Sorg: 2.35%; a n d  
O ( d i f f ) :  9.81%. Ash ( d r y  b a s i s )  and v o l a t i l e  matter (dmmf b a s i s )  
c o n t e n t s  a r e  1 0 . 0 %  a n d  40.4%, r e s p e c t i v e l y .  P r i o r  t o  u s e ,  t h e  
c o a l  was g r o u n d ,  s i z e d  t o  2 0 0  x 4 0 0  mesh,  r i f f l e d  t o  i n s u r e  
u n i f o r m i t y ,  and d r i e d  a t  l l O ° C  o v e r n i g h t  under  vacuum. Degassed 
HPLC g r a d e  b e n z e n e  w a s  u s e d  i n  t h e  s o l u b i l i z a t i o n  e x p e r i m e n t s ;  
and samples  and s o l v e n t s  were  handled  and s t o r e d  under  n i t r o g e n .  

S o l u b i l i z a t i o n  P r o c e d u r e s  

F l o w  mode s o l u b i l i z a t i o n  e x p e r i m e n t s  were c a r r i e d  o u t  i n  a n  
improved v e r s i o n  of  o u r  f l o w  mode reactor. N e w  f e a t u r e s  i n c l u d e  
cont inuous ,  "on- l ine"  o p t i c a l  d e n s i t y  m o n i t o r i n g  of t h e  r e a c t o r  
e f f l u e n t :  r e a l  t i m e  d a t a  a c q u i s i t i o n  of  o p t i c a l  d e n s i t y ,  t empera-  
t u r e ,  and p r e s s u r e :  and an  improved t i m e  r e s o l v e d  p r o d u c t  collec- 
t i o n  system. I n  a t y p i c a l  exper iment ,  a preweighed amount (25- 
200 mg) o f  200-400 mesh coal w a s  p l a c e d  i n  t h e  t u b u l a r  r e a c t o r ,  
f i x e d  i n  p l a c e  by 2 B s t a i n l e s s  s tee l  f r i t s ,  and a s h i e l d e d  0.062 
i n c h  0.d. chromel-alumel  thermocouple  w a s  i n s e r t e d  i n t o  t h e  coal 
bed. A f t e r  c o n n e c t i n g  t h e  r e a c t o r  and purging t h e  a p p a r a t u s  w i t h  
n i t r o g e n ,  t h e  e n t i r e  s y s t e m  w a s  f i l l e d  w i t h  b e n z e n e  a n d  
p r e s s u r i z e d  t o  3190 p s i  b e f o r e  a d j u s t i n g  t h e  s o l v e n t  f l o w  t o  1.0 
ml/minute .  

Two k i n d s  of t e m p e r a t u r e  programmed benzene s o l u b i l i z a t i o n  
e x p e r i m e n t s  were c a r r i e d  o u t :  

(1) Staged  t e m p e r a t u r e  benzene s o l u b i l i z a t i o n  and 
( 2 )  Continuous t e m p e r a t u r e  benzene s o l u b i l i z a t i o n .  

I n  t h e  f o r m e r  e x p e r i m e n t s ,  t a r g e t e d  t e m p e r a t u r e s  were  a l w a y s  
a t t a i n e d  and  s t a b i l i z e d  w i t h i n  3 t o  5 m i n u t e s .  F o r  a l l  e x p e r i -  
ments, t e m p e r a t u r e  w a s  c o n t r o l l e d  d u r i n g  t h e  c o n v e r s i o n  a c c o r d i n g  
t o  a p r e d e t e r m i n e d  p r o g r a m ;  a n d  t h e  o p t i c a l  d e n s i t y  p r o f i l e  of 
t h e  p r o d u c t  stream, a s  w e l l  as t e m p e r a t u r e  and p r e s s u r e  p r o f i l e s  
o f  t h e  c o a l .  b e d ,  w e r e  r e c o r d e d  t h r o u g h o u t  t h e  c o n v e r s i o n .  
P r o d u c t s  were c o l l e c t e d  a t  a p p r o p r i a t e  times on t h e  b a s i s  o f  t h e  
o p t i c a l  d e n s i t y  p r o f i l e .  

Chromatographic  A n a l y s i s  of P r o d u c t s  

Samples  were p r e p a r e d  f o r  a n a l y s i s  by removing t h e  s o l v e n t  
from t h e  s o l u b i l i z a t i o n  p r o d u c t  a t  room t e m p e r a t u r e  u s i n g  a slow 
s t ream of n i t r o g e n .  The d r i e d  p r o d u c t  was t h e n  d i s s o l v e d  i n  0.2 
m l  o f  t e t r a h y d r o f u r a n  a n d  t h i s  s o l u t i o n  was  u s e d  f o r  c h r o m a t o -  
g r a p h i c  a n a l y s i s .  P r o d u c t s  were a n a l y z e d  by Reverse  Phase Liquid  
C h r o m a t o g r a p h y  (RPLC) on a 4 . 1  m m  x 300 m m  A-Bondapak ( p h e n y l /  
c o r a s i l )  column ( A l l t e c h  A s s o c i a t e s ) ,  by G e l  P e r m e a t i o n  Chromato- 
g r a p h y  (GPC) on  1 0 0 0 ,  5 0 0 ,  and  1 0 0  A n g s t r o m H - S t y r a g e l  c o l u m n s  
(waters A s s o c i a t e s ) ,  and by  C a p i l l a r y  G a s  Chromatography o n  a 30 
meter DB-5 column ( J & W  S c i e n t i f i c ) .  
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RESULTS 6 DISCUSSION 

S o l u b i l i z a t i o n  P r o f i l e s  

P r e v i o u s  i n v e s t i g a t i o n s  i n  o u r  l a b o r a t o r i e s  ( 9 )  h a v e  p r o -  
v i d e d  p e r s u a s i v e  e v i d e n c e  t h a t  coa l  s o l u b i l i z a t i o n  i n  b e n z e n e  
proceeds  v i a  p h y s i c a l  p r o c e s s e s  a t  t e m p e r a t u r e s  below 3OO0C and 
t h a t ,  a s  t h e  t e m p e r a t u r e  i s  i n c r e a s e d  beyond 3OO0C, t h e r m a l  
c h e m i c a l  processes become p r o g r e s s i v e l y  more impor tan t .  S taged  
t e m p e r a t u r e ,  f l o w  mode e x p e r i m e n t s  have proven u s e f u l  a s  a means 
of i n v e s t i g a t i n g  s o l u b i l i z a t i o n  phenomena as a f u n c t i o n  of t ime 
and t e m p e r a t u r e  ( 8 ) .  A s t a g e d  t e m p e r a t u r e  (26O/39O0C) s o l u b i l i -  
z a t i o n  p r o f i l e  f o r  I l l i n o i s  No. 6 c o a l  i s  shown i n  F i g u r e  1. 

Under t h e s e  c o n d i t i o n s ,  it i s  n o t  clear whether  t h e  maxima 
i n  e f f l u e n t  a b s o r b a n c e  a t  3 m i n u t e s  a n d  2 4  m i n u t e s  a r e  d u e  t o  
d i s t i n c t  and  r e s o l v a b l e  c o n v e r s i o n  phenomena. The maxima coin-  
c i d e  w i t h  h e a t i n g  ramps and c o u l d  s i m p l y  r e f l e c t  a g e n e r a l  t e m -  
p e r a t u r e  d r i v e n  i n c r e a s e  i n  a l l  of  t h e  p r o c e s s e s  which  c o n t r i b u t e  
t o  s o l u b i l i z a t i o n .  This  q u e s t i o n  was a d d r e s s e d  by  c a r r y i n g  o u t  
t h e  benzene s o l u b i l i z a t i o n  e x p e r i m e n t  w h i l e  programming t h e  t e m -  
p e r a t u r e  c o n t i n u o u s l y  from 25OC t o  42OoC ( F i g u r e  2). The s o l u b i -  
l i z a t i o n  p r o f i l e  g e n e r a t e d  i n  t h i s  manner  d e m o n s t r a t e s  con-  
c l u s i v e l y  t h a t  t h e r e  a r e  a t  l e a s t  t w o  d i s t i n c t  s o l u b i l i z a t i o n  
e v e n t s :  o n e  i n  t h e  240 t o  28OoC r e g i o n  a n d  t h e  o t h e r  i n  t h e  370- 
41OoC reg ion .  

C h a r a c t e r i z a t i o n  of P r o d u c t s  

I n  o r d e r  t o  f u r t h e r  i n v e s t i g a t e  t h e  n a t u r e  o f  these e v e n t s ,  
l o w  t e m p e r a t u r e  p r o d u c t  (LTP) and h i g h  t e m p e r a t u r e  p r o d u c t  (HTP) 
f r a c t i o n s  were c o l l e c t e d  d u r i n g  t h e  times i n d i c a t e d  i n  F i g u r e  2. 
These f r a c t i o n s  were t h e n  ana lyzed  by Reverse Phase  L i q u i d  Chrom- 
a tography (RPLC) and by G e l  Permeat ion  Chromatography (GPC) , and 
t h e  r e s u l t i n g  c h r o m a t o g r a m s  a re  shown i n  F i g u r e s  3 a n d  4 ,  re- 
s p e c t i v e l y .  On t h e  b a s i s  of  RPLC, t h e  High Tempera ture  F r a c t i o n  
a p p e a r s  t o  have a l a r g e r  p o l a r  component t h a n  t h e  Low Temperature  
F r a c t i o n .  However ,  t h e s e  r e s u l t s  a r e  n o t  unambiguous ;  t h e  
d i f f e r e n c e  i n  RPLC p a t t e r n s  a p p e a r s  t o  b e  d u e  t o  d i f f e r e n c e s  i n  
t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  c o m p o n e n t s  r a t h e r  t h a n  t h e  
p r e s e n c e  or a b s e n c e  o f  c o m p o n e n t s  i n  t h e  p r o d u c t  f r a c t i o n s .  
Fur thermore ,  l i t t l e  d i f f e r e n c e  i s  a p p a r e n t  i n  t h e  GPC traces of  
t h e  t w o  f r a c t i o n s  ( F i g u r e  4). 

T o  c l a r i f y  t h e s e  r e s u l t s ,  p r o d u c t s  were c o l l e c t e d  f r o m  a 
t h r e e  s t a g e  (26O/340/42O0C) s o l u b i l i z a t i o n  e x p e r i m e n t  a n d  ana-  
l y z e d  by  RPLC a n d  GPC ( F i g u r e s  5 a n d  6 ) .  The c h r o m a t o g r a m s  
r e v e a l  u n a m b i g u o u s  d i f f e r e n c e s  i n  t h e  p r o d u c t s  a n d  p r o v i d e  t h e  
b a s i s  f o r  t w o  i m p o r t a n t  c o n c l u s i o n s .  That  t h e  material produced 
a t  420°C i s  d i s t i n c t l y  more p o l a r  t h a n  p r o d u c t s  s o l u b i l i z e d  a t  
lower t e m p e r a t u r e s  i s  clear from t h e  RPLC traces ( F i g u r e  5 ) .  I t  
i s  e q u a l l y  a p p a r e n t  f r o m  t h e  GPC t r a c e s  ( F i g u r e  6 )  t h a t  t h e  
molecular  w e i g h t  of t h e  p r o d u c t  increases t o  a maximum between 
260 and 42Ooc. 

Thus, w h i l e  t h e  molecular  w e i g h t  d i s t r i b u t i o n s  of  t h e  pro- 
d u c t s  a t  260  and  42OoC a r e  q u i t e  s imilar  (see also F i g u r e  41, t h e  
p r o d u c t s  t h e m s e l v e s  are a l m o s t  c e r t a i n l y  g e n e r a t e d  by  d i f f e r e n t  
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P r o c e s s e s .  I t  a p p e a r s  t h a t  t h e  26OoC f r a c t i o n  i s  p r o d u c e d  by 
p h y s i c a l  d i s s o l u t i o n  p r o c e s s e s  which c o n t i n u e  t o  dominate  pyro-  
l y t i c  p r o c e s s e s  a t  34OoC. However, b y  42OoC, t h e r m a l  c h e m i c a l  
f r a g m e n t a t i o n  p r o c e s s e s  a r e  d o m i n a n t  a n d  t h e  a v e r a g e  M W  o f  t h e  
p r o d u c t  has  d e c r e a s e d  w h i l e  t h e  p o l a r i t y  h a s  i n c r e a s e d .  

FUTURE WORK 

W e  h a v e  b e g u n  t o  t e s t  t h i s  h y p o t h e s i s  a n d  t o  f u r t h e r  
e l u c i d a t e  t h e  n a t u r e  o f  t h e s e  p r o c e s s e s  u s i n g  GCIMS t o  a n a l y z e  
t ime and t e m p e r a t u r e  r e s o l v e d  p r o d u c t s  f rom o u r  exper iments .  I n  
F i g u r e  7 ,  t h e  c a p i l l a r y  g a s  c h r o m a t o g r a m s  o f  t h e  260 a n d  42OoC 
f r a c t i o n s  are  compared w i t h  t h o s e  of  a c e t o n e  e x t r a c t s  f rom whole 
c o a l  and coal t a r  (42OoC, vacuum). Major  new components, a b s e n t  
i n  t h e  low t e m p e r a t u r e  e x t r a c t s  a r e  a p p a r e n t  i n  b o t h  42OoC 
p r o d u c t s  and are now b e i n g  a n a l y z e d  by GCIMS. 
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Figure 1. Staged Temperature Benzene Solubilization of Illinois 
No. 6 Coal. First Stage: 26OoC/3180 psi; Second Stage: 
39OoC/3180 psi. 
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Figure 2. Continuous Temperature Benzene Solubilization Of 
Illinois NO. 6 Coal at 3180 psi. Initial Temperature: 
2 0 ° C ;  Final Temperature: 420'C. 
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Figure 3. Liquid Chromatograms of Products from the Continuous 
Temperature Programmed Benzene Solubilization of 
Illinois No. 6 Coal. 
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Figure 4. Gel Permeation Chromatograms of Products from the 
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Figure 5. Liquid L?.romatograms of Products from the Temperature 
Staged Benzene Solubilization of Illinois No. 6 Coal. 

10 

- 260 C F R A C T I O N  

8 340 C F R A C T I O N  

420 C F R A C T I O N  

6 

4 

2 

Time 
(Minutes) 
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Illinois No. 6 Coal. 
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Determinat ion of  Liquid and S o l i d  Phase Composition i n  P a r t i a l l y  
Frozen Middle D i s t i l l a t e  Fuels  

T.L. Van Winkle, W.A. Affens,  E . J .  Beal, G.W. Mushrush, 
R.N. H a z l e t t  and J .  DeGuzman 

Naval Research Laboratory 
Washington, D. C .  20362 

INTRODUCTION 

One of  t h e  t a s k s  of t h e  United S t a t e s  Navy Mobil i ty  Fue l s  program a t  t h e  Naval 
Research Laboratory i s  t o  determine t h e  e f f e c t  of composition on t h e  f r e e z i n g  
p r o p e r t i e s  of l i q u i d  f u e l s  ( 1 , Z ) .  The combination of requirements  f o r  s h i p  and j e t  
a i r c r a f t  f u e l s  of a low f r e e z i n g  p o i n t  ( t o  permit cold temperature o p e r a t i o n s  around 
t h e  world) and a f l a s h  p o i n t  minimum ( t o  reduce t h e  hazard of s to rage  and t r a n s p o r t  
of  l i q u i d  f u e l s  on board s h i p )  l e a d s  t o  opposing composi t ional  needs. This  i s  
because many components of a f u e l  t h a t  t end  t o  lower t h e  f r e e z i n g  p o i n t  ( s m a l l  
hydrocarbons with h ighe r  vapor p re s su res )  w i l l  a l s o  reduce t h e  f l a s h  p o i n t .  Because 
of t hese  c o n s t r a i n t s ,  i t  i s  n o t  always p r a c t i c a l  t o  produce f u e l s  meeting these  
requirements  from a v a i l a b l e  crudes.  This  l i m i t s  t h e  amount of crudes and hence t h e  
amount of JP-5, the Navy f u e l  f o r  c a r r i e r  based a i r c r a f t ,  which can be produced from 
"a b a r r e l  o f  crude." With inc reased  knowledge and understanding o f  t h e  components 
t h a t  f i r s t  c r y s t a l l i z e  ou t  of a c o l d  f u e l ,  i t  may be p o s s i b l e  t o  modify r e f i n i n g  
techniques t o  i n c r e a s e  t h e  y i e l d  of  Navy l i q u i d  f u e l s  per  b a r r e l  o f  crude without  
compromising e i t h e r  t h e  f r e e z i n g  po in t  or t h e  f l a s h  point  r e s t r i c t i o n s .  

Pa r t  o f  t h i s  t a s k  was a s tudy of p a r t i a l l y  f rozen  f u e l s ,  i n  p a r t i c u l a r ,  t o  
i s o l a t e  and c h a r a c t e r i z e  t h e  " p r e c i p i t a t e "  ( s o l i d  c r y s t a l s  p l u s  entrapped l i q u i d )  
which can cause  a i r c r a f t  fue l - t ank  holdup, f i l t e r  plugging,  and r e l a t e d  j e t  a i r c r a f t  
engine problems a t  low temperature  ope ra t ion .  In orde r  t o  accomplish t h i s ,  t h e  
l i q u i d  " f i l t r a t e "  had t o  be sepa ra t ed  from t h e  p r e c i p i t a t e  and a q u a n t i t a t i v e  
a n a l y s i s  made of  s e v e r a l  components ( e s p e c i a l l y  t h e  normal a lkanes )  i n  t h e  o r i g i n a l  
f u e l  and i n  both f r a c t i o n s .  The importance of t h e  s a t u r a t e d  hydrocarbon f r a c t i o n ,  
p a r t i c u l a r l y  t h e  h i g h e r  normal a lkanes ,  i n  r a i s i n g  the  f r e e z i n g  p o i n t s  of hydro- 
carbon f u e l s  had been suggested by Dimitroff  e t  a l .  (3-5); Pe t rov ic  and Vi to rov ic  
( 6 ) ;  Solash e t  a l .  ( 2 ) ;  and o t h e r s .  

This pape r  d e a l s  with t h e  method used t o  sepa ra t e  the  l i q u i d  f i l t r a t e  from t h e  
p r e c i p i t a t e  i n  f u e l s  cooled t o  predetermined temperatures  below t h e i r  f r e e z i n g  
p o i n t s ,  t h e  method of  ana lyz ing  t h e  f u e l  and f u e l  f r a c t i o n s ,  and t h e  r e s u l t s  
ob ta ined  from a s t u d y  of one p a r t i c u l a r  j e t  f u e l .  

The f u e l  used t o  t e s t  t h e  method was a shale-derived f u e l  (NRL No. 5 - 2 2 )  from 
t h e  Shale-I1 r e f i n i n g  p rocess  conducted by t h e  Standard O i l  Company of Ohio ( S O H I O )  
a t  t h e i r  r e f i n e r y  a t  Toledo, Ohio (7-9).  This  f u e l  met t h e  m i l i t a r y  s p e c i f i c a t i o n  
requirements  f o r  Navy JP-5 j e t  t u r b i n e  f u e l  (10); i t s  a c t u a l  f r e e z i n g  po in t  of -48°C 
(11) was below the  s p e c i f i c a t i o n  maximum requirement  (10) of -46°C .  This  f u e l ,  
r e f e r r e d  t o  h e r e a f t e r  a s  5-22, was chosen because the  normal a lkane  concen t r a t ions  
i n  shale-der ived f u e l s  a r e  cons ide rab ly  g r e a t e r  t han  those  i n  petroleum-derived 
f u e l s  ( 8 ) .  
amounts i n  t h e  5-22 f u e l .  

Table 1 l i s t s  t h e  concen t r a t ions  o f  the n-alkanes p reeen t  i n  measurable 
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TABLE 1. n-Alkane Concentrations in Filtrate of Fuel 5-22 
JP-5 Shale 11, as a Function of Temperature 

Normalized Concentrations (XF')* 

Fuel 
"C Sample,X, -57.5 -55.3 -53.6 -51.4 -48.5 -46* 

n-Alkane 

c10 4.50 1.04 1.03 1.01 1.00 0.98 0.97 
c11 8.55 0.94 0.96 0.97 0.96 0.97 0.96 
c12 7.10 0.71 0.77 0.83 0.91 0.95 0.99 
c1 3 4.41 0.47 0.56 0.67 0.63 0.92 1.00 
C 1 4  1.36 0.42 0.51 0.57 0.70 0.91 0.94 
c15 0.35 0.43 0.54 0.66 0.83 0.97 0.97 

*Normalized data concentration divided by concentration in original 
sample 

*Data extrapolated to freezing point (-46°C) 

ISOLATION OF PRECIPITATE FROM FILTRATE 

A glass apparatus constructed for the isolation of the partially frozen 
precipitate is shown in Figure 1. The design was based on the fractional crystal- 
lization device used by Pitzer and Scott (12) and is similar to that of Dimitroff et 
a1 ( 5 ) ,  at the U. S .  A m y  Fuels and Lubricants Laboratory. It is referred to as a 
"Liquid-Solid separator" (LSS), as it was called by Dimitroff. 

The LSS consisted of four components, A, B, C, and D, which were attached 
together by means of O-ring joints with clamps. 
LSS to copper coils immersed in the bath, which carried dried nitrogen gas from the 
flow meters. The assembled LSS was immersed in a refrigerated and stirred methanol 
bath in a large clear-glass Dewar flask. Dry ice was added to the methanol to help 
cool the system rapidly to the freezing point of the fuel, at which time the fuel 
was added. 
stopcock J by a hypodermic syringe with a long needle. 
then cooled the system to the desired temperature and maintained it to within 
- +0.luC during crystallization and filtration. A very slow stream of nitrogen 
flowing through stopcock K (stopcocks I and L being closed), bubbling up through the 
fritted glass disc H and out through stopcock J prevented any liquid fuel from 
flowing down through the disc before and during crystallization. 
minutes were allowed at the desired temperature for crystallization to be completed. 

Glass-metal joints connected the 

A weighed sample of fuel (about 8 grams) was introduced through the open 
A temperature controller 

Approximately 20 

Stopcocks J and K were then closed, and L and I opened to allow a slow stream 
of nitrogen under pressure (up to 15 psig) through L to force the liquid filtrate 
through the fritted glass disc, and down the funnel M and into the preweighed 
filtrate cup D. 
tamping. 
stirred and pressed with a glass rod having a flattened end. The rod was either 
kept in the apparatus during the entire freezing process OK cooled in dry ice just 
prior to insertion. In this way the precipitate vas spread more evenly over the 
fritted glass disc, eliminating channels through which the nitrogen could pass. 
Attempts to compress the precipitate by the rod and thus force the liquid through 
the disc were unsuccessful. 
vithout a stopcock, B ' ,  and further filtering allowed to take place under nitrogen 
pressure. The plain dome eliminated nitrogen leakage through stopcock J. 

Entrapped liquid was forced out of the precipitate by stirring and 
To carry this out, dome B was removed and the gelatinous precipitate 

After stirring, dome B was replaced by a plain dome 

This 
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s t i r r i n g  p rocess  w a s  r epea ted  s e v e r a l  t imes i f  necessary.  Although t h e  5-22 f u e l  
s epa ra t ed  q u i t e  e a s i l y  without  s t i r r i n g  and tamping, o t h e r  f u e l s ,  e s p e c i a l l y  d i e s e l ,  
proved q u i t e  d i f f i c u l t  t o  s epa ra t e ,  and much s t i r r i n g  was needed. 

A f t e r  t he  f i l t r a t i o n  was completed, t h e  n i t r o g e n  f low was stopped. The Dewar 
f l a s k  was lowered u n t i l  t h e  glass-metal  connectors  t o  t h e  n i t rogen  tubes  were j u s t  
ou t  of  t h e  ba th .  The copper c o i l s  were disconnected,  and t h e  e n t i r e  LSS removed 
from t h e  ba th .  The f i l t r a t e  cup was qu ick ly  detached,  and a weighed g l a s s  v i a l  
p l aced  under  t h e  g l a s s  funnel  H befo re  any melted p r e c i p i t a t e  appeared i n  the  
funne l .  

The f i l t r a t e  i n  t h e  cup was weighed, and a sample t aken  f o r  a n a l y s i s .  A s  t h e  
LSS warmed t o  room temperature  most of t h e  p r e c i p i t a t e  melted and flowed down 
i n t o  t h e  v i a l .  Ni t rogen under low p res su re  helped fo rce  t h e  flow. The r e s idues  on 
t h e  f r i t t e d  d i s c  and s t i r r i n g  rod were washed down with n-pentane i n t o  another  
weighed v i a l .  A f t e r  removing the  pentane by bubbl ing n i t rogen  through t h e  s o l u t i o n  
a t  ambient temperature  and p res su re ,  t h e  r e s idue  was weighed and combined with t h e  
p r e c i p i t a t e  i n  t h e  f i r s t  v i a l ,  which had a l s o  been weighed. A f t e r  thorough 
mixing, a sample was taken f o r  a n a l y s i s .  Ca re fu l  tes ts  showed t h a t  t h e  h ighe r  
n-alkanes (and o t h e r  m a t e r i a l )  p re sen t  i n  t h i s  r e s i d u e  were not  swept o u t  w i th  t h e  
n i t rogen  sparging a t  a slow r a t e  through t h e  pentane s o l u t i o n .  Since t h e  amount o f  
pentane p r e s e n t  i n  t h e  sample was r e a d i l y  determined,  t h e  composition of  t h e  
p r e c i p i t a t e  was converted t o  a pentane-free b a s i s .  

SAMPLE ANALYSIS BY GAS CHROMATOGRAPHY 

The concen t r a t ions  of  t h e  n-alkanes i n  the  o r i g i n a l  f u e l  samples, f i l t r a t e s  and 
p r e c i p i t a t e s  were determined using an OV-101 fused s i l i c a  c a p i l l a r y  column, 0 .2  mm 
i . d .  x 50 m long,  i n  a Hewlett-Packard Model 5880 g a s  chromatograph ( G C ) .  The i n l e t  
s p l i t  r a t i o  was 60:l; t h e  column oven w a s  temperature  programmed from 50” t o  200°C 
and the  i n l e t  and d e t e c t o r  o u t l e t  temperatures  were both 300°C. Iso-octane was used 
a s  t h e  i n t e r n a l  s t anda rd .  Moreover, t h e  concen t r a t ions  of q u a n t i t a t i v e l y  prepared 
s o l u t i o n s  of pure n-alkanes were accu ra t e ly  determined us ing  iso-octane a s  t h e  one 
i n t e r n a l  s tandard.  

Addit ional  d a t a  were obtained when necessary by combined CG/MS (E1 mode). The 
GC/MS u n i t  c o n s i s t e d  of a Hewlett Packard Model 5710 GC,  a H-P Model 5980A mass 
spectrometer  and a Ribermag SADR GClMS d a t a  s y s t e m .  An a l l - g l a s s  GC i n l e t  system was 
used i n  con junc t ion  with a 0.31 mm x 50 m SP2100 ( s i m i l a r  t o  OV-101) fused s i l i c a  
c a p i l l a r y  column. 

T h e  gas  chromatograms f o r  t h e  o r i g i n a l  f u e l ,  the f i l t r a t e s  and p r e c i p i t a t e s  a r e  
ve ry  s i m i l a r ,  w i th  d i f f e r e n c e s  n o t i c e a b l e  only i n  t h e  r e l a t i v e  he igh t s  of t he  major 
n-alkane peaks. The chromatogram f o r  5-22 f u e l ,  shown i n  Figure 2 ,  i s  r e l a t i v e l y  
s imple.  The components a r e  bounded by normal nonane, n-C9, on t h e  l i g h t  end and by 
normalhexadecane,  n-1216. on the  heavy end. The normal a lkanes  dominate t h e  
chromatogram, accoun t ing  f o r  26% by weight of  t h e  f u e l  (Table  1). 
o t h e r  sharp,  prominent peaks, some of which s r e  l a b e l l e d  on t h e  chromatogram f o r  
reasons d i scussed  below. 

There a r e  a few 
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CONCENTRATIONS OF n-ALKANES IN LIQUID AND SOLID PHASES 

Filtrate 

Normalized filtrate composition data as a function of temperature are listed in 

Since this temperature (actually the melting point) is 
Table 1. 
the freezing point of -48°C. 
the point at which the last trace of solid material melts, or redissolves, the 
composition of the filtrate at this point should be the same as that of the liquid 
fuel. The descending columns in Table 1 show decreasing concentrations as the 
carbon number of the n-alkanes increases, showing that the higher the n-alkane the 
more readily it crystallizes, OK freezes, out of solution. These data, when plotted 
as the logarithm of the n-alkane concentration in the filtrate vs. the reciprocal of 
the absolute temperature, form straight lines for all the n-alkanes, as would be 
expected for a Van’t Hoff solubility plot. 

Precipitate 

For each n-alkane going from left to right these data approach unity at 

Since the precipitate, a waxy crystal matrix, entrapped significant amounts of 
filtrate, the concentrations of the n-alkanes in the precipitate varied unpredict- 
ably depending on handling and treatment and were not used in this study directly. 
The interest lies rather in the n-alkane concentrations in the actual crystalline 
solids formed. Because the amount of entrapped liquid in the precipitate was large, 
only by indirect methods was it possible to estimate the amount of true solids 
present and the composition of those solids. 

Estimating n-Alkane Concentration in Solids Fraction of Precipitate 

Since the precipitate contains some solid crystals and some entrapped liquid, 
let 2 equal the weight fraction of liquid entrapped in the precipitate: 

WJ, = zwp , 1) 

Based on mass balance considerations, and assuming that the liquid portion of the 
precipitate is entrapped filtrate, it can be shown (17) that 

XS (xp - zxF)/(1 - z) 2)  

where Xs, Xp, and XF are the concentrations of a given component in the solid 
fraction, precipitate, and filtrate respectively. Equation 2 expresses the concen- 
tration of any component A in the solid fraction of the precipitate as a function of 
its concentration in the filtrate (XF) and precipitate (X,), and the fraction of 
liquid in the precipitate (Z). 
estimate 2. 

Estimation of Z 

We have determined XF and Xp, and the problem is to 

If there is a species k in the precipitate which has a very low freezing point 
and does not freeze (form crystals) under the conditions of the experiment, it vould  
therefore be present only in the liquid fraction of the precipitate (Xs = 0 ) .  It is 
thus possible to estimate Z by making uae of this information and applying Equation 
2 .  Solving Equation 2 for Z, gives 

* ‘P/XF 3) 
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The Z obtained from Equat ion 3 f o r  component & i s  a l s o  a p p l i c a b l e  t o  t h e  s o l i d  A 
components s i n c e  it i s  t h e  r e s u l t  of t h e  same d i l u t i o n  of  t h e  p r e c i p i t a t e  by l i q u i d  
f i l t r a t e .  
p r e c i p i t a t e  t o  t h a t  in t h e  f i l t r a t e .  

Hence, we can e s t i m a t e  Z by means of  t h e  r a t i o  of component k i n  t h e  

Est imat ing t h e  F r a c t i o n  of S o l i d s  i n  t h e  Sample 

From t h e  we igh t s  of  t o t a l  m a t e r i a l  i n  t h e  sample (Wo), f i l t r a t e  (WF), prec ip i -  
t a t e  (up ) ,  t h e  f r a c t i o n s  of f i l t r a t e  (F ) ,  p r e c i p i t a t e  ( P ) ,  and s o l i d s  (S) it  can be 
shown (17) t h a t :  

F = WF/WO 4 )  

P = WplU, 5 )  

s = WSlW, = ( 1  - Z)P 6 )  

Thus, by means of Equat ions 4 ,  5, and 6 and knowing Z, we can c a l c u l a t e  F ,  P, and S. 

Estimating Percent  of  n-Alkanes i n  Fue l  Found i n  t h e  S o l i d  Phase 

Not only i s  t h e  concen t r a t ion  of each n-alkane i n  t h e  c r y s t a l l i n e  s o l i d  of 
i n t e r e s t ,  b u t  of  even g r e a t e r  i n t e r e s t  i s  t h e  pe rcen t  of  each n-alkane o r  o t h e r  
f rozen  component p r e s e n t  i n  t h e  f u e l  t h a t  is found i n  t h e  s o l i d  phase. I f  we de f ine  
Xs" a s  the  pe rcen t  of  a given component p r e s e n t  i n  t h e  f u e l  t h a t  i s  found i n  t h e  
s o l i d  phase, t hen  i t  can be shown (17) t h a t  

XS" = P(XP - ZXF)/X0 7) 

Thus Xs" depends on d i r e c t l y  determined experimental  d a t a  and on t h e  va lue  of Z, 
which can be determined i n d i r e c t l y  a s  explained p rev ious ly .  

Choice o f  Noncrystal-Forming Components f o r  Est imat ing Z 

A f t e r  c a r e f u l  examination of t h e  gas  chromatograms f o r  t h e  j e t  f u e l  5-22, two 
k compounds were s e l e c t e d ,  l a b e l l e d  a and b i n  Fig.  2 ,  which do not  form s o l i d  
c r y s t a l s .  The r e t e n t i o n  t i m e  of  a was between t h a t  of C1o and C11, and t h a t  of  
between C12 and C13. They were i d e n t i f i e d  by GClmass spectrometry a s  4-methyl 
decane and 2-methyl dodecane. 
-92.9"C, ( 1 3 ) ,  w e l l  below the  temperatures  of t h e s e  experiments .  The d r a s t i c  d i f -  
f e r ence  i n  f r e e z i n g  p o i n t s  e f f e c t e d  by branching i s  t y p i c a l  of  branched isomers vs  
s t r a igh t - cha in  a l k a n e s  (n-C11, T, = 25.6"C). 
because they  e x h i b i t e d  sha rp ,  d i s t i n c t  GC peaks,  and because t h e i r  concen t r a t ions  i n  
t h e  f i l t r a t e  and p r e c i p i t a t e  were e s s e n t i a l l y  cons t an t  with temperature  i n  both the  
f i l t r a t e  and p r e c i p i t a t e .  The average normalized concen t r a t ion  d a t a  ( r e l a t i v e  t o  
concen t r a t ions  i n  t h e  o r i g i n a l  sample) were s l i g h t l y  g r e a t e r  t han  u n i t y  (about  
1 .06)  i n  t h e  f i l t r a t e ,  and s l i g h t l y  below u n i t y  (about  0.91) i n  t h e  p r e c i p i t a t e .  
This  would b e  expec ted  f o r  compounds which do n o t  c r y s t a l l i z e  o u t ,  s i n c e  t h e i r  
concen t r a t ions  ( r e l a t i v e  t o  t h a t  i n  t h e  sample) i n  the  f i l t r a t e  would r i s e  a s  o t h e r  
m a t e r i a l s  p r e c i p i t a t e  o u t .  Conversely, t h e i r  concen t r a t ions  i n  t h e  p r e c i p i t a t e  
( s i n c e  they appear on ly  i n  t h e  l i q u i d  f r a c t i o n  of  t he  p r e c i p i t a t e )  would decrease a s  
t h e  alkanes c o n c e n t r a t e  i n  t h e  p r e c i p i t a t e .  

The f r e e z i n g  po in t  (T,) of 4-methyl decane i s  

These two compounds were s e l e c t e d  
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n-Alkane Concentrations in the Solids 

By means of the concentrations of the k components 5 and b, Z values were 
calculated using Equation 3. Using Equation 2, and knoving Z ,  the concentrations of 
each alkane in the solids (Xs )  were calculated. Normalized concentrations of each 
n-alkane in the solids are listed in Table 2. Average values of Z are shown later 
in Table 4 .  

Table 2. n-Alkane Concentrations in Solid Phase of Fuel 5-22 
JP-5 Shale 11, as a Function of Temperature 

Normalized Concentrations (Xs')* 

"C -57.5 -55.3 -53.6 -51.4 -48.5* 

n-Alkane 

c10 
c11 
c12 
c1 3 
c14 
c1 5 

0.42 0.44 0.33 0.31 0.08 
1.61 1.49 1.46 1.16 0.29 

6.55 5.76 7.53 6 . 6 4  1.91 
8.01 7.57 9.85 9.48 2.76 
8.63 8.00 10.29 9.74 2.66 

4.26 3.90 4.42 3.68 0.96 

*Normalized data-concentration divided by concentration in original 

The value of Z 
sample. 

at this temperature was very inaccurate. 
**Data listed here because they are useful later on. 

It is apparent that the larger the n-alkane the greater is its concentration in 
the solid phase. The concentrations of the smaller n-alkanes generally show an 
increase in concentration in the solids as the temperature decreases. This is 
expected as more crystals freeze out of the liquid and form part of the solid phase. 
On the other hand, it can be seen that the reverse is true for the heavier n-alkanes 
in the solid phase. At the higher temperatures they will form most of the solid 
crystalline phase. As the temperature decreases and more of the lighter n-alkanes 
appear in the solid phase, the absolute proportion of the heavier n-alkanes must get 
smaller, and s o  the concentration decreases with decreasing temperature. 

The values of the normalized n-alkane concentrations in the solid phase, X s ' .  
were calculated by dividing the values of Xs obtained from Equation 2 by the 
concentration in the fuel, Xg,  for each n-alkane. The sensitivity of Xs' to the 
accuracy of the value of Z can be readily seen: 
when Z - 0.85 causes an error of 25% in the value of Xs', whereas an error of 5% in 
Z when Z = 0.70 causes an error of 11% in X s ' .  
difficult tasks was obtaining accurate values of Z. 
Xs' 
approaches unity. In general, however, the values of Xs' as a function of tempera- 
ture show the expected relationship for a component freezing or crystallizing out of 
a liquid solution. 

an error of 5% in the value of Z 

Thus one of the more important and 
The values of S ,  Xs and 

all depend on the factor (1 - Z), the uncertainty of which increases as Z 
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Percent of  n-Alkanes i n  Fue l  Found i n  t h e  S o l i d  Phase 

Table 3 shows t h e  v a r i a t i o n  of  Xs'. t h e  pe rcen t  o f  t h e  n-alkanes p r e s e n t  i n  t h e  
o r i g i n a l  f u e l  that  a r e  found i n  t h e  s o l i d  phase,  u s ing  Equat ion 7 wi th  t h e  average 
value of 2. 
i nc reases  w i t h  t h e  carbon number and v a r i e s  i n v e r s e l y  wi th  temperature  f o r  each 
n-alkane. 

It i s  seen t h a t  t h e  i n c r e a s e  i n  t h e  pe rcen t  found i n  t h e  s o l i d  phase 

Table 3 .  Percen t  of  To ta l  Fue l  n-Alkanes Found 
i n  S o l i d  Phase a s  a Funct ion of Temperature 

Fuel: 5-22? JP-5 Shale  I1 

Percent  o f  T o t a l  Fuel n-Alkanes: Xq"= Xq'  . S 

- "C -57.5 -55.3 -53.6 -51.4 -48.5 

n-Alkane 

c10 
c11 
c12 
c1 3 
c1 C14 5 

3.4 3.2 1.5 0.90 0.22 
13.2 10.9 6.6 3.4 0.78 
34.9 28.5 19.9 10.7 2.6 
53.7 42.0 33.9 19.3 5.2 
65.7 55.3 44.3 27.5 7.4 
70.8 58.4 46.3 28.2 7.2 

Freez ing  po in t  e x t r a p o l a t e d  f o r  Xs" = 0 :  range -48.7" t o  -47.2" 
(average -47.9"C) 

MATERIAL BALANCES 

Overall Balance 

By means of Equat ions 4, 5 and 6 t h e  t o t a l  o v e r a l l  m a t e r i a l  balances were 
est imated and t h e  r e s u l t s  l i s t e d  i n  Table 4. 
times t h e  r a t i o  of  t h e  weight of  t h e  f i l t r a t e  p l u s  p r e c i p i t a t e  t o  t h e  weight of t h e  
o r i g i n a l  f u e l ,  v a r i e d  between 98.8 and 99.7% 

The percent  recovery,  de f ined  a s  100 

Table 4. T o t a l  M a t e r i a l  Balances-Fuel: 5-22. JP-5 Sha le  I1 

- "C -57.5 -55.3 -53.6 -51.4 -48.5* 

% F i l t r a t e  44.7 67.8 79.6 90.1 83.9 
% P r e c i p i t a t e  54.9 31.4 19.9 8.7 16.1 
% Recovery 99.7 99.2 99.5 98.8 - 
Z* 0.85 0.76 0.77 0.67 0.83 
% Solids* 8.2 7.3 4.5 2.9 2.7 

*Fract ion l i q u i d  ( f i l t r a t e )  i n  p r e c i p i t a t e ,  P 

q r e e z i n g  po in t  e x t r a p o l a t e d  f o r  S = 0 i s  -48°C 
*Not accurate-some in fo rma t ion  l a c k i n g  i n  t h e s e  e a r l y  r u n s  

252 



n-Alkane Balance 

Perhaps the most important check for self-consistency for the type of data 
gathered in this study is a material balance for each of the compounds present. 
For every run, a material balance for each of the n-alkanes and k compounds was 
carried out. Naterial balances are shown for all the n-alkanes present for one 
specific run at -53.6"C in Table 5. 

Table 5. n-Alkane Balance, (mgs.) - Fuel: JP-5, 5-22, -53.5"C, 2 - 0.767 
Precipitate (P) 

Filtrate Liquid Solids Total Total Liq. Recovery Fuel Percent 
n-Alkane F L S L + S  F + L  F + P Sample Recovery 

c10 282 55 6 61 337 343 357 96.1 

c11 510 100 45 145 610 655 678 96.6 

c12 362 71 111 182 433 544 563 96.6 

c1 3 191 38 113 151 229 342 350 97.7 

C14 47 9 48 57 56 104 108 96.3 

c1 5 14 3 13 16 17 30 32 93.8 

TOTAL 1406 276 336 612 1682 2018 2088 96.8 

TOTAL FUEL 6292 1233 375 1608 7525 7900 7934* 99.6 

Percent 
n-Alkane 
in Total 22.4 22.4 89.6 38.1 22.4 25.5 26.3 - 
* Starting weight of sample used in Run No. 30 

Only in one case was the discrepancy between the "input" (fuel) and the 
"output" (filtrate plus precipitate) greater than 4%. 
the concentrations were extremely low. 
used in this study clearly gave consistently good results. 

Determination of 2 by Liquid Chromatography 

This occurred with C15 where 
The method of analysis by gas chromatography 

Because the value of 2 is of the greatest importance in this study, tvo other 
methods for determining it were investigated as s check on the accuracy of the 
method used, which we call the "k-component method." One of these methods was high 
performance liquid chromatography (HPLC) (14.15). Samples of fuel, filtrate, and 
precipitate for a particular run were analyzed for three classes of compounds: 
saturated, monocyclic, and dicyclic aromatic hydrocarbons. The fuel sample con- 
tained no internal standard, but the filtrate and precipitate each had an internal 
standard, iso-octane, added to it. Since iso-octane is a saturated hydrocarbon and 
was present to about 9% by weight, the percentages of the three fractions determined 
by HPLC had to be adjusted for no iso-octane present. 
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Table 6 g i v e s  t h e  r e s u l t s  of t h e  HPLC analyaea.  Both t h e  percentages obtained 
by HPLC ana lyses  of  t h e  p r e c i p i t a t e  and f i l t r a t e  con ta in ing  iso-octane and t h e  
ad jus t ed  va lues  a r e  l i s t e d .  As expected,  t h e  pe rcen t  of s a t u r a t e d  hydrocarbons is 
g r e a t e r  i n  t h e  p r e c i p i t a t e  t han  i n  t h e  f i l t r a t e ,  whereas t h e  r eve r se  i s  t r u e  f o r  t h e  
monocyclic and d i c y c l i c  a romat i c  hydrocarbons. To c a l c u l a t e  Z ,  we f i r s t  assume t h a t  
no d i c y c l i c  a romat i c  hydrocarbons f r e e z e  o r  c r y s t a l l i z e  out  of  t he  f u e l .  Then t h i s  
f r a c t i o n  can b e  assumed t o  be a k compound. By Equation 3, Z = 0.78/1.02 = 0.765, 
t o t a l  s o l i d s ,  S = 4.8% and s a t u r a t e d  hydrocarbons making up 97.5% of  S .  By GC 
a n a l y s i s ,  u s ing  components a and b a s  k compounds, Z f o r  Run No. 30 was determined 
t o  be 0.766 and S = 4.8% wi th  t h e  normal a lkanes  comprising 89.6% of  t h e  s o l i d s .  

Table 6. Hydrocarbon F r a c t i o n s  Determined by High-pressure Liquid 
Chromatography - Fuel :  5-22. JP-5 Sha le  11. Run No. 30: T = -53.6C 

Percen t  
Hydrocarbon (w/w) Percent  ( w l w )  i n  Percent  (wjw) i n  

F rac t ion  i n  F u e l  F i l t r a t e *  P rec ip i t a t e*  F i l t r a t e *  P rec ip i t a t e*  

Sa tu ra t ed  76.58 75.01 80.23 75.52 80.70 

Monocyclic 22.45 23.99 19.00 23.46 18.51 
aromatics  

Dicycl ic  0.97 1.00 0.77 1.02 0.78 
aromatics  

*iso-octane p r e s e n t  as i n t e r n a l  s t anda rd  
*Adjusted for no iso-octane 

I f  t he  assumption is made t h a t  n e i t h e r  monocyclic nor d i c y c l i c  aromatic  
compounds appear  i n  the s o l i d  phase,  t h e  value of  Z becomes 0.78, t h e  average va lue  
t a k i n g  both t h e  monocyclic and d i c y c l i c  aromatic  components a s  k compounds. 
t o t a l  s o l i d s  S becomes 4.5% s t i l l  i n  remarkably c lose  agreement t o  t h e  GC a n a l y s i s .  

The 

The o t h e r  confirmatory method involved the  use of dye t r a c e r s  t o  o b t a i n  the  
va lues  o f  Z. This  was suggested i n  a r ecen t  paper by Moynihan e t  a l .  ( 1 6 ) .  
However, we were not  a b l e  t o  use  t h e  dye method success fu l ly  f o r  our purposes. Our 
work with t h e  dye t r a c e r  method i s  r epor t ed  elsewhere ( 1 7 ) .  

SUMHARY AND CONCLUSIONS 

The l i q u i d  ( f i l t r a t e )  and t h e  s o l i d  c r y s t a l s  con ta in ing  a l a r g e  p o r t i o n  of 
entrapped l i q u i d  ( p r e c i p i t a t e )  from p a r t i a l l y  f rozen samples of middle d i s t i l l a t e  
f u e l s  were sepa ra t ed  from each o t h e r  and c o l l e c t e d  by means of a l i q u i d - s o l i d  
s e p a r a t o r  (LSS) developed a t  N R L .  This  was done a t  s e v e r a l  temperatures  below t h e  
f r eez ing  po in t  of t h e  o r i g i n a l  f u e l  samples. The c o l l e c t e d  f i l t r a t e s  and p rec ip i -  
t a t e s  along w i t h  o r i g i n a l  f u e l  samples were analyzed q u a n t i t a t i v e l y  f o r  t h e  normal 
a lkanes  and o t h e r  s p e c i f i c a l l y  des igna ted  components (&-compounds) by gas  chroma- 
tography. 
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The filtrate data were straightforvard, and Van't Hoff plots of the n-alkane 
concentrations (log concentration v s .  reciprocal temperature) formed straight lines. 
Their slopes demonstrated the importance of the higher n-alkane in fuel freezing. or 
crystallization, at low temperatures. 

Since the precipitate consisted of a waxy crystal matrix in which significant 
amounts of liquid (filtrate) were entrapped, the data presented some problems of 
interpretation. Modifications in the method resulted in better separation, but it 
vas still far from complete. An indirect method (using k-compounds) was derived to 
estimate the total solid fraction in the precipitate and also the individual 
n-alkane concentrations in the crystalline solids. 

It vas seen that the solid fraction increased vith decreasing temperature, and 
that the fraction (or percent) of the n-alkanes in the original fuel that appeared 
in the solid phase increased vith the carbon number and was inversely proportional 
to the temperature for an individual n-alkane. 

Results of total material balances as well as of individual n-alkanea gave 
close agreement, within a few percent in nearly all cases. 
pressure liquid chromatography further validated the method used. 

Tests using high 
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T.L. Van Winkle, W.A. Affens,  E.J. Beal, R.N. H a z l e t t  and 3. DeGuzman 

"The D i s t r i b u t i o n  of  n-Alkanes i n  P a r t i a l l y  Frozen Middle D i s t i l l a t e  Fuels" 

Naval Research Laboratory,  Washington, DC 20375-5000 

INTRODUCTION 

T h i s  work on p a r t i a l l y  f r o z e n  f u e l s  i s  one of a c o n t i n u i n g  series of s t u d i e s  on 
t h e  e f f e c t  of composi t ion on t h e  f r e e z i n g  p r o p e r t i e s  of  hydrocarbon f u e l s  (1-6). 
The method used  f o r  t h i s  purpose w a s  r e p o r t e d  previous ly  (4-7). By means of t h i s  
method w e  were a b l e  t o  de termine  t h e  composi t ion of t h e  l i q u i d  and s o l i d  phases  in 
p a r t i a l l y  f r o z e n  mixtures  c o n s i s t i n g  of  l i q u i d  and of  s o l i d  c r y s t a l s  p l u s  entrapped 
l i q u i d .  This  paper  p r e s e n t s  t h e  r e s u l t s  of  t h i s  s t u d y  on f i v e  d i f f e r e n t  middle 
d i s t i l l a t e  f u e l s .  

FUEL SAMPLES 

Five f u e l  samples were used  i n  t h i s  s tudy:  t h r e e  Navy j e t  f u e l s  (JP-5) and two 
Navy s h i p  p r o p u l s i o n  d i e s e l  f u e l s  (DFM). The t h r e e  j e t  f u e l s  inc luded  a sha le-  
der ived  f u e l  (NRL No. 3 -22)  from t h e  Shale-I1 r e f i n i n g  process  conducted by t h e  
Standard , O i l  Company o f  Ohio (SOHIO) a t  t h e i r  r e f i n e r y  a t  Toledo, Ohio (8-10). The 
o t h e r  two were c o n v e n t i o n a l  petroleum-derived JP-5 f u e l s  (NRL Nos. 80-5 and 81-19). 
Fue l  81-19 conta ined  v e r y  low c o n c e n t r a t i o n s  o f  n-alkanes compared t o  t h o s e  i n  t h e  
o t h e r  two f u e l s .  A l l  t h r e e  m e t  t h e  m i l i t a r y  s p e c i f i c a t i o n  requirements  f o r  JP-5 j e t  
t u r b i n e  f u e l  ( 1 1 ) .  The f r e e z i n g  p o i n t s  (12)  o f  5 -22 ,  80-5, and 81-19 f u e l s ,  -48", 
-49", and -53OC.. r e s p e c t i v e l y ,  were below t h e  s p e c i f i c a t i o n  requirement  o f  -46'C 
maximum ( 11  ) . 

One of  t h e  samples  of d i e s e l  f u e l  s t u d i e d  182-81 was a convent iona l  petroleum- 
d e r i v e d  DFM. The o t h e r  (82-161 was a sha le-der ived  f u e l  a l s o  from SOHIO's Shale-I1 
r e f i n i n g  p r o c e s s .  The pour  p o i n t s  (13)  o f  the  two DFM f u e l s ,  -11' and - 2 3 O C  
r e s p e c t i v e l y ,  w e r e  w e l l  below t h e  m i l i t a r y  s p e c i f i c a t i o n  requirement  o f  -6.l'C 
maximum ( 11 ) . 

FUEL ANALYSES 

Q u a n t i t a t i v e  a n a l y s e s  of t h e  n-alkane composi t ions i n  t h e  f u e l s  were made using 
a 50-m (OV-IOl), fused  s i l i c a  0 .2 -mm i . d .  c a p i l l a r y  column in a Hewlett-Packard 5880 
gas  chromatograph (GC) or when necessary  by combined GC/MS (E1 mode). The n-alkane 
c o n c e n t r a t i o n s  in a l l  f i v e  o r i g i n a l  f u e l  samples  a r e  l i s t e d  in Table 1. 

PARTIALLY FROZEN FUELS 

The r e s i d u a l  l i q u i d  ( " f i l t r a t e " )  from p a r t i a l l y  f r o z e n  f u e l  samples was 
separa ted  from t h e  " p r e c i p i t a t e "  ( c r y s t a l l i n e  m a t e r i a l  p l u s  en t rapped  l i q u i d )  and 
c o l l e c t e d  by means o f  t h e  NRL l i q u i d - s o l i d  s e p a r a t o r  a p p a r a t u s  (LSS) a t  s e v e r a l  
t empera tures  below t h e  f r e e z i n g  p o i n t s  of t h e  o r i g i n a l  f u e l  samples. The LSS method 
was d e s c r i b e d  p r e v i o u s l y  (6,7). The f i l t r a t e  and p r e c i p i t a t e  were c h a r a c t e r i z e d  by 
gas  chromatography. The GC chromatograms f o r  a l l  f i v e  f u e l s  and t h e i r  a s s o c i a t e d  
f i l t r a t e s  and p r e c i p i t a t e s  are a l l  q u i t e  similar, a l though t h e r e  are s i g n i f i c a n t  
d i f f e r e n c e s  which a f f e c t e d  t h e  e a s e  and accuracy  of  t h e  q u a n t i t a t i v e  a n a l y s i s .  



n-Alkane 

c8 
c9 
c10 
c11 
c12 
c1 3 
c14 
c1 5 
c1 6 
c1 7 
c18 
c1 9 
c20 
c2 1 
c2 2 
c23 

TABLE 1 
n-Alkane Concentrations in Original Fuel Samples 

(X0 = % w0lWo) 

JP-5 DFH 
Shale I1 Petroleum Petroleum Shale I1 Petroleum 

NRL No. 5-22 80-5 81-19 82-16 82-8 

4.50 1.01 0.21 
8.55 4.36 0.82 
7.10 5.35 1.01 
4.41 3.78 1.30 
1.36 1.67 0.82 
0.35 0.54 0.45 

0.15 0.16 
0.06 

0.07 0.07 
0.17 0.12 
0.53 0.40 
1.11 0.60 
1.61 1.00 
2.54 1.44 
2.91 1.88 
2.66 2.00 
2.30 1.89 
2.26 1.63 
1.60 1.22 
0.68 1.08 
0.06 0.71 

0.50 
0.30 
0.16 
0.07 c24 

Total X 26.27 16.86 4.83 18.50 15.07 

RESULTS AND DISCUSSION 

Filtrate 

The filtrate solubility data for the five fuels are plotted as the logarithm 
of n-alkane concentration in the filtrate (as weight percent) vs the reciprocal 
absolute temperature (10001T K). Three of these plots are shown in Figures 1-3. 
For each of the five fuels, the data for all the n-alkanes form straight lines, as 
would be expected for a Van't Hoff solubility plot. All of the slopes were 
determined by a least squares fit of the data. 

The six n-alkanes present in measurable quantities in the 5-22 jet fuel are 
plotted in Fig. 1. The slope of the line for the lowest n-alkane, n-Clo, is very 
slightly positive, and the next n-alkane, n-C11. the line is almost horizontal. 
The data for the remaining n-alkanes show definite negative slopes which increase in 
magnitude with carbon number. The shaded points in Fig. 1 represent the original 
fuel concentrations for each alkane plotted at the freezing point (-48'C). Since 
this temperature (actually the melting point) is the point at which the last trace 
of solid material redissolves, the composition at this point should be the same as 
that of the liquid fuel. As expected, these concentrations fell close to the 
plotted lines in almost all cases. 

The n-alkanes present in the petroleum-derived jet fuel 80-5 were 
n-C10 - n-Ci6. 
n-C11, were perfectly flat. 
normal alkanes behave in an identical manner when the fuels are partially frozen. 

For the low-n-alkane jet fuel, 81-19, the data are plotted in Fig. 2 for the 

The slopes of the curves for the two smallest n-alkanes. n-C10 and 
The data for fuels 80-5 and 5-22 indicate that the 

five highest n-alkanes. 
perfectly flat, and the line for C12 is almost so. 

The lines for C1o and C11 (omitted for clarity) are 
The three highest n-alkanes, Cl1 
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through C16, show d e f i n i t e  s l o p e s  which i n c r e a s e  i n  magnitude wi th  t h e  carbon 
number, t h u s  showing c l o s e  agreement w i t h  t h e  h igher  n-alkanes i n  t h e  o t h e r  f u e l s  
s tud ied .  

The d a t a  f o r  C13 i n  t h e  81-19 f u e l ,  however, fo l low a d i f f e r e n t  p a t t e r n ,  a s  i s  
c l e a r l y  e v i d e n t .  Not o n l y  a r e  t h e  d a t a  widely s c a t t e r e d  from t h e  s t r a i g h t  l i n e  
obta ined  by l i n e a r  r e g r e s s i o n  from t h e  s i x  d a t a  p o i n t s ,  b u t  t h e  l i n e  i t s e l f  shows a 
s l i g h t  i n c r e a s e  i n  c o n c e n t r a t i o n  with decreas ing  tempera ture .  A l s o ,  u n l i k e  the  
o t h e r  n-alkanes,  t h e  e x t r a p o l a t e d  c o n c e n t r a t i o n  a t  t h e  f r e e z i n g  p o i n t  i s  cons ider -  
ab ly  lower t h a n  i t s  c o n c e n t r a t i o n  i n  t h e  o r i g i n a l  f u e l .  This sugges ts  t h a t  n-C13 
may have an o p p o s i t e  e f f e c t  on t h e  f r e e z i n g  p o i n t  of f u e l s  t o  t h a t  of t h e  o t h e r  
n-alkanes.  This  anomalous e f f e c t  of n-C13 h a s  been r e p o r t e d  elsewhere ( 1 , 3 . 5 ) *  
where t h e  e f f e c t  of n-Ci3. i n  c e r t a i n  c a s e s ,  was t o  lower t h e  f r e e z i n g  p o i n t  r a t h e r  
than to  r a i s e  it. 

The two d i e s e l  f u e l s  show a much wider spectrum of  n-alkanes,  from n-Cg t o  
n-C20 i n  t h e  s h a l e - d e r i v e d  82-16, and from n-Cg t o  n-C24 i n  t h e  petroleum-derived 
82-8. The f i l t r a t e  d a t a  f o r  f u e l  82-8 a r e  p l o t t e d  in Figure  3. For t h e  sake of 
c l a r i t y  t h e  d a t a  f o r  t h e  lower a l k a n e s  were not  p l o t t e d  i n  F igure  3. The behavior 
of  the  n-alkanes i n  f u e l  82-8, a r e  very s i m i l a r  t o  t h a t  i n  t h e  o t h e r  f u e l s .  

A c a r e f u l  s t u d y  o f  t h e  f u e l  and f i l t r a t e  chromatograms f a i l e d  t o  r e v e a l  any 
o t h e r  components i n  any of  t h e  f i v e  f u e l s  whose c o n c e n t r a t i o n  i n  t h e  f i l t r a t e  was 
r e g u l a r l y  lower t h a n  t h a t  i n  t h e  f u e l .  Therefore  a c o n c l u s i o n ,  i n d i c a t e d  by s s tudy  
of the  f i l t r a t e  d a t a  above ,  i s  t h a t  o n l y  t h e  n-alkanes f r e e z e  o r  c r y s t a l l i z e  out of 
t h e  f u e l  i n  t h e  tempera ture  ranges  s t u d i e d ,  which in each  c a s e  w a s  in t h e  v i c i n i t y  
of t h e  f r e e z i n g  p o i n t  of t h a t  f u e l .  The f i l t r a t e  d a t a  demonstrate t h e  importance of 
t h e  r o l e  of t h e  h i g h e r  n-alkanes i n  t h e  f r e e z i n g  of j e t  and d i e s e l  f u e l s .  

P r e c i p i t a t e  

The p r e c i p i t a t e s  f o r  a l l  f i v e  f u e l s  c o n s i s t e d  of  a waxy c r y s t a l  m a t r i x  and 
vary ing ,  s i g n i f i c a n t  amounts of en t rapped  l i q u i d  ( f i l t r a t e ) .  In t h e  prev ious  
paper w e  have shown how t h e  c o n c e n t r a t i o n s  of  t h e  n-alkanes in t h e  c r y s t a l l i n e  
s o l i d s  can  be o b t a i n e d  from t h e  f i l t r a t e  and p r e c i p i t a t e  c o n c e n t r a t i o n s  (7). The 
key t o  de te rmining  t h e  c o n c e n t r a t i o n s  i n  t h e  s o l i d  phase was seen  t o  l i e  in t h e  
va lue  of “Z“ ,  ( t h e  l i q u i d  f r a c t i o n  of t h e  p r e c i p i t a t e ) ,  and t h i s  i n  t u r n  depended 
upon t h e  s u i t a b l e  c h o i c e  of non-crystal-forming r e f e r e n c e  components. 

Choice o f  k Components f o r  Es t imat ing  2 

Two components ( c l e a r l y  d e f i n e d  i n  t h e  GC t r a c e s  and i d e n t i f i e d  by GC-mass 
spec t romet ry  as 4-methyl-decane and 2-methyl-dodecane) were chosen a s  k-components 
f o r  the  j e t  f u e l  5 - 2 2 .  Very s a t i s f a c t o r y  r e s u l t s  were obta ined  by us ing  them to  
de te rmine  t h e  v a l u e s  o f  2. 

A s t u d y  was made of t h e  GG t r a c e s  of each  of t h e  o t h e r  f u e l s ,  from which a 
number of components w e r e  chosen a s  h-components. For each f u e l ,  average  2-values 
were t h u s  e s t i m a t e d .  The d e t a i l s  of t h e  s e l e c t i o n  of k-components was descr ibed  
p r e v i o u s l y  ( 6 ) .  

V a r i a t i o n  of S o l i d  F r a c t i o n  w i t h  Temperature 

Once t h e  v a l u e  of  Z was de termined ,  i t  was a simple m a t t e r  t o  f i n d  t h e  s o l i d  
f r a c t i o n  i n  t h e  p r e c i p i t a t e ,  and then t h e  p e r c e n t  s o l i d s  in t h e  p a r t i a l l y  f rozen  
f u e l  sample (6.7). The p e r c e n t  of  c r y s t a l l i n e  s o l i d s ,  S, a s  a f u n c t i o n  o f  
tempera ture  i s  shown f o r  a l l  f i v e  f u e l s  in Fig .  4. 

The l i n e s  i n  Fig.  4 may b e  e x t r a p o l a t e d  t o  z e r o  ( S  = 0 )  w i t h  r e s u l t i n g  
tempera tures  cor responding  t o  t h e  f r e e z i n g  p o i n t  (more c o r r e c t l y ,  t h e  “mel t ing  
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Point"). This i s  because in the determination of the freezing point of fuels, the 
freezing point is defined as the temperature at which the crystals formed on cooling 
just disappear when the temperature i s  allowed to rise ( 1 2 ) .  The extrapolated 
temperatures are shown in Table 2 .  
for the JP-5 fuels (Table 2)  are in agreement with the extrapolated values within 
experimental error. Furthermore, the extrapolated temperature of -46*C for the 
Shale-I1 JP-5 fuel (5-22)  is in good agreement with the extrapolated data obtained 
by Moynihan et a1 ( 1 4 )  who investigated the same fuel in their studies of partially 
frozen fuels using a dye tracer technique for the separations. 

The experimentally determined freezing points 

TABLE 2 

Extrapolated vs. Experimental Freezing Point Data 

I Ex erimental ( " C )  I Extrapolated ( " C )  
Fuel I Fre:zing Point ( 1 2 )  1 S 0 I Xq" - O* 

I I I 
JP-5 (5-22)  I 

" (80-5)  I 
" (81-19) I 

DFM (82-16) I 
" (82-8)  1 

-48 
-49 
-53 
-23* 
-1lW 

I -46 I -48 
I -48 I -48 
I -56 I -54 
I -14 I -16  
I - 4  I - 4  

I I I * Averaged data 
** Pour Point ( 1 3 )  

There are no freezing point requirements for DFM and therefore no corresponding 
data for the above DFM fuels. The pour points were determined ( 1 3 ) ,  and are shown 
i n  Table 2 .  Since the pour point of a fuel i s  s function of flow properties 
(viscosity and amount of crystallization which has taken place) an increased 
quantity of solid material (relative to that at the freezing point) is involved. 
Since this requires further chilling (below the freezing point) it would be expected 
that pour points should be lower than freezing points. I n  this case the pour points 
are 9" and 7'  below the extrapolated "freezing point" temperatures for the DFH fuels 
82-16 and 82-8 respectively. 

Total Material Balance 

Table 3 lists the total material balances together with the values obtained for 
Z ,  the liquid fraction in the precipitate, and S ,  the weight percent of crystals 

TABLE 3 

Total Material Balances 

JP-5 DFM 
Fuel Shale I1 Petroleum Petroleum Shale I1 Petroleum 
NRL No. 5-22 80-5 81-19 82-16 82-8 
Temp. ( "C)  - 5 3 . 6  - 5 6 . 3  - 6 4 . 4  - 2 8 . 1  - 1 1 . 1  

X Filtrate (F) 7 9 . 6  7 3 . 2  6 9 . 4  7 9 . 8  8 7 . 0  
% Precipitate (P) 1 9 . 9  2 6 . 3  2 9 . 6  1 9 . 6  1 1 . 7  
% Recovery 9 9 . 5  9 4 . 5  9 9 . 0  9 9 . 4  9 8 . 6  
% Solids ( S )  4 . 5  5 . 3  1 . 7  5 . 5  2 . 6  
Z* 0 . 7 7  0 . 8 0  0 . 9 4  0 . 7 2  0 . 7 8  

*Fraction liquid (filtrate) in precipitate (P) 
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formed, from a t y p i c a l  r u n  f o r  each  f u e l .  Data f o r  a l l  t h e  exper imenta l  runs have 
been given elsewhere ( 5 , 6 ' ) .  b u t  t h e  d a t a  p r e s e n t e d  in Table  2, a t  roughly t h e  middle 
of t h e  tempera ture  range  i n v e s t i g a t e d ,  g i v e  a good comparison of t h e  v a l u e s  of  7. 
obtained f o r  each f u e l .  

n-Alkane Concent ra t ion  in t h e  S o l i d s  

The c o n c e n t r a t i o n  of each n-alkane in t h e  s o l i d  phase was c a l c u l a t e d  by t h e  
prev ious ly  d e s c r i b e d  method (6.7). 

A l l  f i v e  f u e l s  show t h e  same c h a r a c t e r i s t i c  behavior:  t h e  h i g h e r  t h e  n-alkane 
t h e  g r e a t e r  i t s  c o n c e n t r a t i o n  i n c r e a s e  in t h e  s o l i d  phase.  The c o n c e n t r a t i o n s  of t h e  
l i g h t e r  n-alkanes g e n e r a l l y  show an  i n c r e a s e  i n  c o n c e n t r a t i o n  in t h e  s o l i d s  a s  t h e  
temperature d e c r e a s e s ,  which is t o  be expec ted  a s  more c r y s t a l s  f r e e z e  out of t h e  
l i q u i d  phase and form p a r t  of t h e  s o l i d  phase.  The h e a v i e r  n-alkanes,  on t h e  o t h e r  
hand, form most of t h e  s o l i d  phase at t h e  h i g h e r  tempera tures ,  and w i l l  form a 
p r o p o r t i o n a t e l y  lower f r a c t i o n  a s  more of  t h e  o t h e r  n-alkanes f r e e z e  o u t  a s  t h e  
temperature d e c r e a s e s .  

Percent  of  t h e  n-Alkanes in t h e  F u e l  Found i n  t h e  S o l i d  Phase 

Of g r e a t  s i g n i f i c a n c e  is t h e  p e r c e n t  ( o r  f r a c t i o n )  of each n-alkane p r e s e n t  in 
t h e  o r i g i n a l  f u e l  t h a t  appears  in t h e  s o l i d  phase,  Xs".  
d i s t r i b u t i o n  of t h e  n-alkanes in p a r t i a l l y  f r o z e n  f u e l s .  
c o n c e n t r a t i o n  o f  t h e  n-alkane i n  t h e  o r i g i n a l  f u e l ,  i n  t h e  f i l t r a t e  and in t h e  
p r e c i p i t a t e ,  a s  w e l l  as on t h e  v a l u e  o f  2 ( 7 ) .  

This  t e l l s  us t h e  
Xs" depends on t h e  

Figs. 5-1 show t h e  v a l u e s  of  Xs" p l o t t e d  a s  a f u n c t i o n  of t h e  temperature f o r  
t h r e e  of  t h e  f i v e  f u e l s .  In most c a s e s  t h e  graphs a r e  l i n e a r .  In almost every  case  
t h e  r a t e  of i n c r e a s e  in t h e  p e r c e n t  of n-alkane appear ing  in t h e  s o l i d  phase 
i n c r e a s e s  w i t h  t h e  carbon number. 

For t h e  f u e l  5-22, t h e  d a t a  p l o t t e d  in Fig. 5 show a s l i g h t  b u t  s t e a d y  i n c r e a s e  
in t h e  percent  o f  n-CIo, t h e  lowes t  n-alkane p r e s e n t  t h a t  appears  i n  t h e  s o l i d  
phase ,  reaching a v a l u e  of about 4% a t  -58OC. The h i g h e r  n-alkanes show i n c r e a s i n g  
amounts appear ing  i n  t h e  s o l i d  phase  wi th  over  75% of n-C15 in t h e  s o l i d s  a t  -58'C. 
It may be, however, t h a t  t h e r e  is no longer  a s t r a i g h t - l i n e  r e l a t i o n s h i p  near  t h i s  
lower temperature f o r  t h e  two h i g h e s t  n-alkanes. Obviously t h e  p e r c e n t  in t h e  
s o l i d s  m u s t  approach 100% more s lowly  t h e  c l o s e r  it g e t s  t o  100%. 
f o r  t h e  s i x  n-alkanes a r e  e x t r a p o l a t e d  t o  XS" = 0 ( t h e  f r e e z i n g  p o i n t  
i s  found t o  be a n  average  v a l u e  of -47.9-C. 
f u e l s  (Xs" = 0 )  a r e  shown in Table 2. 
compare well wi th  a c t u a l  f r e e z i n g  p o i n t s ,  a s  w e l l  a a  wi th  e x t r a p o l a t e d  d a t a  from 
S = 0, as can be seen  in Table  2. 

I f  a l l  t h e  l i n e s  

S i m i l a r  e x t r a p o l a t e d  d a t a  f o r  a l l  f i v e  
These e x t r a p o l a t e d  f r e e z i n g  p o i n t s  (XS" = 0 )  

temperature 

The normal a l k a n e s  a r e  t h u s  seen  t o  behave a s  would be expec ted  i f  they a lone  
f r e e z e  o r  c r y s t a l l i z e  o u t  o f  t h e  f u e l  a t  t empera tures  below, but  in t h e  v i c i n i t y  o f ,  
t h e  f r e e z i n g  p o i n t .  The h i g h e r  t h e  n-alkane t h e  more completely it is removed from 
t h e  l i q u i d  phase a s  t h e  tempera ture  decreases .  

I n d i v i d u a l  n-Alkane Balances 

For e v e r y  run ,  a m a t e r i a l  b a l a n c e  f o r  each of t h e  n-alkanes and k-components 
p r e s e n t  was c a r r i e d  o u t .  With v e r y  few except ions  t h e  amount of each  n-alkane in 
t h e  t o t a l  l i q u i d  and in t h e  s o l i d  w a s  found t o  be w i t h i n  5% of t h a t  in the  o r i g i n a l  
f u e l .  
t h e  d e v i a t i o n  approached 20%. 

Where t h e  c o n c e n t r a t i o n s  were very low, a s  w i t h  n-C23 and n-C24 in f u e l  82-8, 
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Composition of the Solid Phase 

Probably the most important and certainly the most difficult task we had was 
the determination of the composition of the solid phase. 
of the n-alkanes are not reported here, but they are obtainable from the earlier NRL 

The actual concentrations 

studies (5.6). 

In the case of the 5-22 fuel, at two temperatures, -58" and -54'C. the 
n-alkanes account for over 95% of the solids formed. About 1% seems to be due to 
the k-compounds. There are undoubtedly some other compounds in the 61% of the 5-22 
fuel (that is not made up of n-alkanes or of the k-compounds) that form crystals in 
the solids. Nevertheless no compounds other than the n-alkanes could be found 
having higher concentrations in the precipitate than in the filtrate, and so no 
compounds other than n-alkanes form crystals to any great extent. The other fuels 
followed the same pattern, but the percentage of n-alkanes in the solid phase was 
not as high as that of the 5-22 fuel. 

Until other methods of analysis can be devised to measure accurately small 
amounts of many different components, or until the solid crystals can be separated 
completely from the entrapped liquid and then analyzed. the complete composition of 
the solid crystalline phase will remain undetermined. Further useful information, 
however, might be gathered, by partially freezing some mixtures of normal alkanes 
with one or two other components and determining their distribution coefficients. 
Extrapolation from this to their behavior in fuels might be made and tested. 

SUMMARY AND CONCLUSIONS 

The liquid (filtrate) and the solid crystals containing a large portion of 
entrapped liquid (precipitate) from partially frozen samples of five middle 
distillate fuels were separated from each other and collected by means of the NRL 
liquid-solid separator (LSS). The fuels consisted of three different types of JP-5 
jet fuel and two different types of DFM Navy ship propulsion fuel. The separations 
were made at several temperatures, each below the freezing point of the original 
fuel samples. 
were analyzed quantitatively by GC (or when necessary by combined GC/MS). The 
filtrate data for all five fuels were straightforward, and Van't Hoff plots of the 
n-alkane concentrations ( l o g  concentrations vs recipocal absolute temperature) 
formed straight lines and their slopes demonstrated the importance of the higher 
n-alkanes in fuel freezing, or crystallization, at cold temperatures. The 
precipitates, which consisted of a waxy crystal matrix, all entrapped significant 
amounts of liquid (filtrate). An indirect method (using .&compounds), which was 
described in an earlier paper, was used to estimate the n-alkane concentrations in 
the solid fraction of the precipitate. 

The original samples and the collected precipitate and filtrates 

The solids data demonstrated that the higher n-alkanes play the key role in 
fuel crystallization at low temperatures, concentrating as much as tenfold in the 
crystallized solids compared to the liquid. A l s o  it was shown that the n-alkanes 
form the major part, up to at least 95% by weight in some fuels, of the solid 
crystals formed. 
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Limitations of Existing Analytical Methodologies- 
Needs f o r  Future Methods Development i n  The Analysis 

of Foss i l  Fuels: Concluding Remarks 

M.B. Perry, Division of Coal Science 
U.S. Department of Energy, Pit tsburgh Energy Technology Center 

Introduction 

Two of t he  challenges faced by f u e l  s c i e n t i s t s  with respect t o  a future  
fuel-processing technology a r e  ( 1 ) t h e  need t o  character ize  highly complex 
samples i n  various s t ages  of conversipn, and (2)  t he  need to  a id  i n  develop- 
ing conversion processes tha t  are economically f eas ib l e  and yield a product 
t ha t  is environmentally acceptable.  The Committee on Nuclear and Alterna- 
t i v e  Energy Systems concludes t h a t  coal and nuclear energy a r e  the  only 
potent ia l  major sources fo r  e l e c t r i c i t y  generation i n  t h i s  century. For 
t h i s  reason, and s i n c e  most of the papers in  t h i s  symposium have been 
directed toward invest igat ions relevant  t o  coal ,  t h i s  discussion w i l l  focus 
on problems associated with t h e  character izat ion o f  coal and its concomitant 
processing products. 

An understanding of coal  requires  integrat ion of the  perspectives of 
investigators from various backgrounds. For example, even today there  is 
still no concensus concerning the o r ig ins  of the various forms of su l fu r  i n  
coal that  i n t eg ra t e s  the views held by s c i e n t i s t s  from d i f f e ren t  
discipl ines .  Socolow2 noted t h e  various views o f  coal from miners, 
geologists,  chemists, and biologis ts .  Today, t h i s  list can be expanded t o  
include views of coa l  from s o c i a l  s c i e n t i s t s  and environmentalists. Socolow 
quotes the noted geologis t  David White, who once sa id ,  "Coal is l i k e  char- 
ac t e r ,  the deeper you go i n t o  it, the more in t e re s t ing  it becomes." Thus, 
to  a grea t  extent each invest igator  becomes more or less captivated by these 
materials and the ana ly t i ca l  challenges they o f f e r ,  such t h a t  i f  t he  muse of 
fuel  science were t o  appear to  each o f  us and o f fe r  one g i f t  of instrumenta- 
tion, we would each of u s  request a d i f f e r e n t  g i f t ,  t h e  f i n a l  assemblage of 
which would require s tandardizat ion and cross cal ibrat ion.  

In the absence of a muse, it might be in t e re s t ing  t o  t r ace  the stages 
of evolution of a new ana ly t i ca l  method. Lait inen'  has described a s e t  of 
seven phases through which an ana ly t i ca l  method passes. The phases he 
describes a r e  traced i n  terms of the his tory of infrared spectroscopy and 
can be summarized a s  follows: 

F i r s t ,  there is a conception phase t h a t  occurs a f t e r  a pr inciple  of 
physics (e.g., t h e  absorption of infrared radiat ion)  is recognized a s  a 
bas i s  for  i den t i f i ca t ion  and measurement. Second, the va l id i ty  of the 
pr inciple  a s  a basis  for useful measurements is establ ished.  Third, 
instrumental developments bring the  method from a laboratory curiosi ty  
i n t o  the  hands of a nonspecial is t .  Fourth, detai led s tud ie s  of 
pr inciples  and mechanisms a r e  pursued, and the method matures a s  an 
accepted procedure. (Lait inen i d e n t i f i e s  t h i s  s t age  as the  c r e s t  of 
ana ly t i ca l  research a s  distinguished from instrumentation research).  
Fif th ,  appl icat ions a r e  enlarged wi th  appropriate modifications i n  pro- 
cedures. Sixth,  well-established procedures a r e  applied t o  new as well 
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as to old problems. Seventh, a period of senescence occurs while other 
developing methods surpass the method under consideration. Finally, a 
resurgence of these later phases may occur as new developments in 
instrumentation or theory come along. 

Two questions come to mind in considering these stages of evolution of 
accepted analytical methodology: First, has physics recognized new 
principles that suggest new methods for probing fossil fuels; and second, 
are fuel scientists actively developing methods applicable to these 
materials or are we merely modifying methods that were originally developed 
for investigation of other sample types (i.e., polymers, proteins, amino 
acids, biological materials)? 

"It has been said, perhaps cynically, that chemists can expect to see 
no further new analytical methods. Physicists have discovered the funda- 
mental interactions of energy and matter, and combining existing techniques 
into hyphenated methods is all that remains."* Is it reasonable to expect 
the development of new analytical methods for the analysis of fossil fuels? 
A historical view of coal utilization might produce some insights. 

Past, Present, Future Trends 

Some well-established laboratory techniques for the analyses of coal 
and petroleum have been identified and are accepted by the American Society 
for Testing and Materials (ASTM) as standard methods. There are, however, 
three other organizations that specify methods and procedures for coal 
analysis, including ( 1 )  International Organization for Standardization 
(ISO), (2) Deutsches Institut fir Normung (DIN), and ( 3 )  British Standards 
Institution (BSI). Procedures recommended by these four standard-setting 
groups were compared at Conoco's Coal Research Division (Library, Pa.) using 
an Eastern United States high-sulfur coal." They note that although the 
terms used by these different standard setting groups are the same, the 
procedures used for some of the determinations are not, and results obtained 
from these analyses show that differences exist. Finally, they conclude 
that "the increasing movement of coals from the U.S. or other parts of the 
world to Europe requires an understanding of the various methods of coal 
analysis used by coal buyers and sellers." Thus, a fundamental problem is 
confirmed that must be addressed by investigators of fossil fuels, the 
necessity for methods calibrations and standardizations. 

Coal preparation (beneficiation) can be viewed as a form of coal pro- 
cessing that should be well understood. Coal prep has been used in the U.S. 
for approxifnately 100 years. In the 19609, about 113 of the total coal 
mined was cleaned. As Klatt has pointed out,' coal prep and flue gas 
desulfurization are the least costly ways of meeting New Source Performance 
Standards for SO2 emissions. v '  Yet, the application of analytical 
methodologies to the characterization of these materials and processes have 
been minimal. Klatt cites several reasons for this deficiency;' he points 
out that fundamentally coal is undervalued relative to other fuels, and the 
coal industry has been reluctant to try new technology. As evidence of this 
observation, Klatt relates the cost of a modern coal prep plant is approxi- 
mately $75,000,000, with a total on-line instrumentation cost of about 
$l5O,OOO -- a much lower investment in instrumentation than is found in the 
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chemical industry.  The economic r a t iona le  f o r  t h e  use of on-line process 
and qua l i ty  cont ro l  instrumentation, Klatt  notes,  has simply not been 
provided. Most laboratory techniques used to  analyze coa l  cannot be 
transferred to on-line instruments because they do not s a t i s f y  pr inc ip le  
design c r i t e r i a  ( i .e. ,  rapid response time and the a b i l i t y  t o  sample large 
quant i t ies  of mater ia l s ) .  Other important c r i t e r i a  t ha t  must be considered 
include cost ,  re l iabi l i ty ,  and main ta inabi l i ty .  Methods t h a t  use high- 
energy photons, gamma or X-ray, can meet the  above design c r i t e r i a .  Con- 
sequently, e s sen t i a l ly  a l l  systems developed or under development ( i . e .  , 
Mossbauer spectroscopy, X-ray d i f f r ac t ion ,  and X-ray fluorescence) f o r  t h e  
coal industry that y ie ld  elemental composition information employ 
methodology involving the  measurement of gamma or X-rays. 

The assessment of the mechanisms, e f f ic iency ,  environmental accept- 
a b i l i t y ,  e t c . ,  o f  a par t icu lar  processing technology may requi re  knowledge 
of the  func t iona l i t i e s  present or a determination of the  individual organic 
compounds present.  Hertz et  al . '  have b r i e f ly  reviewed emerging methods for  
the ana lys i s  of  individual organic compounds i n  petroleum, sha le  o i l ,  and 
synthetic coal l iqu ids .  However, they note that  none of these methods was 
developed f o r  the accurate quan t i t a t ive  ana lys i s  of individual compounds. 
Because of sample so lub i l i t y  or  v o l a t i l i t y  requirements, i n  many cases ,  t h e  
actual sample f o r  which da ta  a r e  reported is a f rac t ion  or  der iva t ive  o f  t h e  
material of i n t e r e s t  t ha t  has been subjected to  a variety o f  pretreatment 
procedures. Because of t h e i r  carcinogenic poten t ia l  and because they a re  
present a t  s ign i f i can t  l eve l s  i n  combustion products, polycyclic aromatic 
hydrocarbons and their heterocyclic analogue der iva t ives  have been the Focus 
of many recent inves t iga t ions .  Analytical methods tha t  have been applied to  
the analysis of  these sample cons t i tuents  have been reviewed. ' 9 '  " t l '  

Karasek e t  a l .  ' and Janardan and Schaeffer ' ' have reviewed the  mechanisms 
involved i n  the  introduction of  e r r o r s  in  the  analysis of t r ace  organics. 
Karasek e t  a l .  address  problems associated with solvent pur i ty ,  sample pre- 
concentration, and sample co l lec t ion  and handling; they suggest t ha t  a major 
problem w i t h  a l l  techniques f o r  t r ace  analysis of organics is the l a c k  of 
appropriate environmental standards. They recommend spec i f i c  changes i n  
the design and use of glassware and other apparatus employed i n  sample pre- 
paration. Likewise, i n  a n  analysis of random e r ro r s  in estimatin l e v e l s  of 
trace oganics i n  environmental sources, Janardan and Schaeffer " show that 
the estimated quantity is dependent on the capture e f f ic iency  and precision, 
the average recovery and reproducib i l i ty ,  and the s e n s i t i v i t y  of the 
analysis.  They concluded tha t  " in  order t o  insure the accuracy of such 
data, the s c i e n t i s t  must control not only the analyses but more 
importantly, t he  processes involved in  obtaining the sample i t s e l f . "  ' ' 

Many of t he  fu ture  needs i n  f o s s i l  energy research are  fundamental to 
the ordinary requirements fo r  the ana lys i s  of  any diverse complex sample 
type. There must be developed a s e r i e s  of su i t ab le ,  universally acceptable 
standards tha t  a r e  appropriate for instrumental and methods ca l ib ra t ion  for 
routine analyses. Intermethod and intramethod ca l ibra t ion  is v i t a l  i f  
resul ts  and conclusions from the  inves t iga t ions  of t h e  various f o s s i l  fuel 
types a r e  t o  be compared and contrasted.  These tasks w i l l  r equi re  the 
expertise and background of t he  most reputable and cred ib le  f o s s i l  fue ls  
s c i en t i s t s  among us i f  t h e i r  r e su l t s  and suggestions a re  t o  be widely 
accepted and implemented. This endeavor would be unique i n  t h a t  the  study 
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would attract the worldwide interest and support of fossil fuels scientists. 
Finally, the translation of these laboratory methods into a form suitable 
for on-line process analyses with the appropriate cross-calibration and 
cross-validation of results should be forthcoming. 

New Methods for Fossil Fuels? 

uho will accept the risks and bear the costs of new analytical methods 
development in fossil fuels research? Few young investigators can accept a 
high risk of failure; certainly graduate students and nontenured professors 
have timetables that are relatively intolerant of failure. However, sig- 
nificant contributions have been made and should continue in incremental 
improvements in existing methodologies applied to fossil fuels; these 
investigations can be accomplished, in many cases, within a time frame and 
within a risk factor acceptable to the new researcher. The fresh approach 
and ideas of new investigators should be brought to bear on fundamental 
problems of fossil fuels research. Federal budgets are being increasingly 
scrutinized, and the requisite for fossil fuels development is being 
delayed. Increasingly, managers outside of academia are adopting the 
"publish-or-perish" criterion for promotion or even retention of entry level 
professionals. A conference, "Strategies for Innovation," sponsored by an 
international accounting firm, convened in London in June 1985.' There 
Douglas Dybvig, managing director of Minnesota 3M Research, Ltd., pointed 
out that "the rising cost of innovation, pressures from investors for 
immediate gains, and economic pressures have helped reduce productive growth 
and concomitant growth in innovation." Two primary themes emerged from the 
conference. One was the need for companies to establish an atmosphere in 
which people are not afraid to fail; the second was the need for companies 
to be accepting of not only in-house ideas but also those from the outside. 
Without significant changes in this philosophy and these attitudes, it is 
reasonable to conclude that the risks of failure associated with new methods 
development will probably be the burden of established professionals -- 
established professionals who must consciously purge old biases and 
precepts, and bring a youthful approach to problems, established profes- 
sionals who have secure and adequate budgets to staff their laboratories 
with capable personnel willing to endure the painstaking, slow, and patient 
approaches required of innovation and creativity. 
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Introduction 

Hydantions, (1). are b i o l o g i c a l l y  a c t i v e  compounds which occur i n  na tu re  and have 
been i s o l a t e d  from such sources as sugar beets and b u t t e r f l y  wings. Synthet ic  
analogs have found widespread use as ant iconvulsant  drugs, bac te r ioc ides ,  
s t a b i l i z e r s  i n  photographic f i l m ,  and i n  the  p repara t i on  o f  h igh  temperature epoxy 
res ins.  Uses, preparat ion,  and reac t i ons  o f  hydantoins have been ex tens i ve l y  
s tud ied and are repor ted elsewhere (1, 2). 

I 
H 

(a 
Recently a number o f  hydantoin isomers have been detected and i d e n t i f i e d  i n  coal 

g a s i f i c a t i o n  condensate water from t h e  g a s i f i c a t i o n  o f  I n d i a n  Head (ND) l i g n i t e  a t  
t h e  U n i v e r s i t y  o f  Nor th Dakota Energy Research Center i n  a s lagging f i x e d  bed 
g a s i f i e r  (3 ) .  The hydantoins c o n s t i t u t e  a major p o r t i o n  o f  t h e  o rgan ics  i n  t h e  
condensate-water and have r e c e n t l y  been i d e n t i f i e d  i n  water from othe r  g a s i f i c a t i o n  
processes (5).  I n  general t h e  concentrat ions o f  hydantoins found i n  t h e  condensate 
water from an ash g a s i f i e r  are smal ler  than those found from t h e  s lagg ing  process. 
There i s  a l so  a r e l a t i o n s h i p  between t h e  t ype  o f  coal  used and t h e  amount o f  
hydantoins formed. L i g n i t e  coal r e a c t i n g  i n  a s lagging g a s i f i e r  g ives t h e  l a r g e s t  
concentrat ion o f  hydantoins i n  t h e  condensate water. The major isomer i n  t h e  coal  
g a s i f i c a t i o n  condensate water i s  5,5-dimethylhydantoin (DMH). It should be 
emphasized t h a t  DMH i s  formed fran i n d i v i d u a l  species (acetone, cyanide, ammonia, 
and carbonate) i n  t h e  condensate water and does not  form d i r e c t l y  i n  t h e  g a s i f i e r .  
Hydantoins were shown t o  be e i t h e r  absent o r  present i n  l ow  concentrat ions i n  water 
samples which were c o l l e c t e d  from side-stream samples i n  t h e  UNDERC g a s i f i e r  and 
q u i c k l y  frozen. When t h i s  sidestream condensed water was heated i n  a constant  
temperature bath o f  4OoC, DMH concentrat ions increased i n  an approximately second 
order  manner (a). The format ion i s  be l i eved  t o  proceed by t h e  Bucherer-Berg 
react ion,  t h e  same r e a c t i o n  used f o r  commerical hydanto in  synthes is  (3) .  

The p o t e n t i a l  use o f  t h e  slagger t o  produce economical ly usefu l  s y n t h e t i c  f u e l  
gas, bo th  on the na t i ona l  and i n t e r n a t i o n a l  scale, prompted an i n v e s t i g a t i o n  i n t o  
the  k i n e t i c s  and mechanisms o f  format ion o f  DMH. It was impossib le  t o  ob ta in  
r e l i a b l e  and reproducib le  concen t ra t i on  data f o r  acetone and cyanide i n  the  raw 
g a s i f i e r  condensate water due t o  r e v e r s i b l e  a d d i t i o n  products  (acetone cyanohydrin, 
e t c ) ,  so a model system was chosen. Acetone cyanohydrin was reacted w i t h  excess 
ammonium carbonate a t  concentrat ions approaching those obta ined i n  t h e  condensate 
water. The experimental d e t a i l s  and r e s u l t s  have been r e c e n t l y  repor ted (7). The 
r a t e  of format ion o f  DMH was f i r s t  order  i n  a l l  o f  t he  reac tan ts  as expressed by 
Equation 1. 

Rate of formation of DMH = [Acetone] [HCN] [NH3] [CO,] 1) 
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This k i n e t i c  da ta  i s  va luab le  i n  p r e d i c t i n g  t h e  r a t e  o f  fo rmat ion  o f  OMH i n  coal 
g a s i f i c a t i o n  condensate water, provided t h e  model i s  app l i cab le .  The pH o f  t h e  
model s o l u t i o n  and t h e  condensate water remained constant a t  around 8.4, bu t  t h e  
e f fec ts  o f  small changes i n  pH on t h e  r a t e  are no t  f u l l y  known. 

A mechanism c o n s i s t e n t  w i t h  t h e  k i n e t i c  data and p a r t i a l l y  v e r i f i e d  by others i s  
shown i n  Scheme 1 (8, !I, 10). What remains t o  be s tud ied  i s  t o  ob ta in  de ta i l ed  
evidence o f  t h e  r a t e - d e t e a n i n g  step and t o  i s o l a t e  in te rmed ia tes  V I ,  V I I ,  and 
VIII. I n  t h i s  work we w i l l  show t h a t  t h e  carbamate s a l t  which r e s u l t s  from t h e  
reac t i on  o f  two moles o f  a - a m i n o i s o b u t y r o n i t r i l e  w i t h  carbon d iox ide  gives an N- 
s u b s t i t u t e d  hydanto in  r a t h e r  than the  expected DMH. This e i t h e r  precludes the  s a l t  
as forming i n  t h e  g a s i f i e r  water s ince the  N-subs t i tu ted  hydantoins has not been 
i d e n t i f i e d  i n  g a s i f i e r  condensate water, o r  t he  s a l t  reac ts  r a p i d l y  by an a l te rna te  
mechanism t o  g i ve  DMH. 

Experimental 

a - h i n o i s o b u t y r o n i t r i l e  ( I V  - Ammonia gas was bubbled i n t o  50 m l  o f  acetone 
&C f o r  several hours. The product was d i s t i l l e d  a t  50- 
56O 0 mm) t o  g i v e  90 percent y i e l d .  The s t r u c t u r e  was v e r i f i e d  by I R ,  Mass Spec. 
and 13C NMR. The produc t  was s to red  under n i t rogen  and r e f r i g e r a t e d  t o  prevent slow 
reverse  h y d r o l y s i s  and d i s c o l o r a t i o n .  

2-Cyanopropyl-amoniun 2-Cyanopropyl-2-hino Carbamate ( X ) .  - Dry i c e  was added 
s low ly  t o  a 25-ml neat sample o f  a-aminoisobutyronitrile. This was cont inued u n t i l  
t h e  e n t i r e  system was s o l i d ,  about one hour. Anhydrous e ther  was added and the  
m i x t u r e  s t i r r e d  and f i l t e r e d .  The r e s u l t i n g  wh i te  s o l i d  reac ts  w i t h  d i l u t e  
h y d r o c h l o r i c  ac id  t o  g i v e  the  s t a r t i n g  a m i n o n i t r i l e  hydroch lo r ide  s a l t  and carbon 
d iox ide .  The carbamate had a m.p. o f  21OoC and gave peaks a t  m/e 212 and 168 v i a  
s o l i d  probe mass spec t ranet ry .  On hydro lys is ,  t h e  compound gave acetone, ammonia, 
acetone cyanohvdri n, and a - a m i n o i s o b u t v o n i t r i l e  as i nd i ca ted  by GC/MS. 

N-a-Carbmyl isopropyl-N'-a- i  s o b u t y r o n i t r i l e  urea ( X I )  
Carbon d i o x i d e  was bubbled through a neat sample o f  a a -Amino isobuty ron i t r i le  a t  
room temperature. A f t e r  one hour, t h e  e n t i r e  sample was so l i d .  This s o l i d  was 
f i l t e r e d  and washed thorough ly  w i t h  anhydrous e the r  t o  remove any unreacted 
s t a r t i n g  m a t e r i a l .  A l l  spec t ra l  p roper t i es  and elemental analyses were 
c o n s i s t a n t  w i t h  t h e  s t ruc tu re .  The m.p. was i d e n t i c a l  t o  the  s t r u c t u r e  proposed 
by Bucherer (8). 
Compound X was al lowed t o  stand a t  room temperature f o r  several days and a f t e r  
ana lys i s  k o v e d  t o  be i d e n t i c a l  t o  X I  i n  a l l  resoects.  
3-(&Carb&nyli sopropyl)-5.5-dimethy~ydantoin (XIII) - The N-subs t i tu ted  urea, 

- X I ,  was al lowed t o  stand a t  roan temperature i n  water f o r  24 hours. The reac t ion  
was fo l lowed by u l t r a v i o l e t  spectroscopy and by gas chromatography which ind ica ted  
t h e  fo rmat ion  o f  an i n t e r m e d i a t e  t h a t  disappeared s lowly  t o  g i ve  t h e  f i n a l  
product.  A f t e r  evapora t ion  o f  t h e  water i n  a vacuum, t h e  r e s u l t i n g  w h i t e  s o l i d  (50% 
y i e l d )  was i d e n t i f i e d  as  3-(a-carbamylisopropyl)-5,5-dimethylhydantoin (m). The 
s t r u c t u r e  was v e r i f i e d  by I3C-NMR and s i n g l e  c r y s t a l  x-ray analysis.  The proper t ies  
of t h e  s o l i d  were i d e n t i c a l  i n  a l l  respec ts  t o  t h a t  o f  a sample prepared by an 
a l t e r n a t e  syn thes is  (11).  The h igh  r e s o l u t i o n  mass spectrum gave t h e  cor rec t  
molecular formula and a molecular i o n  o f  m/e 213 and a base peak a t  m/e 169. 

R e s u l t s  and D iscuss ion  

I n  order t o  c l a r i f y  f u r t h e r  the  mechanism o f  fo rmat ion  o f  DMH shown i n  Scheme 1, an 
at tempt was made t o  i s o l a t e  t h e  carbamic ac id  s a l t  o f  X. When s o l i d  d r y  i c e  was 
added t o  a-aminoisobutyronitrile, a w h i t e  s o l i d  was i s o l a t e d  which by I R ,  mass 
spectrometry, elemental ana lys is ,  and i t s  reac t i on  w i t h  water and hydroch lo r ic  ac id  
was best represented by s t r u c t u r e  X I .  S a l t s  o f  carbamic ac ids  o f  s i m i l a r  s t ruc tu re  
have been r e p o r t e d  p r e v i o u s l y  a n h a r e  more o r  l ess  s tab le ,  depending on t h e i r  
spec i f i c  s t r u c t u r e  (12).  The carbamate X s lowly  rearranged a t  room temperature t o  
t h e  d i s u b s t i t u t e d  urea, X I ,  shown i n  sheme 2. This urea was a l so  prepared by 
bubbl ing carbon d i o x i d e  gas through a-ami noi  s o b u t y r o n i t r i l e  a t  roan temperature. 
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The compound was repor ted prev ious ly  &). I t s  s t r u c t u r e  was v e r i f i e d  by 
spectroscopic techniques and elemental analys is .  

When t h e  N, N ' -d i subs t i t u ted  urea was placed 
i n  water a t  room temperature, changes began t o  take  place. The u l t r a v i o l e t  
absorpt ion spectrum showed a gradual increase i n  an absorpt ion a t  257 nm. Th is  peak 
began t o  disappear a f t e r  twelve hours and a f t e r  twenty- four  hours was absent f rom 
t h e  spectrum. GC ana lys i s  us ing a cool, on-column i n j e c t i o n  onto a 30 m OV-351 
fused s i l i c a  c a p i l l a r y  column gave, as a major  compound, t h e  N-subs t i t u ted  
hydantoin, X I I I .  The s t r u c t u r e  o f  XI11 was proven by a l t e r n a t e  synthesis, elemental 
and s p e c t r a c n a l y s i s ,  and s i n g l e c r y s t a l  X-ray analys is .  The carbamate s a l t  i n  
water gave s i m i l a r  r e s u l t s .  

The mechanism f o r  t h e  format ion o f  t h e  N-subst i tu ted hydantoin i s  shown i n  
Scheme 2. Evidence f o r  t h e  s t r u c t u r e  o f  t h e  b i c y c l i c  imino i n te rmed ia te  (XIJ) i s  
based on several f ac to rs .  The u l t r a v i o l e t  absorpt ion spectrum i s  cons is ten t  w i t h  an 
n n* t r a n s i t i o n  o f  an imine chromophore occu r r i ng  a t  257 nm (13) and t h e  GC/MS o f  
t he  in termediate gave a peak a t  m/e 195. This  represented a E s s  o f  ammonia f rom 
the  s t a r t i n g  N-subs t i t u te  area, x. The absence o f  a fragment peak a t  m/e 151 (m- 
44) i s  s t rong evidence t h a t  t he  in termediate,  u, does not  con ta in  a carbonyl o r  
carboxyl group. That t h i s  h i g h l y  s t ra ined  b i c y c l i c  system would form a t  room 
temperature i n  water might  a t  f i r s t  appear unusual; however, a s i m i l a r  b i c y c l i c  
system was i s o l a t e d  i n  t h e  a l t e r n a t e  synthes is  o f  t he  N-subst i tu ted hydanto in  (2). 
Conclusion 

N-subst i tu ted hydantoi ns, s p e c i f i c a l l y  t h e  N-(carbamyl isopropyl  )-5,5-dimet!yl- 
hydantoin, form i n  water a t  roan temperature fran t h e  N-a-carbamylisopropyl -N -a- 
i s o b u t y r o n i t r i l e  urea. Only a small amount o f  t he  5,5-dimethylhydantoin, IX, i s  
produced f r a n  t h e  N-subst i tu ted urea, E, o r  i t s  carbamate s a l t ,  3. Thus, they a r e  
not  l i k e l y  in termediates i n  the  format ion o f  t he  DMH i n  water i n  the  presence o f  
acetone, hydrogen cyanide, carbon d iox ide,  and ammonia. Instead t h e  hydantoins a r e  
bel ieved t o  r e s u l t  from the hydrated conjugate base o f  t h e  carbamic a c i d  ( V I )  
(Scheme 1 ) .  
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INTRODUCTION 

I n  general,  j e t  f u e l s  d e t e r i o r a t e  i n  q u a l i t y  w i t h  t ime. One o f  the 
s i g n i f i c a n t  undesi rab le changes i s  the format ion o f  i nso lub le  m a t e r i a l  
which can p lug nozzles and f i l t e r s  and coa t  heat exchanger sur faces.  
Deposit format ion i n  f u e l s  i s  t r i g g e r e d  by au tox ida t i on  reac t i ons  and i s  
c l o s e l y  associated w i t h  hydroperoxide concen t ra t i on  (1-3) .  I f  the  a v a i l -  
ab le  oxygen i s  low and the  temperature ra i sed ,  t he  hydroperoxide concen- 
t r a t i o n  w i l l  be l i m i t e d  by f r e e  r a d i c a l  decomposit ion ( 2 ) .  Th i s  regimen 
( low oxygen and inc reas ing  temperature) i s  s i m i l a r  t o  the environment 
found i n  an a i r c r a f t  f u e l  system. 

invo lved i n  depos i t  format ion and the  mechanism of format ion.  Hetero-atoms 
(oxygen, n i t rogen  and s u l f u r )  and ash have been found t o  comprise up t o  40% 
o f  such deposi ts  (4-6) .  
found t o  vary from 1 t o  9%. S u l f u r  (0.4% max. a l lowed)  i s  the most abundant 
hetero-atom present  i n  j e t  f ue l s .  

product, a hydroperoxide, and organo s u l f i d e s  and t h i o l s .  S p e c i f i c a l l y ,  we 
examine the t e r t - b u t y l  hydroperoxide o x i d a t i o n  o f  hexy l  s u l f i d e  and dodecyl 
t h i o l  i n  deaerated benzene a t  120°C. The reac t i ons  were s tud ied f o r  t ime 
per iods from 15 min t o  180 min. A d d i t i o n a l l y ,  we have developed r e a c t i o n  
cond i t i ons  and an a n a l y t i c a l  method o f  h igh  r e p r o d u c i b i l i t y  which may be 
app l i cab le  t o  the study o f  o ther  hydroperoxide o x i d a t i v e  processes. 

The composit ion o f  deposi ts  a f f o r d s  c lues t o  the  molecular  species 

The s u l f u r  content  of these deposi ts  has been 

This  paper i s  concerned w i t h  the r e a c t i o n  between a pr imary au tox ida t i on  

EXPERIMENTAL 

Reagents t e r t - B u t y l  hydroperoxide, tBHP, (go%), hexy l  s u l f i d e  and 
dodecyl t h i o l  were obta ined from A l d r i c h  Chemical Co. They were d i s t i l l e d  
i n  vacuo t o  99.9% p u r i t y .  
d i s t i l l e d  from CaH2. 

Benzene ( A l d r i c h  Gold Label )  was r e f l u x e d  and 
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Method. The reac t i ons  were c a r r i e d  out i n  sealed b o r o s i l i  a t e  g lass 
t u b e n e  reagfjnts ( t y p i c a l l y  3 - 9 ~ 1 0 - ~  mol o f  tEHP and 6x20-' mole o f  hexyl 
s u l f i d e  or  6x10- mole o f  dodecyl t h i o l  i n  3.6 m mol o f  so l ven t )  were weighed 
i n t o  6 in. long, 1/4-in. 0.d. Pyrex tubes c losed a t  one end and f i t t e d  a t  t he  
other  w i t h  a s t a i n l e s s  s tee l  valve v i a  a Swagelok (Tef lon f e r r u l e s )  f i t t i n g .  
The tube was at tached t o  a vacuum system, cooled t o  7 7 K  and subjected t o  
several freeze-pump-thaw cycles. The tube was then subsequently flame-sealed 
below the valve. 
runs. The deaerated samples were warmed t o  room temperature and immersed i n  a 
Cole-Parmer f l u i d i z e d  sand bath. The temperature (120OC) was c o n t r o l l e d  by a 
Leeds and Northrop Electromax 111 temperature c o n t r o l l e r .  The t o t a l  pressure 
dur ing each run was est imated t o  be 5.1 atm f o r  the runs i n  benzene. A f t e r  
t he  reac t i on  per iod the  sealed tube was quenched t o  7 7 K  and opened. The tube 
was capped, warmed t o  room temperature and t h e  i n t e r n a l  standards added. The 
s o l u t i o n  was t r a n s f e r r e d  t o  a screw cap v i a l  (Tef lon cap - l i ne r )  and s tored a t  
O°C u n t i l  analys is .  Since a t y p i c a l  chromatogram requ i red  90 min, two i n t e r a l  
standards were added. One, p-xylene, a f fo rded  q u a n t i t a t i o n  f o r  peaks w i t h  
short r e t e n t i o n  t imes,  and a second, 1-phenyltr idecane, f o r  t he  peaks w i t h  
1 onger r e t e n t i o n  times. 

f o r  those runs w i t h  t h e  more r e a c t i v e  mercaptan (60 min max). 
subjected t o  the same c lean ing  procedure. They were f i l l e d  w i t h  toluene, 
cleaned with a nylon brush, r i nsed  w i t h  to luene twice,  then w i t h  methylene 
ch lor ide,  and d r i e d  i n  a i r  a t  150'C f o r  8 h. A search o f  t he  l i t e r a t u r e  gives 
a few examples o f  c a t a l y t i c  behavior w i t h  g lass systems (7.8); however, when a 
glass tube was f i l l e d  w i t h  crushed Pyrex, thus i nc reas ing  t h e  sur face area, 
the r e s u l t s  a t  1 2 0 S  f o r  the above t ime  per iods were not s u b s t a n t i a l l y  
a1 tered. 

The u l l a g e  volume (0.30 m l )  was kept  constant f o r  a l l  

Samples were heated f o r  t ime per iods o f  15. 30, 60, 120 and 180 min except 
A l l  tubes were 

The samples were analyzed by two techniques, bo th  based on gas 
chromatography. 
r e t e n t i o n  t ime  matching w i t h  standards and mass spectrometry. I n  t h e  f i r s t ,  a 
Varian gas chromatograph Model 3700 w i t h  f lame i o n i z a t i o n  de tec to r  (F.I.D.) 
and equipped w i t h  a 50-m 0.20-nun i.d. wal l -coated open t u b u l a r  (OV-101) fused 
s i l i c a  c a p i l l a r y  column gave the  necessary r e s o l u t i o n  t o  d i s t i n c t l y  separate 
t h e  i n d i v i d u a l  components. A c a r r i e r  gas f low of 1 ml/min was combined w i t h  
an i n l e t  s p l i t  r a t i o  o f  60:1, a temperature program w i t h  an i n i t i a l  ho ld  a t  
50°C fo r  8 min and a ramp o f  4'/min t o  a f i n a l  temperature o f  26OoC. 

I n  the second technique, gases formed du r ing  the  reac t i on  were analyzed 
using a Perkin-Elmer Model Sigma 2 gas chromatograph equipped w i t h  a 6 - f t  5A 
Molecular Sieve column o r  a 4 - f t  Porapak/S column. For  the gas analys is ,  the 
column was operated a t  55OC. The chromatogram was recorded and in teg ra ted  on 
a Hewlett-Packard Model 339OA r e p o r t i n g  i n t e g r a t o r .  For t h i s  procedure, the 
valve was l e f t  on the  reac t i on  tube and a f t e r  the appropr ia te reac t i on  period, 
t he  tube va lve was connected d i r e c t l y  t o  a GC gas sampling va lve v ia  a 
Swagelok connection. An external  standard was used f o r  c a l i b r a t i o n .  A 
pressure gauge measured the  pressure i n  the  sample l oop  a t  t h e  t ime o f  
analys is .  

t he  chromatogram accounted f o r  approximately 90% of t h e  o r i g i n a l  compounds. 

Peak i d e n t i f i c a t i o n  f o r  both techniques was based on 

A ma te r ia l  balance was assessed f o r  each compound. The p r i n c i p a l  peaks o f  
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The very small peaks account f o r  another 5-10%. 
repeatable t o  w i t h i n  2-3% f o r  each component. 

The product d i s t r i b u t i o n  was 

RESULTS AND DISCUSSION 

The thermal decomposition o f  an a l k y l  hydroperoxide i s  complex. A t  
temperat res  o f  120°C o r  greater, tBHP decomposes by an a u t o i n i t i a t e d  
pathway.y 
however, i nvo l ves  i t s  a t tack  by f r e e  r a d i c a l s  i n  t h e  so lut ion.  The d e t a i l e d  
mechanism o f  t B H P  decomposition i s  h i g h l y  dependent upon t h e  s p e c i f i c  reac t i on  
cond i t i ons  employed since rad i ca l  behavior i s  s e n s i t i v e  t o  s t r u c t u r a l ,  so lvent  
and s te reoe lec t ron i c  e f fec ts .  

The major reac t i on  pathway i n  the  120'C decomposition of tBHP, 

The r e s u l t s  i n  Table 1 i l l u s t r a t e  t h a t  t he  product d i s t r i b u t i o n  from the 
reac t i on  o f  tBHP w i t h  hexyl s u l f i d e  i n  deaerated benzene so lvent  can be 
convenient ly  d i v ided  i n t o  lower and h igher  molecular weight products. The 
q u a n t i t i e s  i n  Table 1 are based on per cent conversion from the moles o f  
reactants  o r i g i n a l l y  present. Products de r i ved  s o l e l y  from hexyl s u l f i d e  are 
ca l cu la ted  on the bas is  o f  the s t a r t i n g  amount o f  hexyl s u l f i d e .  The t B H P  
der ived products ( f o r  example, t -bu tano l )  are s i m i l a r l y  ca l cu la ted  based on 
the  s t a r t i n g  amount o f  tBHP. Mixed condensation products (i.e.. tBHP + hexyl 
s u l f i d e )  are ca l cu la ted  on the bas i s  o f  moles o f  hexyl su l f i de .  
Table 2 were l i k e w i s e  ca l cu la ted  us ing dodecyl t h i o l .  

The values i n  

From tBHP,  t he  major product was t -butanol .  A small amount o f  acetone, 
methane, isobuty lene and the  tBHP rad i ca l  t e rm ina t i on  product d i  -t- 
buty lperox ide were a l so  observed. From hexyl su l f i de ,  lower molecular weight 
products inc luded hexane, hexene and hexanal ; higher  molecular weight 
condensation products inc luded the  major product hexyl su l fox ide  along w i t h  
hexyl su l fone and hexyl d i s u l f i d e .  F r m  dodecyl t h i o l ,  Table 2, lower  
molecular weight products inc luded dodecane and dodecanol; h igher  molecular  
weight condensation products inc luded the  major product dodecyl d i s u l f i d e  
along w i t h  dodecyl su l fox ide ,  dodecyl s u l f i d e  and dodecyl sulfone. 

to luene and other  subs t i t u ted  benzenes. 
Solvent p a r t i c i p a t i o n  was noted by the  format ion o f  t r a c e  quan i t i es  o f  

tBHP roducts The mechanism o f  a u t o i n i t i a t e d  tBHP decomposit ion can be 
d e p i k w s  : - (CH3)3C0. + .OH S e l f  I n i t i a t i o n  (1)  

12OOC t BHP 

(CH3 13CO. SClSSlOn * (CH3)2C0 + *CH3 (2) 

(CH3)3COH + (CH,),COO. (3)  

beta 

Propagation 

hydrogen 
tBHP ' (CH3)3C0' abs t rac t i on  
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I n  a l i p h a t i c  hydrocarbon so lvent ,  it has been shown t h a t  beta- 
sc iss ion i s  favored over hydrogen abs t rac t i on  a t  temperatures o f  100°C o r  
less. 
be l e s s  than compe t i t i ve  w i t h  hydrogen abs t rac t i on  a t  120°C. Small 
amounts o f  acetone were formed ranging from 1.5% f o r  hexyl s u l f i d e  t o  
4.7% fo r  dodeycl t h i o l  a t  60 min. By con t ras t ,  t -butanol  was 75.4% f o r  
h e x y l s u l f i d e  and 76.7% f o r  dodecyl t h i o l  a t  60 min. 
t -butanol  compared t o  acetone d e f i n i t i v e l y  shows t h a t  hydrogen 
abs t rac t i on  was favored over cleavage i n  benzene so lvent  under the  
condi t ions o f  t h i s  study. The increas ing y i e l d  o f  acetone ind i ca ted ,  
however, t h a t  a t  l ong  reac t i on  t imes beta-sc iss ion was a v i a b l e  competing 
process. 

Gaseous products The gaseous products formed inc luded isobuty lene,  
methane and a t r a c e  amount (0.1%) o f  ethane. No f r e e  oxygen was observed 
i n  any o f  t he  runs. As i nd i ca ted  i n  Table 1, isobuty lene was 4.2% 
i n i t i a l l y  and decreased t o  2.7% a t  180 min. Methane increased from 0.8% 
a t  15 min t o  1.6% a t  180 min. For dodecyl t h i o l ,  Table 2, isobuty lene 
was 3.6% i n i t i a l l y  and decreased to 3.0% a t  60 min. Methane increased 
from 0.9% a t  15 min t o  1.4% a t  60 min. 

Isobuty lene probably resu l ted  from the a c i d  cata lyzed dehydrat ion o f  
t -butanol .  The decreasing y i e l d  was no t  s u r p r i s i n g  i n  l i g h t  o f  t he  many 
pathways open t o  a r e a c t i v e  o l e f i n  i n  a r a d i c a l  environment. 

The y i e l d  o f  methane was s i m i l a r  t o  t h a t  o f  acetone. This  was an 
expected r e s u l t  s ince  they both form v i a  beta sc i ss ion  o f  t h e  a lkoxy 
rad i ca l  ( r e a c t i o n  2). The reac t i ve  methyl rad i ca l  e a s i l y  abs t rac ts  
hydrogen t o  y i e l d  methane ra the r  than reac t i ng  w i t h  o the r  r a d i c a l s  
present i n  t h e  system. Th is  accounted f o r  t h e  low y i e l d  o f  methyl 
rad i ca l  de r i ved  products. 

It 
could form from a non- terminat ing reac t i on  of two t - b u t y l  peroxy r a d i c a l s  
and then be consumed immediately by any of  several pathways. 

Hexyl s u l f i d e  products  The cleavage o f  a C-S b jud i n  s u l f i d e s  i s  known 
t o  occur I n  thermal and photochemical react ions.  The most d i r e c t  means 
of generating a s u l f u r  centered r a d i c a l  i s  t he  homolysis o f  a bond t o  
sulfur. However, most simple a l k y l  s u l f i d e s  are the rma l l y  q u i t e  s tab le  
(C-S bond d i s s  i a t i o n  energ ies are ca. 74 kcal /mol )  and q u i t e  un reac t i ve  
toward oxygen." I n  the  presence o f  t - b u t y l  hydroperoxide, the t -butoxy 
rad ica l  generated was found t o  abs t rac t  the hydrogen alpha t o  t h e  
sulfur. Thus f o r  hexyl s u l f i d e ,  observed products were the  t h i y l  rad i ca l  
and hexene. An a l t e r n a t e  pathway would i nvo l ve  the a t tack  o f  an a lkoxy 
by a sH2 mechanism t o  y i e l d  both a t h i y l  r a d i c a l  and hexyl rad i ca l .  That 
these processes were minor pathways can be seen from the  r e s u l t s  i n  Table 
1. Hexane and hexene were present i n  low y i e l d s  a t  a l l  r eac t i on  t imes 
(hexane ca. 0.3% a t  180 min and hexene 0.2%). Combination o f  t h i y l  
rad i ca l s  t o  form t h e  d i s u l f i d e  was a l so  a minor te rm ina t ion  pathway (0.6% 
Y ie ld  a t  180 min). 

I n  the  benzene so lvent  of t h i s  study, beta-sc iss ion was found t o  

The greater  y i e l d  of 

The lack  of measured oxygen does not  mean t h a t  i t  was no t  formed. 
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Table 1 

Hydroperoxide i n  Benzene Solvent a t  120OC. 
Mole % Conversion f o r  t h e  Reaction o f  Hexyl S u l f i d e  w i t h  t - B u t y l  

Conversion (Mole %) 

15 30 60 120 180 
Reaction Time (min.) 

TBHP Productsa 
Acetone 
t-Butanol 
d i - t - b u t y l  peroxidg 

Hexene 
Hexane 
Hexanal 
Hexyl d i  su l  f i d e  

Condensation Productsb 
Hexyl su l fox ide  
Hexyl su l fone 
Hexyl t h i o s u l  f i n a t e  

Gaseous Products 
Methane 
Isobuty lene 

Hexyl s u l f i d e  

Hexyl s u l f i d e  Products 

Unreacted 
TBHP 

Trace ProductsC 

1.0 1.5 
55.5 59.5 
0.5 0.7 

0.1 0.1 
0.1 0.1 
0.2 0.2 
0.3 0.5 

74.8 85.9 
1.2 1.4 
0.1 0.1 

0.8 0.8 
4.2 3.9 

28.9 23.9 

1.5 1.5 2.5 
65.9 69.8 75.4 

0.7 0.7 1.0 

0.1 0.3 0.2 
0.3 0.4 0.3 
0.3 0.2 --- 
0.5 0.5 0.6 

81.6 81.9 80.7 
3.0 3.4 4.0 
0.1 0.1 --- 
1.0 1.4 1.6 
3.6 3.1 2.7 

8.7 3.9 1.8 
22.5 13.9 8.2 3.9 2.9 
6.7 7.8 9.7 10.1 8.1 

a. based on t h e  s t a r t i n g  moles o t  
b. based on t h e  s t a r t i n g  moles o f  hexyl s u l f i d e  
c. summation o f  small peaks 

The observed hexanal can be formed by several reac t i on  pathwa 
Among these are the thermal rearrangement o f  the hexyl s u l f o x i d e / 2 * o r  
more l i k e l y ,  t he  coupl ing o f  a t -bu ty lpe roxy  r a d i c a l  w i t h  a t h i o a c e t a l  
rad ica l .  Based on bond d i s s o c i a t i o n  energy considerat ions alone, t h e  t- 
buty lperoxy rad i ca l  was probabi3 t h e  l e a s t  r e a c t i v e  and most p l e n t i f u l  
rad i ca l  present i n  the system. This  would favor  a te rm ina t ion  s tep  
i n v o l v i n g  t h i s  rad i ca l  over a te rm ina t ion  i n v o l v i n g  t h e  very r e a c t i v e  
alkoxy rad i ca l  which would be expected t o  propagate the  chain. 

The major h igher  molecular weight product observed from the o x i d a t i o n  
o f  hexyl s u l f i d e  by tBHP was hexyl su l fox ide .  I t s  y i e l d  va r ied  from 
74.8% a t  15 min. t o  85.9% a t  30 min., gradual ly  decreasing t o  80.7% a t  
180 min. o f  reaction. Other products included: hexyl su l fone (1.2% a t  15 
min. gradual ly  increas ing t o  4.0% a t  180 min.), hexyl d i s u l f i d e  (0.3 t o  
0.6%) and a t race  amount o f  d i  hexyl t h i  01 su l  f i  nate (0.1%). 
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Table 2 

Mole % Conversion f o r  t he  Reaction o f  Dodecyl Thio l  w i t h  t -Bu ty l  
Hydroperoxide i n  Benzene Solvent a t  12OOC 

Conversion (Mole a )  

15 30 60 

Reaction Time (min.) 

TBRP Products" 
Acetone 4.7 4.4 4.7 
t -Butanol 59.2 65.4 76.7 
d i - t - b u t y l  perox idg 1.6 1.6 1.9 

Oodecyl t h i o l  Products 
Dodecane 0.1 0.3 0.4 
Dodecanal 0.6 0.7 1.1 
Oodecyl s u l f i d e  1.9 1.8 1.4 
Dodecyl d i s u l f i d e  74.4 78.8 74.1 

Condensation Productsb 
Dodecyl s u l f o x i d e  2.3 2.1 2.1 
Dodecyl su l fone  

Gaseous Products 
Methane 
Isobuty lene 

Dodecyl t h i  e l  

Unreacted 
TBHP 

Trace Products 

0.9 1.5 

0.9 1.3 
3.6 3.3 

19.7 12.6 
15.6 7.3 
4.6 6.7 

1.7 

1.4 
3.0 

1.3 
3.4 
9.4 

a. based on the s t a r t i n g  moles of TBHP 
b. based on the s t a r t i n g  moles of dodecyl t h i o l  
c. summation o f  small peaks 

The major product hexyl s u l f o x i d e  could r e s u l t  from a t  l e a s t  two 
mechanisms: a t t a c k  o f  oxyge centered r a d i c a l s  (i.e., a lkoxy)  on s u l f u r  
f o l l owed  by a beta scission;" o r  a l t e r n a t i v e l y ,  the su l fox ide  may a r i s e  
from the  r e a c t i o n  of  t - b u t y l  hydroperoxide w i t h  the hexyl s u l f i d e .  

The r e s u l t i n g  su l fox ide  once formed i s  q u i t e  stable, as can be seen 

The hexyl su l fone y i e l d  i n  the  present work va r ied  from an i n i t i a l  

from the  s l i g h t  l ower ing  o f  t he  y i e l d  a t  extended reac t i on  times. 

1.2% a t  15 min. t o  4.0% a t  180 min o f  react ion.  This very s l i g h t  
increase compared t o  the  y i e l d  o f  hexyl s u l f o x i d e  a t  180 min. (80.7%) 
d e f i n i t i v e l y  i l l u s t r a t e s  the s t a b i l i t y  o f  the a l k y l  su l fox ide  i n  the 
presence o f  tBHP. 



The f u r t h e r  ox ida t i on  o f  a s u l f i d e  o r  a s u l f o x i d e  t o  a su l fone i s  
be l ieved t o  proceed by a mechaniilg s i m i l a r  t o  t h a t  f o r  s u l f o x i d e  
format ion from an a l k y l  su l f i de .  The format ion o f  an a l k y l  su l fone i s  
a f a c i l e  reac t i on  on ly  i n  the  presence o f  a s t rpgg ox idant  o r  when t h e  
reac t i on  i s  cata lyzed by t r a n s i t i o n  metal ions. 

by d imer i za t i on  o f  t he  t h i y l  rad i ca l .  The t h i y l  r a d i c a l  was i n  low 
concentrat ion a t  a l l  r eac t i on  t imes (see hexyl t e rm ina t i on  products i n  
the  Table). 
minor product a t  a l l  r eac t i on  t imes (1% a t  180 min.). The o the r  minor  
observed product forms as a d i r e c t  r e s u l t  o f  the d i s u l f i d e .  The t r a c e  
amounts o f  hexyl t h i o s u l f i n a t e  observed (0.1% a t  a l l  r eac t i on  t imes)  
resu l ted  from the pe rox ida t i on  o f  t he  d i s u l f i d e .  

Dodecyl t h i o l  products. 

~ ~ a : ~ l ~ s t . ~ ~ ~  !:e mechanism o f  t h i o l  ox ida t i on  has been the  subject  o f  
d iscuss ion f o r  many years. Some fgpor ts  support i o n i c  mechanisms w h i l e  
others support r a d i c a l  processes. The r e s u l t s  i n  the  present work, 
Table 2, support a rad i ca l  mechanism. The t -butoxy r a d i c a l  generated 
from t B H P  was found t o  abs t rac t  the t h i o l  hydrogen. 
hydrogen abs t rac t i on  by t h e  t h i y l  r a d i c a l  t o  y i e l d  a t h i o l  i s  on ly  
observed i n  case i n v o l v i n g  very s tab le  t h i y l  r a d i c a l s  w i t h  a c t i v e  
hydrogen donors.’’ Ac tua l l y ,  t h e  problem w i t h  t h i s  hydrogen abs t rac t i on  
i s  no t  t h a t  t he  process i s  slow, but  t h a t  abs t rac t i on  o f  a hydrogen from 
a t h i o l  i s  thermodynamically favorable. Likewise,the t h i y l  rad i ca l  has 
not  been observ$fl t o  undergo a beta sc i ss ion  t o  y i e l d  a th ione  and a 
methyl rad i ca l .  I n  the present work, th iones and t h i o l s  were not  
detected, even i n  t r a c e  amounts, i n  the product mix. 

The observed secondary reac t i on  products dodecane, dodecanal and 
dodecyl s u l f i d e  were present i n  low concentrat ion f o r  a l l  r eac t i on  t ime  
periods. Dodecyl s u l f i d e ,  1.9% a t  15 min decreasing t o  1.4% t o  60 min, 
was probably formed by the  reac t i on  o f  dodecyl t h i o l  w i t h  the  
condensation product dodecyl su l fox ide.  The products o f  such a reac t i on  
would be dodecyl d i s u l f i d e  and dodecyl su l f i de .  Dodecyl s u l f i d e  once 
formed could then undergo o the r  s ide reactions. The observed dodecane 
was the r e s u l t  of such a reac t i on  scheme: an S 2 reac t i on  between the  t- 
butoxy r a d i c a l  and dodecyl s u l f i d e  would r e s u l t H i n  both t h e  dodecyl 
rad i ca l  and a t h i y l  r a d i c a l .  The dodecanal product, 0.6% a t  15 min 
i nc reas ing  t o  1.1% a t  60 min, could r e s u l t  from several mechanisms. 
Among these are the  thermal rearrangement o f  the s u l f o x i d e  o r  t h e  
coupl ing of the t - b u t y l  peroxy rad i ca l  w i t h  a th ioace ta l  rad i ca l .  

o f  dodecyl t h i o l  by tBHP was dodecyl d i s u l f i d e .  Other products inc luded 
dodecyl su l fox ide,  dodecyl su l fone and t r a c e  but  unreported amounts o f  
dodecyl t h i o s u l f i n a t e .  

Dodecyl d i s u l f i d e ,  74.4% a t  15 min i nc reas ing  t o  78.8% a t  30 min and 
then decreasing t o  74.1% a t  60 min, was formed by t h e  d i r e c t  o x i d a t i o n  of 
dodecyl t h i o l  and subsequent d imer i za t i on  of the t h i y l  rad i ca l s .  An 
a l t e r n a t i v e  s ide  reac t i on  f o r  i t s  format ion would be the reac t i on  o f  t he  

The hexyl d i s u l f i d e  product was a consequence o f  a s e l f  a n n i h i l a t i o n  

As a r e s u l t ,  t he  te rm ina t ion  product hexyl d i s u l f i d e  was a 

When t h i o l s  are ox id i zed  by a i r  o r  peroxides, 
i s u  1 es e major product regard less o f  t he  presence o r  absence of  

By con t ras t ,  

The major h igher  molecular weight product observed from the  o x i d a t i o n  
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s t a r t i n g  t h i o l  w i t h  dodecyl su l fox ide  t o  generate a d d i t i o n a l  dodecyl 
d i  su l  f i de .  

probably rF$u l ted  from the  same two pathways mentioned f o r  hexyl 
su l fox ide .  The dodecyl su l fox ide  y i e l d  was n o t  observed t o  increase 
s i g n i f i c a n t l y  due t o  f u r t h e r  ox ida t i on  t o  dodecyl su l fone o r  f o r  example 
i t s  r e a c t i o n  wi th  the s t a r t i n g  t h i o l .  The l a t t e r  reac t i on  would produce 
both dodecyl d i s u l f i d e  and dodecyl s u l f i d e .  

a t  60 min, i n d i c a t e d  the s t a b i l i t y  of a l k y l  su l fox ides  toward f u r t h e r  
o x i d a t i o n  by tBHP i n  the l i q u i d  phase a t  120OC. 

The dodecyl su l fox ide ,  2.3% a t  15 min decreasing t o  2.1% a t  60 min, 

The low y i e l d  o f  dodecyl sulfone, 0.9% a t  15 min increas ing t o  1.7% 
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REACTIONS OF THE THIOPHENOXY RADICAL FROM THE 
THERMAL AND PHOTOLYTIC DECOMPOSITION OF PHENYLOISULFIDE 

M. S. A l n a j j a r  and J. A Franz 

P a c i f i c  Northwest Laboratory 
P. 0. Box 999 

Richland, WA 99352 

INTRODUCTION 
The importance o f  su l fu r - con ta in ing  cons t i t uen ts  or a d d i t i v e s  on the 

thermal degradation o f  coal  has been recognized by  many 
Stock and co-workers la tc  i n  a study o f  t h e  hydrogen atom t r a n s f e r  reac t i ons  

o f  t e t r a 1  in-d12 w i t h  coal, diphenylmethane, and o t h e r  coal model-compounds 
have shown t h a t  sources o f  t h i y l  r a d i c a l s  such as benzy lphenylsu l f ide 
s i g n i f i c a n t l y  accelerate t h e  r a t e  o f  hydrogen s h u t t l i n g  between benzy l i c  

p o s i t i o n s  o f  model s t ructures.  Studies o f  deuterium exchange between 
deuterated donors and coals2a suggest t h a t  a h ighe r  s u l f u r  content  . i s  
c o r r e l a t e d  w i t h  a more r a p i d  exchange o f  benzy l i c  hydrogen w i t h  t h e  deuterated 
donor. A c t i v a t i o n  b a r r i e r s  f o r  abs t rac t i on  o f  hydrogen atoms from t h i o l s  

(kl) a re  less than a few kcal/mole, w i t h  the r e s u l t  t h a t  t he  reverse reac t i on ,  
abs t rac t i on  from hydrocarbons by t h i y l  r a d i c a l  (k-l) i s  ve ry  rap id ,  be ing 

l i m i t e d  o n l y  by  A H o  of t he  react ion.  
phenyl I n  (eqn. 1) l o g  (k l /M -1 s -1 )=(8.27f.07):(3.79+.12)/8, 0=2.3RT kcal/mole. 2b 

For AHo -6.5 kcal/mole,2c l o g  (k-l/M-ls-l) (8.55.5)-(10+2)/0. 
l i q u e f a c t i o n  temperatures (45OoC) ,  kl i s  about 107M-'s-' and kml i s  3 x 1 0 ~  
M-ls-l , r e s u l t i n g  i n  very r a p i d  e q u i l i b r a t i o n  o f  hydrogen between b e n z y l i c  

s i t es .  Rapid, r e v e r s i b l e  abs t rac t i on  reac t i ons  o f  su l fur -centered r a d i c a l s  are 

we l l  d o ~ u m e n t e d . ~ - ~  Hydrogen s u l f i d e ,  p y r i t e ,  elemental s u l f u r ,  and organic  
d i s u l f i d e s  have been suggested t o  p l a y  s i g n i f i c a n t  r o l e s  i n  promoting the 
l i q u e f a c t i o n  o f  var ious 
dehydrogenation o f  hydroaromatic hydrocarbons f a c i l i t a t e d  by su l fur -centered 
r a d i c a l s  i n  reac t i ons  w i t h  s u l f u r  and d i s u l f i d e s  have been ex tens i ve l y  
s t u d i  ed . I3-l5 

F o r  example, f o r  R = benzyl and R '  = 

Thus, a t  coal  

Displacement o f  aromatic s u b s t i t u e n t s  and 



The rapid, reversible reactions of addition of sulfur-centered radicals 
t o  aromatic rings and readily reversible abstraction reactions (eqn.1) dominate 
mechanisms of structural  evolution during liquefaction, by virtue of the weak 
S-S bond strengths of disulfides ( 54 kcal/mol fo r  PhSSPh)16 which assure that 

PhSSPh ZPhS. 

the sulfur-centered radicals a re  present in significant concentrations 
throughout the  coal liquefaction process for  any sulfur-containing coal. 
Although i t  i s  well known that sulfur-sulfur bonds in alkyl and aryl disulfides 
and sulfides readi ly  undergo photolytic o r  thermal homolysis, and many 
s t u d i e ~ ' ~ - ~ ~  have been devoted to  the reactions of thiyl  radicals with organic 
substrates,  mechanistic aspects of the incorporation of sulfur into aromatic 
structure are perhaps l e s s  well developed, and detailed pathways of carbon- 
carbon and carbon-sulfur bond cleavage and formation reactions in the context 
of the thermal evolution of coal structure during liquefaction are lacking. 

Thus,  we present preliminary results of high-temperature reactions of 
phenyldisulfide and benzylphenyl sulfide with organic substrates 
(g,lO-dihydroanthracene, diphenylmethane, bibenzyl , sti lbene, and 
diphenylacetylene) which demonstrate mechanisms f o r  the enhanced cleavage of 
s p  -sp , s p  -sp , and sp -sp 
ser ies  of addition-elimination, abstraction and rearrangement reactions 1 eading 
t o  a se r ies  of thiophenes and related structures.  

2 2  2 3  3 3  bonds mediated by thiophenoxy radical,  and a 

EXPERIMENTAL 

General. 
systems. 
instrument equipped with a 25-m, 0.32-mm i .d .  J&W Scient i f ic  DB-5 capillary 
column. GC-mass spectrometry was performed with HP-5970 or HP-5992 systems. 
Products were identified by gc coinjection and comparison of mass spectra of 
authentic standards. 

NMR spectra were obtained with Varian FT-80 or Bruker AM-300 
Gas chromatography was performed with a Hewlett-Packard HP5890A 

W r a l  Procedure f o r  The-. 
mole  of phenyldisulfide or benzylphenylsulfide and an appropriate amount of 

In a typical reaction 0.05-0.10 

2aa 



the desired additive were mixed in quartz tubes, freeze-thaw degassed, and 
sealed. 
min., cooled to room temp, opened under nitrogen, and transferred to a degassed 
methylene chloride solution containing naphthalene as an internal gc standard. 

The tubes were heated in a fluidized sand bath at 400+5°C for 30 

Thermolvsis of Model C o w d s  in the Presence of P h w u l f i d e  or 
Benzvlohenvlsulfit. Thermal decomposition of neat PhSSPh at 4OO0C produced 
the following products; thiophenol (I), diphenylsulfide (2), and thianthrene 
(2 ) .  Decomposition of neat benzylphenylsulfide produced the following 
products: toluene (4), 1, diphenylmethane (5), bibenzyl (C), 2, phenyldi- 
sulfide (Z), 2,  2-phenylbenzothiophene (4), triphenylmethane (e) and 
tetraphenylethylene (U). 
below, followed by major products in parentheses: 
(1, 2, and anthracene); PhSSPh + diphenylmethane (1, 2, 4, 9 and U); PhSSPh f 
bibenzyl (1, 2, 4, trans-stilbene (U), 8,  2,3-diphenylbenzothiophene (z), and 
1,2,3,4-tetraphenylthiophene (U)); PhSSPh + trans-stilbene (1, 2, 4, 5, 8,  12, 
and U); and PhSSPh + diphenylacetylene (1, 2, 4, H, 12, and U). The products 
listed accounted for typically 80% or more based on unrecovered starting 
materia:, with individual products varying from 5-10% to as high as 50%. 

. .  

The reactions of PhSSPh with additives are presented 
PhSSPh + dihydroanthracene 

Preparation of 2.3-D-. 
diphenylacetylene (0.50 mmol) were placed in a quartz tube, freeze-thaw 
degassed, and heated at 40O0C for 30 min. 
to hexane/ether solutjon (97/3 (v/v)) followed by flash liquid chromatography 
through a short silica column. Several fractions were taken f o r  GC analysis. 
The fraction containing most of the product was concentrated. 
recrystallized from hexane to give 30% yield of 2,3-diphenylbenzothio- 
phene:m.p. 114-115OC (lit.22 113-114). 
7.59 (m, lH), 7.32 (m, 9H), 7.21 (m, 3H); 75 MHz I3C NMR (CDC13), 140.87, 
139.53, 138.84, 135.51, 134.22, 133.22, 130.42, 129.59, 128.62, 128.32, 127.67, 
127.35, 124.50, 124.41, 123.33, 122.04; GC-MS, m/e (relative intensity) 287 
(18, M+ + l), 286 (100, M'), 285 (33), 284 (30), 282 (lo), 271 (12), 252 (lo), 

Phenyldisulfide (0.50 mol) and 

The reaction mixture was transferred 

The residue was 

300 MHz 'H NMR (CDC13), 7.85 (m, lH), 

44 (19). 
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Results and D iscuss ion  
Py ro l ys i s  o f  neat benzy lphenylsu l f ide produced toluene, th iophenol ,  

Ph2CH2, Ph2S2, Ph3CH, PhpS, 2-phenylbenzothiophene and 2,3-diphenylbenzothio- 

phene. Wi th a c e n t r a l  bond s t reng th  o f  =52+2 kcal/rnole,16 benzy lphenylsu l f ide 
w i l l  e x h i b i t  a unirnolecular h a l f - l i f e  o f  about 5 seconds a t  40OoC. 

elementary f r e e  r a d i c a l  react ions i n  eqns. 2-14 show the o r i g i n  o f  abs t rac t i on  
(PhCH3, PhSH) rearrangement (Ph3CH, Ph2CH2), and te r rn ina t i on /ox ida t i on  
(Ph2C=CPh2, PhCH=CHPh) products. 

The 

PhCH2-SPh PhCH2. + PhS. (2) 

2PhCHZ. -PhCHZCHzPh (3) 

2PhS- .=’ PhSSPh (4) 

A 

6 

7 - 
A + PhS. --+ PhSH + PhCHSPh ( 5 4  

+ PhCH2- + PhCH3 + B (5b) 

E 

E -o-k Ph2CHS- % [PH2CHSR] -+ PhZCH---+Ph$H* (6) 
c 5 

,-PP h2FS P h (7)  

Ph2CH. 

e Ph2CHCHPh2 
E 

R + PhS- + Ph2kPh + PhSH 
F 

R .  e Ph3CS. 4 [Ph3C-SR] + Ph3C.t .SR --+ Ph j C H  
P 

E t 2 PhS*-- - -+ PhzC=CPh2 + 2PhSH 
111 

d + ZPhS- _+ PhCH=CHPh + ZPhSH 
ll 

ll + PhS - -+ PhCHCH(Ph) SPh 
s 

G + A or PhSH * PhCHzCH(Ph)SPh 
H 
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As noted, radical forming reactions for the weak C-S bonds (eqn. 2) are 
very rapid at 4OO0C resulting i n  the facile equilibria of eqns. 2 and 4 .  

and Ph2CH2 both must occur ris. 1,Z-aryl migration of phenyl from sulfur to 
carbon (equations 6,10), since an alternate mechanism o f  ipso displacement by 
benzyl radical on benzylphenylsulfide has been rendered unlikely based on other 
model studies.15r23 
radical oxidation o f  the parent hydrocarbons Ph2CHCHPh2 and PhCH2CH2Ph. 

The formation of 2,3-diphenylbenzothiophene is a straightforward conse- 
quence of the formation of stilbene. Rapid, reversible addition of PhS- to 
stilbene followed by cyclization and oxidation provides the observed product 
as shown in Scheme I .  

PhjCH 

Tetraphenylethylene (N) and stilbene (U) result from 

s&!lLL 

P h C H  q H P h  
I 

(5 G 

F’h’Ph 

I 

t 3PhS. W P h  + 3PhSH 

P h  
1 9  

The formation of ‘2-phenylbenzothiophene must involve a displacement by 
the thiophenoxy radical on H as depicted in Scheme 11. 

Scheme I 1  

PhCHZCH(Ph)SPh + Ph9+ p h c H ~ c H p h s ~ + P h S P h  + PhCH2CHPh 
I 

.S 
H Phs - 

K 8 
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Oxidat ion of t h e  i n te rmed ia te  hydrocarbons and r a d i c a l s  separat ing K and & 
w i l l  occur  i n  s t r a i g h t f o r w a r d  fashion. 
s i g n i f i c a n t  p roduc t  accompanying the format ion o f  8. 
I and I1  were supported b y  products  from reac t i ons  o f  s t i l b e n e  and b ibenzy l  

w i t h  PhSSPh a t  40OoC. 
add l t i on ,  the r e a c t i o n  o f  s t i l b e n e  and PhSSPh produced 1,2,3,4-tetraphenylthio- 
phene (U). 
n. Displacement o f  a phenyl r a d i c a l  by t h e  benzy l i c  r a d i c a l  may proceed 

The by-product Ph2S was detected as a 
The mechanisms o f  Schemes 

Both reagents gave subs tan t i a l  y i e l d s  o f  12. I n  

Scheme I11 d e p i c t s  a p l a u s i b l e  rou te  f o r  t he  format ion o f  

s G h I ! L u  

PhCH-CHPh + PhS. ---+ Ph(HCH(Ph)SPh 
ll si 

G + U __+ PhCH-CPhHCPhHCH(Ph)SPh 
L 

ria the hyperva len t  9-5-3 in termediate M l y i n g  i n  a shallow we l l  o f  perhaps 3 
k ~ a l / m o l e , * ~  o r  i t  may be merely a t r a n s i t i o n  s ta te .  
displacement (a l thougt i  f e a s i b l e  a t  40OoC) o f  the phenyl r a d i c a l  would be 
s u b s t a n t i a l l y  endothermic, an a l t e r n a t e  mechanism (Scheme I V )  seems more 
l i k e l y .  

However, s ince 

s!dmLu 
PhCH-CPhCHPhCHPhSPh 

c( 

-H. ~ L 

c( + PhS . __+ PhSPh + PhCH=CPhCHPhCHPh 
I 

0 .s 
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The displacement reac t i on  of PhS. w i t h  1 w i l l  be r a p i d  a t  these tempe.ra- 
t u res  (c f .  t he  pho to l ys i s  of Ph2S2 a t  25OC e f f i c i e n t l y  produces PhzS as the  
major product ) ,  p r o v i d i n g  an unambiguous rou te  t o  U. 
pheny ld i su l f i de  prov ides th ianthrene and pheny lsu l f i de ,  the former product  by a 
te rm ina t ion  pathway (eqns. 15,16), 

The thermolys is  o f  neat 

e 

and the l a t t e r  v i a  d i r e c t  displacement (eqn.16a). 

The reac t i on  o f  d iphenylacety lene and Ph2S2 produced 2,3-diphenylbenzothiophene 
i n  s y n t h e t i c a l l y  usefu l  y i e l d s ,  along w i t h  U. Product ion o f  
2,3-diphenylbenzothiophene (12) occurs i n  s t r a i g h t f o r w a r d  fashion (eqn. 17) .  

__* gH --* 12 (17) 
PhS, 

PhS. + PhCXPh d 
ph/'=\ph 

Ph Ph 
The formation o f  U i s  d i f f i c u l t  t o  exp la in  w i thou t  proposing displacement by 
an in termediate v i n y l i c  r a d i c a l  a t  s u l f u r  (eqn. 18). The displacement o f  

Ph, /Ph 

PhS 'c=c. PhS. t 2 PhCzCPh --+ ,C=c ,Ph + ph. (18) 
P h' 

phenyl rad i ca l  would be n e a r l y  thermoneutral i n  t h i s  case, and the 9-S-3 
in termediate ( o r  t r a n s i t i o n  s ta te )  i s  q u i t e  p l a u s i b l e .  

reac t i ons  o f  s t i l b e n e  and b ibenzy l .  The in termediacy o f  i s  suggested. 
F i n a l l y ,  we note t h a t  s i g n i f i c a n t  y i e l d s  o f  to luene were produced i n  

293 



5 5 t 2  kcal/mole < 
PhCHpffHPh 

H SPh - 
The thermal C-C cleavage i n  
rap id  s ince  the  est imated bond d i s s o c i a t i o n  energy i s  comparable t o  t h a t  o f  

PhSSPh ( 55+2 k c a l h o l ) .  
react ions w i l l  have been t o  s u b s t a n t i a l l y  enhance the cleavage o f  sp -sp 
sp3-sp3 bonds i n  these otherwise r e f r a c t o r y  systems. 

t o  produce PhCH2. and species 8 i s  expected t o  be 

The net  e f f e c t  o f  the thiophenoxy r a d i c a l  i n  these 
2 2  and 

The d i s u l f i d e e t h i o p h e n o x y  r a d i c a l  equ i l i b r i um,  which models an 

impor tant  f a m i l y  o f  e q u i l i b r a t i n g  su l fu r - cen te r  r a d i c a l s  present  dur ing 
l i q u e f a c t i o n  o f  su l fu r - con ta in ing  coals, prov ides f a c i l e  mechanisms f o r  rap id  
hydrogen t r a n s f e r ,  displacement and condensation reac t i ons  l ead ing  t o  enhanced 
cleavage o f  a r a l k y l  s t r u c t u r e  on the  one hand, and ret rograde format ion o f  
n e a r l y  i n e r t  thiophene s t r u c t u r e s  on t h e  o the r  hand. Fu r the r  work i s  underway 
i n  th.is l a b o r a t o r y  t o  determine the  k i n e t i c s  o f  l , 2 - a r y l  m ig ra t i ons  o f  phenyl 
from s u l f u r  t o  carbon and t o  d e t e c t  t he  in termediacy ( i f  any), o f  9-5-3 s u l f u r -  

centered r a d i c a l s  i nvo l ved  i n  r a d i c a l  displacement reac t i ons  a t  s u l f u r .  
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COAL LIQUEFACTION IN A FLJJOROCARBON MEDIUM. 11. 
KINETICS OF THE 1,2,3,4-TETRAHYDROQUINOLINE REACTION 

Myron Kaufman, W. C. L. Jamison, S. Gandhi and Dennis Liotta 

Department of Chemistry, Emory University, Atlanta, Georgia 30322 

Introduction 

Many coal liquefaction experiments involve heating coal in a medium which 
both reacts with the coal and simultaneously dissolves released coal fragments. 
One problem of this approach is that it is difficult to differentiate between 
physical interactions which result in solvent power and chemical reactions which 
disrupt the coal macromolecular network. A secondary problem of such experi- 
ments is that accurate measurements of coal conversion require considerable care 
in collecting all deposits adhering to the reactor walls. 

We have reported that coal processed in a perfluorinated liquid medium with 
small amounts of additives does not dissolve, but in at least one case. that of 
1,2,3,4-tetfahydroquinoline (THQ), the processed coal has considerably enhanced 
solubility. This increased solubility is attributed to a low temperature 
(20O-25O0C) reaction between THQ and coal. 
these experiments, coal conversion can be measured by extraction of a fraction 
of the processed coal, without need for complete recovery of material from the 
reactor. 
understand the mechanism of this interesting coal transformation. 

Since coal is recovered intact in 

In the present work, we present kinetic data in order to better 

Experimental 

These experiments were performed in FC-70 (3M Corp.). a mixture of 
perfluorinated tertiary aliphatic amines, with average molecular weight of 820 
(primarily five-carbon chains), having a boiling point of 215OC. 
solubility for gases such as H2, but very low room temperature solubility for 
both polar and nonpolar organic molecules. However, at temperatures greater 
than 200°C, the solubility of THQ in FC-70 exceeds the concentrations employed 
in the present studies. (FC-70 is not recommended for coal liquefaction 
experiments at T > 35OoC, since at these temperatures the perfluorinated liquid 
decomposes and polymerizes.) Experiments were performed on three very different 
coals with carbon contents ranging from 74-84% (MAF). 
coals. as suggested by the Pennsylvania State University Coal Bank, are given in 
Table 1. In the present work, representative samples of these coals, as 
obtained from the Coal Bank, are employed without preliminary grinding, washing 
or sieving. Reactions are carried out in stainless steel tubing bombs (15 cm x 
1.3  cm 0.d.). Typically the reactor contains 0.5 g of coal. 0.1 g of THQ and 12 
g of FC-70. After sweeping out dissolved air, the reactor is pressurized with 8 
MPa of H 
fluidize2 sand bath while being agitated at 300 cpm. 
compared on the basis of their pyridine solubility. 

FC-70 has high 

Properties of these 

and sealed with a high-pressure valve. The bombs are heated in a 
Processed coals are 
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Table 1 .  Coal Properties 

1104 PSOC Designation 

Moisture ( X )  1.95 

- 
Ash (% on dry basis) 3.43 
Volatile Matter (% MAF) 43.83 
C ( X  MAF) 84.47 
H ( X  MAF) 5.66 
N ( X  MAF) 1.46 
S ( X  MAF) 1.86 
0 (by difference) 6.48 

247 

30.36 
11.29 
46.22 
74.44 
4.93 
1.49 
0.53 
18.61 

- 1098 

4.19 
15.86 
41.78 
80.20 
5.13 
1.45 
4.73 
7.89 

- 

1104 - HVA bituminous coal from Elkhorn #3 Seam 
247 - North Dakota lignite A from Noonan Seam 
1098 - Illinois 16 coal 
After an 8-12 hour Soxhlet extraction with acetone, the processed coals 

contain only 3-4% retained THQ (from nitrogen analysis). 
acetone extract indicates that very little of the coal is removed in this step. 
Pyridine extraction was for a miniumum of 8 hours in a micro-Soxhlet apparatus. 
followed by two-hour extractions with benzene and a e one, a procedure found 
necessary to remove adhered pyridine from the coal.'-' All weighing8 were done 
after an 8-hour vacuum drying at llO°C followed by equilibration with CaS04 in a 
dessicator. 

Results 

The light color of the 

Coal heated at 25OoC in FC-70 with low concentrations of THQ visually 
appears the same as untreated coal. After the coal particles settle, the FC-70 
is transparent and uncolored. It is found, however, that the pyridine solu- 
bility of treated coal is increased substantially over its original value. 
shown in Figure 1 ,  the conversions of the three very different coals all 
asymptotically approach 33-3532 in long (18 hour) runs, with no evidence of 
char formation, as indicated by decreased conversion at long time. 
solubilities of the unprocessed coals are included as the t=O points on these 
curves. To within the scatter of the dats. the plots of log (C(-)) - C(t)) vs 
time, shown in Figure 2. are straight lines. in agreement with first-order 
approach to the ultimate conversions obtainable in these experiments. The 
least-squares slopes and correlation coefficiepts of these lines are: -.62hr-l. 
-.98 (1104). -.77hr-l, -.99 (247). and -.57hr 
reasonably close. However, the lignitic coal (247) has very low unprocessed 
solubility. and undergoes a rapid initial increase in conversion to a value 
similar to those of the other two coals. If the unprocessed conversion of PSOC 
247 coal is not included in the least-squares analysis. the slope of its 
approach to ultimate solubilicy is even closer (-.70hrm1, -.999) to the slopes 
for the other two coals. 

As 

The pyridine 

, -.95 (1098). These slopes are 

Discussion 

Most coal liquefaction studies emphasize variations in behavior between 
different coals. 
which three very different coals approach almost identical ultimate conversions 

In this work we have demonstrated a mode of processing in 
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at similar rates. 
is 30% of their mean value. However, if the unprocessed value (t = 0) is  not 
included in calculating the rate forlthe lignitic coal ( P S O C - 2 4 7 ) .  the range is 
only 2 0 % .  that it is relatively easy to induce small 
increases in the conversion of P S O C - 2 4 7 ,  perhaps because it is initially only 4 %  
soluble in pyridine. 
P S O C - 2 4 7  increased 8% when quinoline rather than THQ is used in our experiment. 
Thus, it is likely that after an initial very rapid increase in conversion of 
P S O C - 2 4 7 .  its approach to ultimate solubility is at a rate very close to that of 
the higher rank coals. These kinetics appear to be representative of a chemical 
reaction rather than of mass transport, since there is very little change in the 
rate of coal conversion when a fine sieved fraction of the coals is processed. 
(PSOC-1104. 100-200 y particles, compared to the as-received coal, which has > 
50% of its mass In particles larger than 400 u.) 

The range of first-order rate constants for the three coals 

We have previously noted, 

For example, unlike a bituminous coal, the conversion of 

There are a number of reasons for preferring a mechanism for these 
observations that is based on breaking chemical bonds in the coal macromolecular 
network, rather than one based on physical effects, such as swelling due to 
relaxation f h drogen bonds. First, physical effects are generally 
reversible.' an: we measure coal conversion after a1most all the THQ is removed 
by 12-hour acetone extraction and the acetone is removed by drying at l l O ° C ,  s 
procedure which should allow reformation of hydrogen bonds. 
shorter acetone washes are employe?, leaving s. twice as much THQ on the coal, 
very similar results are obtained, 
would be anticipated with more adsorbed THQ. Third, using the strong bases 
triethylamine and ethylenediamine in place of THQ produces less than 5% increase 
in conversion (bituminous coals for 4% hours). 
particularly good low-temperature solvent for coal,5sg and would be expected to 
be effective in a purely physical mechanism. 
evaporated acetone wash show considerable Conversion of THQ to quinoline in 
these exgeriments. 
reduced. Although probably gnly a small fraction of the hydrogen transferred 
from THQ breaks bonds in the coal macromolecule, observation of TAQ conversion 
is consistent with the chemical reaction mechanism. 
strong argument for a low temperature reaction between THQ and the 
macromolecular network of a variety of coals and offer an explanation for the 
unique efficacy of THQ as a coal liquefaction medium. 

Second, when 

whereas additional hydrogen-bond rupture 

Eth 1 nediamine is a 

Last, NMR spectra of the 

Without H for reformation of THQ, conversions are somewhat 

These four points provide a 

Although dehydrogenation of THQ is observed in this work, tetralin, another 
potent hydrogen donor, does not increase coal solubility in similar experiments. 
Thus, neither basicity nor hydrogen donor ability alone is sufficient for the 
liquefaction reaction, and it appears that the proximity of a lone pair of 
electrons to a labile hydrogen is necessary. 
diphenyl diylfide. which are related to weak bonds in proposed coal 
structures, and react with THQ at 2 S O O C .  It is not yet known, however, which 
of these reactions satisfy the other criteria (kinetics, selectivity against 
tetralin. etc.) necessary to explain the results of our experiments. 
Experiments are continuing to further explore the parameters of this process and 
to find a mechanism to describe it. 

There are model compounds. such as 
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LIQUEFACTION CO-PROCESSING 
OF COAL AND SHALE OIL 

R.  L. M i l l e r  

Chemi ca 1 Engineering Department 
U n i v e r s i t y  of Wyoming 

Laramie, Wyoming 82071 

ABSTRACT 

Results are repor ted f o r  a se r ies  o f  experiments i n  which Wyodak subbituminous coal 
and shale o i l  der ived from medium grade Colorado shale were co-processed a t  t y p i c a l  
Coal l i q u e f a c t i o n  reac t i on  condi t ions.  D i s t i l l a t e  y i e l d s  i n  excess o f  60 w t %  MAF 
coal w i t h  corresponding hydrogen consumption values o f  l ess  than 2.8 w t %  MAF coal 
were obtained i n  a once-through process con f igu ra t i on .  Encouraging r e s u l t s  were 
a l s o  obtained from low s e v e r i t y  experiments us ing  CO/H20 r a t h e r  than H2 as reducing 
agent. Prehydrotreatment of t he  shale o i l ,  feed coal r e a c t i v i t y ,  and use o f  a 
disposable c a t a l y s t  were shown t o  a f f e c t  process performance. 

INTRODUCTION 

A number o f  s tud ies have been repor ted i n  which coal and non-coal-derived heavy 
so lvents  were simultaneously converted t o  more va luable d i s t i l l a b l e  l i q u i d  products 
(1 - 6). T h i s  type o f  once-through process, known as co-processing o r  l i q u e f a c t i o n  
co-processing, has several p o t e n t i a l  advantages over conventional d i r e c t  1 iquefac-  
t i o n :  

Recycle so lvent  requirements are reduced o r  e l im ina ted  r e s u l t i n g  i n  lower 

Ex i s t i ng  petroleum r e f i n e r y  capaci ty  can be u t i l i z e d  w i t h  minimal process 

However, 1 i que fac t i on  co-processing does s u f f e r  from a number o f  t e c h n i c a l  problems 
which must be solved before commercial development can proceed. Most non-coal- 
de r i ved  heavy o i l s  de r i ved  f rom petroleum, o i l  shale, or t a r  sands are l ess  a ro -  
mat ic  than coal-derived l i q u i d s ,  and, n o t  s u r p r i s i n g l y ,  have been shown t o  be 
r a t h e r  poor coal d i s s o l u t i o n  solvents. Typ ica l l y ,  very  severe thermal reac t i on  
cond i t i ons  and/or use of expensive heterogeneous c a t a l y s t s  are u t i l i z e d  dur ing 
co-processing t o  ob ta in  s u f f i c i e n t l y  h igh l e v e l s  o f  coal conversion. Th is  general- 
l y  r e s u l t s  i n  excessive hydrogen consumption and crack ing o f  d i s t i l l a b l e  l i q u i d s  t o  
gases. 

An a l t e r n a t e  approach t o  the  problem o f  i nc reas ing  coal d i s s o l u t i o n  has been 
employed i n  the present study. Results o f  exp lo ra to ry  l i q u e f a c t i o n  co-processing 
experiments demonstrated t h a t  se lected non-coal-derived heavy o i l s ,  each w i t h  a 
n i t rogen  content i n  excess o f  about 1.2 w t % ,  cou ld  be used t o  d i s s o l v e  Wyodak 
subbituminous coal a t  t y p i c a l  coal l i q u e f a c t i o n  reac t i on  cond i t i ons  (7 ) .  Th i s  
e f fec t  was n o t  su rp r i s ing ,  s ince qu ino l i ne - t ype  n i t rogen  compounds such as te t rahy -  
d roqu ino l i ne  (THQ) have been shown t o  g r e a t l y  enhance coal d i s s o l u t i o n  i n  model 
compound stud ies ( 8  - 10). Based on encouraging r e s u l t s  from the  exp lo ra to ry  
screening runs, add i t i ona l  co-processing s tud ies  us ing  promising coal lheavy o i l  
combinations were undertaken. 

The ob jec t i ve  o f  t h i s  paper is t o  r e p o r t  y i e l d  and conversion r e s u l t s  f rom l i q u e -  
f a c t i o n  co-processing experiments us ing  Slyodak subbituminous coal and shale o i l  

Two low grade feeds are converted t o  h igher  q u a l i t y  l i q u i d  products. 

c a p i t a l  investment and opera t i ng  costs. 

modi f icat ion.  
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derived from medium grade Colorado shale. Runs designed t o  demonstrate the effects  
of feed coal r e a c t i v i t y ,  mild hydrotreatment of feed shale oil pr ior  t o  co-process- 
ing, and use of hydrogen or  carbon monoxide/water as feed gas were included in t h i s  
study. 

EXPERIMENTAL PROCEDURE 

Wyodak subbituminous coal samples Wyo-1 and Wyo-3 were used as feed coals in the 
liquefaction co-processing experiments. Ultimate analyses f o r  these samples are  
presented in Table I .  Sampling and preparation de ta i l s  of the coals have been 
reported elsewhere (11, 1 2 ) .  Previous react ivi ty  studies performed on four Wyodak 
subbituminous coals including Wyo-1 and Wyo-3 indicated t h a t  wyo-3 coal was an 
extremely reactive coal a t  representative direct  liquefaction reaction conditions 
(11, 1 3 ) .  The high degree of react ivi ty  was primarily a t t r ibuted t o  the high 
organic su l fur  and react ive maceral ( v i t r i n i t e  and  exini te)  contents of Wyo-3 coal. 
Wyo-1 coal was found t o  be much less  reactive a t  liquefaction reaction conditions. 
Coal samples were dried t o  less  t h a n  1.0 w t %  moisture content before use i n  the 
liquefaction co-processing experiments. 

Two shale oil samples were used in the liquefaction co-processing runs. Solvent 
A-5 was a f u l l  boiling range sample of shale o i l  obtained from the Western Research 
Ins t i tu te  (formerly the  Laramie Energy Technology Center of the Department of 
Energy). This sample was produced from thermal re tor t ing of medium grade ( 2 9  
gal/ton) Colorado o i l  shale. Solvent A-6 was prepared by mildly hydrotreating a 
portion of sample A-5 i n  a two l i t e r  batch Autoclave Magnedrive I1 reactor a t  650°F 
f o r  one hour with a n  i n i t i a l  cold hydrogen pressure of 2000 psig. Nalcomo 477 
cobalt molybdate ca ta lys t  was used t o  hydrotreat the shale o i l .  Catalyst samples 
were thermactivated a t  1000°F f o r  two hours in a muffle furnace prior t o  use. 
Approximately 0.6 w t %  hydrogen was consumed by the shale o i l  during hydrotreating. 
Properties of shale o i l  samples A-5 and A-6 are presented i n  Table 11. Approxi- 
mately 50 w t %  of the nitrogen in these samples existed in quinoline-type or hydro- 
quinol ine-type molecular s t ructures .  

Iron oxide provided by the Kerr-McGee Corporation and carbon disulf ide were used as 
disposable catalysts  i n  some co-processing runs using hydrogen as feed gas.  Each 
of these materials was added t o  the reaction mixture in a n  amount equal t o  5 w t %  of 
the  dry feed coal. Iron su l fa te  (5 w t %  MF feed coal) was used as catalyst in 
selected CO/H20 experiments. 

The liquefaction co-processing experiments were carried out in a 60 cm3 st i r red 
microautoclave reactor  system designed and constructed a t  the University of Wyo- 
m i n g .  The reactor was s imilar  t o  larger  Autoclave batch reactors except t h a t  
heating was accomplished w i t h  a n  external high temperature furnace. A t  the end of 
each run, the reactor and i t s  contents were quenched with an icewater batch. This 
reactor system provided the benefits of small tubing bomb reactors [quick heatup 
( - 2  min. from room temperature t o  8 5 O O F )  and cooldown (-30 sec. back t o  room 
temperature)], while a t  the same time insuring suf f ic ien t  mechanical agitation of 
the  reactants with a n  Autoclave Magnedrive I1  s t i r r i n g  assembly t o  minimize hydro- 
gen mass t ransfer  e f fec ts .  The system was also designed so t h a t  the reactor 
pressure was very nearly constant t h r o u g h o u t  an experiment. Two iron-constantan 
thermocouples attached t o  a Fluke 2175A dig i ta l  thermometer were used for  tempera- 
tu re  measurements. One thermocouple measured the temperature of the reactor 
contents, while the other  measured the temperature of the reactor wall. Reactor 
pressure was monitored using a 0 - 5000 psi Marsh pressure gauge. 

A majority o f  the liquefaction co-processing runs were completed a t  representative 
coal liquefaction reaction conditions: 825°F reaction temperature, 2000 psi9 
i n i t i a l  cold hydrogen pressure, and 30 or 60 minutes reaction time. Some prelimi- 
nary experiments were also completed a t  more mild reaction conditions using carbon 
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monoxide and water r a t h e r  than hydrogen as the reducing agent. I n  these runs, 
hydrogen was produced from CO and h 0  v i a  the water gas s h i f t  reac t i on .  The CO/H20 
runs were completed a t  600°F reac t i on  temperature, 1500 p s i g  i n i t i a l  c o l d  carbon 
monoxide pressure, and 30 minutes reac t i on  t ime. D i s t i l l e d  water  i n  an amount 
equal t o  50 w t %  o f  t he  d r y  feed coal was added t o  runs us ing  a carbon monoxide 
atmosphere. 

Gaseous products were analyzed us ing gas chromatography. Water and d i s t i l l a t e  
y i e l d s  were measured by d i s t i l l i n g  po r t i ons  o f  t he  combined l i q u i d - s o l i d  product 
m ix tu re  t o  an 850OF endpoint i n  a m i c r o d i s t i l l a t i o n  apparatus. Add i t i ona l  po r t i ons  
of the l i q u i d - s o l i d  product  m ix tu re  were ex t rac ted  i n  a Soxhlet  e x t r a c t i o n  appara- 
t u s  us ing cyclohexane, to luene,  and py r id ine .  D e t a i l s  of the experimental proce- 
dures used i n  t h i s  work have been repor ted (7) .  

RESULTS AN0 DISCUSSION 

Using data co l l ec ted  w i t h  the a n a l y t i c a l  procedures described, d e t a i l e d  y i e l d  and 
conversion r e s u l t s  were computed f o r  each l i q u e f a c t i o n  co-processing run. D e t a i l s  
of the computational methods used i n  t h i s  study have been descr ibed p rev ious l y  (7 ) .  
For  purposes o f  the present  d iscuss ion,  process performance w i l l  be monitored us ing  
t h e  f o l l o w i n g  three parameters: C4-850°F d i s t i l l a t e  y i e l d  (wt% MAF coal  bas is) ,  
hydrogen u t i l i z a t i o n  e f f i c i e n c y ,  and p y r i d i n e  conversion ( w t %  MAF bas is ) .  Hydrogen 
u t i l i z a t i o n  e f f i c i e n c y  i s  def ined as the mass o f  C 850°F d i s t i l l a t e  produced per  
u n i t  mass o f  hydrogen consumed. The va lue o f  t$:s parameter prov ides a good 
i n d i c a t i o n  o f  t he  o v e r a l l  e f f i c i e n c y  o f  hydrogen consumed i n  the co-processing 
experiments. Pyr id ine conversion i s  def ined as a measure o f  t he  ex ten t  o f  conver- 
s i o n  o f  a l l  feeds (coal  and non-coal-derived heavy o i l )  t o  p y r i d i n e  so lub le  pro- 
ducts. However, s ince both A-5 and A-6 shale o i l  samples were complete ly  so lub le  
i n  py r id ine .  the p y r i d i n e  conversion values repo r ted  i n  t h i s  paper a r e  d i r e c t  
measures o f  the ex ten t  o f  coal conversion i n  the co-processing runs. 

E f f e c t  o f  Shale O i l  Prehydrotreatment 

The r e s u l t s  from l i q u e f a c t i o n  co-processing experiments us ing  Wyo-3 coal  and A-5 o r  
A-6 shale o i l  a t  825°F and 2000 p s i g  i n i t i a l  c o l d  hydrogen pressure a re  shown i n  
F igures 1 - 3. It i s  apparent from t h i s  data t h a t  m i l d  prehydrotreatment o f  the 
shale o i l  p r i o r  t o  co-processing g r e a t l y  enhances process performance. D i s t i l l a t e  
y i e l d s  o f  55 - 60 w t % ,  hydrogen u t i l i z a t i o n  e f f i c i e n c i e s  o f  about 20, and p y r i d i n e  
coal  conversion values o f  68 - 85 w t %  were obtained us ing  Wyo-3 coal and A-6 shale 
o i l .  S i m i l a r  enhancement e f f e c t s  were seen us ing Wyo-1 feed coal .  Previous co- 
processing studies by Kerr-McGee us ing Ohio No. 5 bituminous coal and Canadian Cold 
Lake bitumen a lso demonstrated the  b e n e f i c i a l  e f f e c t  o f  heavy o i l  hydrotreatment 
p r i o r  t o  co-processing (14). 

A t  l e a s t  two poss ib le  reasons e x i s t  f o r  the e f f e c t s  shown i n  F igures 1 - 3. F i r s t ,  
m i l d l y  hydrot reated A-6 shale o i l  acted as a more powerful hydrogen donor so l ven t  
than A-5 i n  promoting coal conversion and d i s t i l l a t e  product ion.  Secondly, t he  
qu ino l  ine- type n i t rogen  content  o f  A-5 was approximately 0.7 w t % .  M i l d  hyd ro t rea t -  
ment of A-5 presumably converted a number o f  the qu ino l i ne  s t r u c t u r e s  t o  hydroqui- 
n o l i n e  s t ructures.  As mentioned e a r l i e r  i n  t h i s  paper, hydroquinol ines such as 
te t rahyd roqu ino l i ne  (THQ) have been shown t o  a c t i v e l y  promote coal s o l v a t i o n  i n  
d i r e c t  l i que fac t i on .  The data shown i n  Figures 1 - 3 suggest t h a t  a s i m i l a r  e f f e c t  
occurred dur ing l i q u e f a c t i o n  co-processing w i t h  A-6 shale o i l .  

E f f e c t  o f  Feed Coal R e a c t i v i t y  

F igure 4 presents a comparison o f  y i e l d  r e s u l t s  fo r  co-processing runs us ing  Wyo-1 
and Wyo-3 coal. These data show t h a t  l i q u e f a c t i o n  co-processing performance i s  a 
s t rong  func t i on  o f  feed coal  r e a c t i v i t y  as measured by the  ex ten t  o f  d i s s o l u t i o n  t o  
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p y r i d i n e  so lub les and d i s t i l l a t e  product ion.  As shown i n  F igure 5, t h e  det r imenta l  
e f f e c t s  o f  low feed coa l  r e a c t i v i t y  can be p a r t i a l l y  o f f se t  by use o f  a disposable 
c a t a l y s t  such as i r o n  oxide/carbon d i s u l f i d e .  

L ique fac t i on  Co-Processing Using Carbon Monoxide and Water 

Several previous s tud ies  have repor ted the successful l i q u e f a c t i o n  o f  low rank coal 
a t  m i l d  r eac t i on  cond i t i ons  us ing  carbon monoxide and water i n  p lace o f  hydrogen 
gas (5 ,  1 5 ,  16). I n  these runs, hydrogen was prov ided by the water gas s h i f t  (WGS) 
reac t i on  i n v o l v i n g  carbon monoxide and water. I n  the  aqueous phase, a number o f  
c a t a l y s t s  such as a l k a l i  metal s a l t s ,  a l k a l i n e  e a r t h  s a l t s ,  and organic  n i t rogen 
bases have been shown t o  ca ta l yze  the WGS reac t i on  (17) .  

Hypothesizing t h a t  t h e  h igh  bas i c  n i t rogen  content  o f  A-6 shale o i l  would a lso 
cata lyze the WGS reac t i on ,  severa l  p re l im ina ry  1 i que fac t i on  co-processing exper i -  
ments us ing Wyo-3 c o a l ,  A-6 shale o i l ,  and CO/H20 were completed. As shown i n  
F igu re  6,  s i g n i f i c a n t  conversion o f  coal and 850"F+ shale o i l  t o  d i s t i l l a t e  l i q u i d s  
was obtained, even though the  reac t i on  condi t ions were very m i ld .  Use o f  i r o n  
s u l f a t e  as a d isposable c a t a l y s t  prov ided some improvement i n  y i e l d  s t ruc tu re  and 
coal conversion. Based on these encouraging r e s u l t s ,  a more extens ive study o f  
l i q u e f a c t i o n  co-processing us ing  carbon monoxide and water i s  underway. 

CONCLUSIONS 

A se r ies  o f  l i q u e f a c t i o n  co-processing experiments has been completed us ing two 
Wyodak subbituminous coa ls  and two shale o i l  feeds. Both hydrogen and carbon 
monoxide/water were evaluated as reducing agents. Resul ts  i nd i ca ted  t h a t  prehydro- 
treatment o f  the shale o i l ,  feed coal r e a c t i v i t y ,  and t o  some extent ,  use o f  a 
d isposable c a t a l y s t  a l l  a f f e c t  process performance. Sample A-6 was found t o  be an 
a t t r a c t i v e  feedstock f o r  l i q u e f a c t i o n  co-processing. D i s t i l l a t e  y i e l d s  i n  excess 
of 60 w t %  MAF coa l  were obta ined us ing  Wyo-3 coal and A-6 shale o i l  a t  t y p i c a l  coal 
l i q u e f a c t i o n  cond i t i ons .  Encouraging r e s u l t s  were a l so  obtained us ing CO/H20 a t  
much more m i l d  r e a c t i o n  condi t ions.  
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Table I 

Ultimate Analysis of Wyodak Subbituminous Coal Samples 

69.8 
4.7 
0.8 
0.3 

58.2 
4.3 
0.8 
2.9 

0.0 
0.0 
0.3 

Sample 

Ultimate Analysis, w t %  dry basis 

Carbon 
Hydrogen 
Nitrogen 
Sulfur 

Sulfate 
Pyrite 
Organic 

Oxygen (difference) 
Ash 

wyo-1 wy0-3 

0.8 
0;9 
1.2 

18.3 
6.1 

13.9 
19.9 

Table I1 

Properties of Shale Oil Samples 

Sample 

W t %  Disti l led 

Water 
35O'F 
350°-5000F 
1OO0-65O0F 
150"-850"F 
85OoF+ 

Ultimate Analysis, w t %  dry basis 

Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen (difference) 
Ash 

A-5 

0.7 
4.2 
9.6 

18.8 
39.0 
27.7 

83.3 
12.1 
1.4 
0.5 
2.7 
0.0 

A-6 

0.1 
10.3 
18.3 
22.5 
29.8 
19.0 

84.7 
12.9 
1.2 
0.4 
0.8 
0 .o 
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Figure 2. Hydrogen Utilization Efficiency as a 
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Figure 3 .  Pyridine Conversion as a Function of 
Reaction Time and Shale Oil Feed 
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Figure 4. Effect of Feed Coal Reactivity on 

825"F, 2000 psig H2,  30 
Process Performance (Reaction Con- 
di t ions:  
nin.)  
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F igure 5. E f f e c t  o f  Feed Coal R e a c t i v i t y  on 

825°F. 2000 p s i g  H2, 30 
Process Performance (Reaction Con- 
d i t i o n s :  
min. ,  Fe203/CS2 C a t a l y s t )  

WYO-3. A-6 $&3. 8-6. 

-- 

C4-85O'F k$ UTILIZATION PYRIDINE CONVERSION, 
DISTILLATE YIELD, EFFICIENCY (WT. % MAF BASIS) 
(WT% MAF COAL1 

F igu re  6. L ique fac t i on  Co-Processing Y i e l d  
Resul ts  using Carbon Monoxide/ 
Water (Reaction Condit ions: 600°F. 
1500 p s i g  CO, 30 min.) 
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NEW CATALYSTS FOR HYDROTREATING COAL LIQUIDS 

A. S. Rirschon, R. B. Wilson, Jr. and R. M. Laine* 

SRI I n t e r n a t i o n a l ,  Menlo Park, CA 94025 

The cost of hydro t r ea t ing  coa l  l i q u i d s  or  heavy crudes i s  considerably higher 
than f o r  l i g h t  crudes because of the s i g n i f i c a n t l y  h igher  amounts of sulfur, 
ni t rogen  and oxygen found i n  these  hydrocarbon sources  r e l a t i v e  t o  l i g h t  crudes. I n  
p a r t i c u l a r ,  the  c u r r e n t  processes f o r  t h e  c a t a l y t i c  removal of n i t rogen  (HDN) and 
oxygen (HDO) consume excess ive  amounts of hydrogen due t o  concurrent hydrogenation 
of aromatics. The i d e a l  HDN or HDO c a t a l y s t  would be one t h a t  s e l e c t i v e l y  c leaves  
C-N or C-0 bonds v i t h  minimum consumption of hydrogen. This would reduce the  
o v e r a l l  hydro t rea t ing  cos t s  fo r  r e f in ing  crude o i l  and could make synfue ls  a 
competit ive energy source .  

I n  t h i s  paper,  we d i scuss  the  r e s u l t s  of two approaches to  the  development of 
improved HDN c a t a l y s t s .  One approach focuses on the syn thes i s  of h igh-ac t iv i ty ,  
h ighly  dispersed. " su r face  confined",  c a t a l y s t s  using organometall ic complexes. The 
o t h e r  approach examines the hydro t rea t ing  a c t i v i t i e s  of metals not cu r ren t ly  used In 
HDN and HDO c a t a l y s i s .  This l a t t e r  i nves t iga t ion  a r i s e s  as a consequence of our 
e f f o r t s  t o  develop mechanis t ic  models of HDN through s tud ie s  of the  homogeneous 
c a t a l y s i s  of the  t r a n s a l k y l a t i o n  reac t ion ,  (1.2) equat ion  1, 

and through s t u d i e s  of quinol ine  HDN by bulk metals (3).  In  both t h e  trans- 
a lky la t ion  and the  bulk metal  s t u d i e s ;  ruthenium e x h i b i t s  t he  h ighes t  a c t i v i t y  f o r  
C-N bond cleavage. T h i s  sugges ts  t ha t  it may be use fu l  as a n  HDN c a t a l y s t .  

We descr ibe  here  the  syn thes i s  and HDN a c t i v i t i e s  of c a t a l y s t s  prepared 
according t o  the  p r i n c i p l e s  e s t ab l i shed  by these  two sepa ra t e  approaches. 

Experimental 

Mater ia l s  

The Cob10 c a t a l y s t  (HT-400, 3 w t X  COO, 15.1 w t %  MOO , on A1 03) was donated by 
Harshaw Chemfcal Company. 
descr ibed  p r e ~ i o u s l y . ~  

oxide  was ca lc ined  a t  400OC f o r  2h under flowing syn the t i c  a i r .  
obtained from Strem Chemical, and was heated a t  4OO'C f o r  12 h f i r s t  wi th  flowing 
syn the t i c  a i r  t o  remove any sur face  s u l f u r ,  and then v i t h  flowing hydrogen t o  form 
the  reduced metal. 
[Ni(COD)2] were obta ined  from Strem Chemicals an8 used a s  received. Molybdenum(I1) 
a l l y l  dimer was prepared  by modifying the  method of Cotton and P i p a l  ( 5 ) .  

The prepara t ion  of t he  su l f i aed  c a t a l y s t  has  been 
y-aluminum x ide  was donated by Kaiser  Aluminum and was made 

from Gibbs i te  ( su r face  a rea  = 210 m 4 / g  and passed 400 mesh s ieve . )  The aluminum 
Ruthenium was 

Ruthenium carbonyl [Ru3(CO)l ] and n icke l  cyclooctadiene 

Preparation of a Conventional NiMo Ca ta lys t  

Ammonium molybdate t e t r ahydra t e  (2.10 g,  1.7 mol) and n i c k e l  n i t r a t e  hexa- 
hydra te  (1.34 g ,  4.6 m o l )  were d isso lved  i n  200 mL of water. Alumina, 10 g ,  was 
added to  the metal sa l t  so lu t ion  and s t i r r e d  f o r  24 h. 
from the mixture. and the  res idue  was slowly heated t o  400 C under flowing syn the t i c  
a i r  Over a 2-h period. 
repeated fo r  another 1 2  h wi th  flowing H2S (10X)/H2. 

The water was evaporated 

The hea t ing  was continued f o r  12 h. The process  was 
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Prepara t ion  of Supported Organometall ic Ca ta lys t s  

Molybdenum Supported on Alumina. Molybdenum a l l y l  dimer (1.0 g) disso lved  
i n  10 mL of hexane was slowly added t o  a s t i r r e d  slurry of 10 g of alumina i n  20 mL 
of hexane. The mixture was s t i r r e d  overn ight ,  then washed wi th  20 mI, of hexane t o  
give a gray so l id .  
12 h. 

The product was then heated a t  200 C i n  flowing H2S (10%)/H2 fo r  

Bimeta l l ic  Metal Supported Ca ta lys t s .  An a l iquo t  (1 g) of the  su l f ided  
supported molybdenum c a t a l y s t  was suspended i n  10  mL of hexane. 
of N i  ( a s  NI(CODl2) i n  THF was added t o  the  suspension and the  mixture s t i r r e d  
overnight,  washed with hexane, d r i ed ,  and su l f ided  a t  200 C a s  descr ibed  above. 

The des i r ed  amount 

Ruthenium doped CoMo Ca ta lys t  (RuCoMo). Under n i t rogen ,  ruthenium carbonyl 
(0.053 g), dissolved i n  5 mL of hexane, w a s  added t o  a s t i r e d  s l u r r y  of  2.00 g of 
t he  su l f ided  CoMo c a t a l y s t  i n  10  mL of hexane. The mixture was allowed t o  s t i r  f o r  
7 2  h. The hexane was then evaporated and the  res idue  heated under vacuum a t  76OC 
f o r  6 h. A por t ion  of the  doped c a t a l y s t  was su l f ided  by t r e a t i n g  wi th  a flowing 
mixture of H2S(10%)/H2 a t  200'C f o r  1 2  h. 

Standard HDN Reaction Procedures 

The following ma te r i a l s  were placed i n  a quar tz  l i n e r ,  under n i t rogen  i n  a 
45-mL Parr  bomb: the  c a t a l y s t  (0.100 t o  -250 g), a s t i r b a r ,  and 10 mL of 0.197 M 
qu inol ine  (0.151 M THQ f o r  Ru r eac t ions )  and 0.098 M n-dodecane ( a s  i n t e r n a l  
s tandard)  i n  n-hexadecane. 
a t  the des i red  temperature.  

Resul t s  and Discussion 

The bomb w a s  p ressur ized  wi th  500 p s i a  of H2,  and heated 

The HDN a c t i v i t i e s  of the c a t a l y s t s  prepared by the  var ious  syn the t i c  techni- 
ques were compared using a quinoline/hexadecane so lu t ion  f o r  model s t u d i e s .  
shown i n  Figure 1, quinol ine  HDN l eads  t o  two major HDN products;  propylcyclohexane 
(PCH) and propylbenzene (PB). In comparing the  c a t a l y t i c  p rope r t i e s  of the  var ious  
c a t a l y s t s ,  we use two criteria, r a t e  of HDN and, a s  discussed above, hydrogen 
consumption. The production of PCH requ i r e s  7 moles of H per qu inol ine  and 
t y p i f i e s  aromatic hydrogenation, whereas the  production o$ PB r equ i r e s  only 3 moles; 
thus the  r e l a t i v e  r a t i o s  of PCH t o  PB a r e  an exce l l en t  measure of hydrogen 
consunp t ion .  

A s  

Comparison of Conventional NiMo and Organometall ic Origin 
NiMo Ca ta lys t s  

Table 1 l i s t s  the  estimated turnover f requencies  (TF = moles THQ reacted/mole 
of metal  ca t a lys t lhour  f 10%) f o r  THQ disappearance,  and the  appearance of PCH, 
PCHE, and PB, ca l cu la t ed  based on i n i t i a l  r a t e s .  From t h i s  da ta  we see  t h a t  the  
organometall ic o r ig in  or sur face  confined NiMo c a t a l y s t s  exh ib i t  higher hydrogena- 
t i o n  a c t i v i t y  than a convent iona l ly  prepared NiMo c a t a l y s t .  
from Figures  2a-c, i t  can be seen  t h a t  t h e  sur face  confined c a t a l y s t s  a r e  super ior  
i n  terms of C-N bond cleavage a c t i v i t y .  

I n  a s i m i l a r  manner and 

The t o t a l  metal conten t  i n  t h e  c a t a l y s t s  i s  approximately t h e  same, so t h a t  the 
Figure 3 a c t i v i t y  and s e l e c t i v i t y  of these  c a t a l y s t s  can q u a l i t a t i v e l y  be compared. 

p re sen t s  ca l cu la t ions  of the  t o t a l  hydrocarbon conversion a s  a sum of PCH, PB and 
propylcyclohexene (PCHE) a s  a func t ion  of time. 

TO compare the  r e l a t i v e  PCH, PCHE and PB s e l e c t i v i t i e s  f o r  t he  va r ious  
c a t a l y s t s ,  the r e l a t i v e  d i s t r i b u t i o n s  of these  products,  normalized t o  5% t o t a l  
hydrocarbon conversion. were ex t r ac t ed  from Figure  3 and a r e  l i s t e d  i n  Table 2. 
see ,  i n  Table 2, t ha t  the  product s e l e c t i v i t i e s  f o r  t he  NiMo c a t a l y s t  of organo- 

We 
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metallic o r ig in  ( su r face  confined c a t a l y s t )  a r e  e s s e n t i a l l y  the  same as  those found 
wi th  the conventionally prepared NiMo c a t a l y s t .  

Table 1 

TURNOVER FREQUENCIESa 

Ca ta lys t  nrq PCH PB PCHE 

NiMo 67.4 8.2 0.3 1.4 
(conventional)  

NiMo 111 26.f 1.4 
(0.83, 2.63) 

NiMo 104 16.6 0.7 1.7 
(0.37, 2.81) 

CoMo 54.0 8.9 0.5 0.8 

RuCoMo 141 26.9 8 .O 0 

-- 

aMoles productlmoles meta l  c a t a l y s t l h .  

Table 2 

HYDROCARBON DISTRIBUTION AT 5 mol% 

HDN  CONVERSION^ 

%PCH %PB XPCHE ~- - Cata lys t  

NiMo 76.2 5.2 18.6 

(convent iona l )  

NiMo 81.4 3.1 15.5 
(0.37% N i .  2.81% Mo) 

NiMo 76.0 5.0 19.0 
(0.83% N i ,  2.63% Mo) 

CoMo 82.2 4.6 13.2 

RuCoMo 76.6 23.4 0 

aReaction of 10 mL 0.197 M quinol ine  i n  n-hexadecane and 
c a t a l y s t  a t  35OoC and 500 ps ig  H2. 

Bulk Ruthenium HDN Ca ta lys i s  

Figure 4 shows t h e  product d i s t r i b u t i o n  from t h e  r eac t ion  of bulk ruthenium 
wi th  l'Kq st 200, 250 and 300°C. 
f o r  C-N bond cleavage even a t  temperatures of 2OOOC. 
products a r e  propyl- or e thyl -  and methyl-cyclohexylamine, but a t  30OoC almost no 
n i t rogen  containing spec ie s  remain a f t e r  3 hours of reac t ion  t i m e  due t o  extensive 

These r e s u l t s  demonstrate ruthenium's high a c t i v i t y  
At 200 and 25OoC the  major HDN 
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C-N and C-C bond hydrogenolysis.  
form of CSz (20 p l  t o  the  standard r eac t ion ) ,  then even a t  t-peratures up t o  35OoC, 
no r eac t ion  of any type is observed. 
t o  catalyze both hydrogenation and C-N bond cleavage. 

I f  the bulk ruthenium is  exposed t o  e u l f u r  i n  the  

Thus, s u l f u r  p i s o n s  bulk ruthenium's a b i l i t y  

Ruthenium-Doped Harshaw COHO Ca ta lys t s  

I n  an attempt t o  overcome the  d i f f i c u l t y  of s u l f u r  poisoning with the  rutlre- 
nium. we doped a commercial CoMo e a t a l y a t  with a ruthenium con ta in ing  o rganmeta l -  
?ic. Figure Sa and b show t h e  product d i s t r i b u t i o n  a f t e r  r eac t ion  wi th  a w l f i d e d  
Harshaw CoMo c a t a l y s t  and t h e  same c a t a l y s t  doped with ruthenium. 
? ' t r i r e s ,  t he  doped c a t a l y s t  i s  s i g n i f i c a n t l y  m r e  ac t ive ,  produces no PCHE, and 
0,tves a much higher  r a t i o  of propylbenzene t o  propylcyclohexane than  does th. 
"unpromoted" CoMo c a t a l y s t .  As shown i n  Figure 3, t h e  t o t a l  hydrocarbon production 
is grea te r  for  the ruthenium-"promoted" c a t a l y s t  than any of t he  o the r  c a t a l y s t s  
s tudied.  Th i s  c a t a l y s t ,  as shown in Table 2 .  a l s o  produces the  most prspylbenzene 
of any of the c a t a l y s t s  s tud ie s .  For i n s t ance ,  a f t e r  5% conversion, t h e  f r a c t i o n  of 
propylbenzene in t he  hydrocarbon products has increased from 4.6% f o r  t h e  CoMo 
c a t a l y s t  t o  23 .4% f o r  the RuCoMo c a t a l y s t .  
t r e a t e d  with carbon d i s u l f i d e ,  as vas  t h e  bulk ruthenium, t h e  c a t a l y s t  was oven more 
a c t i v e  towards HDN a c t i v i t y .  

b seen i n  these  

Furthermore, when t h i s  c a t a l y s t  was 

Conclusions 

We have shown t h a t  t h e  a c t i v i t y  of HDN c a t a l y s t s  ur ing convent ional  oetals,  
such as n i cke l  and molybenum can be improved using organometal l ic  p recu r so r s ;  
although, in our hands, t he  s e l e c t i v i t y  of aromatic  and a l i p h a t i c  hydrocarbon 
products remained unchanged from t h a t  of conventional based c e t a l y s t s .  Houcver, 
through the  use of more a c t i v e  metals  such as ruthenium, we can promote a conven- 
t i o n a l  type c a t a l y s t  t o  give a c a t a l y s t  which is not  only more a c t i v s .  but is more 
s e l e c t i v e  towards aromatic products,  and remains s u l f u r  t o l e r a n t .  

Acknowledgements: 

We would l i k e  t o  thank t h e  Department of Energy, P i t t sbu rgh  Energy and 
Technology Center f o r  support  of t h i s  work through g ran t s  DE-PG22-83PC60781 and DE- 
FG-85PC80906. We would a l s o  l i k e  to thank NSF f o r  p a r t i a l  support  of t h i s  work 
through g ran t  CHE 82-19.541. 

References 

1. R .  B. Wilson Jr. and R. M. Laine,  J. Am. Chem.  Soc. (1985) 107, 361-369. 
2. 
3. A. S. Hirschon and R. M. Laine. manuscript  in preparat ion.  
4. 

R. M. Laine,  D. W. Thomas, L. W. Cary, J. Am. Chem. SOC. (1982) 3, 1763. 

A. S. Hirschon and R. M. Laine. Fuel (1985) 3, 868-870. 

313 



FIGURE 1 OUINOLINE WON REACTION NETWORK 

12 

5 10 

'5 
- 
t 

2 6  
0 
U 

E 4  
0 

8 2  

0 
0 1 2  3 4 5 6 7 0 9 1 0 1 1 1 2  

TIME Ihounl 
,*4m,-1.1 

FIGURE 1. PRODUCT OlSTRlllUTlON DUE TO CARBONHITROGEN 
CLEAVAGE REACTIONS 

IOmLo10.191 M ~ u i n o l i n i n n h x . l r u n . n d v l l l I d d N i M ~ v t l l n l  
" f Y P C . n d K a  c4& l$ 

10 

16 

14 

0 
= 12 
- 
H 
8 10 

$ 0  

y e  
8 

- 
z 
0 

c 
"3 

4 

2 

0 
0 1 2  3 1 5  6 7 6 9 1 0 1 1 1 2  

I A M 1 J 1 .  
TIME l h n l  

FfGURE 2b PRODUCT OISTRIBUTlON DUE TOCARION-NITROGEN 
CLEAVAGE REACTIOU5 I&atlnudl 

I0 r n ~  o10.~97 t i p u r n k  h A- .m w n m i i u o m m  
" f Y P C . m S m *  %. 

314 



NOISY3AN03 NOEL(V30L((JhH Y 

315 



0.075 

0.060 - 
L - 01 .- 
T 

01 - 
E - 0.045 z 
l- 

U 
I- z 
w 0 0.030 
2 

s 
a 

8 
P 
!- 

0.01 5 

0 

0.090 

Z 0.075 
0 
L 

? 
0.015 

0 + I 

0 2.0 4.0 6.0 
TIME (hours) 

8.0 10.0 - 
1 THQ 

(cl 3OO0C 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 0 0.5 1.0 1.5 2.5 3.0 3.5 
TIME (hours) TIME (hours) 

JA4262-9A 

4 PRODUCT DISTRIBUTION FROM REACTION OF THO WITH RUTHENIUM 
AND 500 psi of H2 

10 mL of 0.1506 M THO and 0.100 g of Ru in hexadecane. 
316 



P n 

n 

I 

317 



FTIR SPECTROSCOPIC STUDIES OF COAL LIQUEFACTION PRODUCTS 
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Recent work i n  o u r  l a b o r a t o r i e s  has  been concerned with obtaining a b e t t e r  
understanding of t h e  phenomena associated wi th  coa l  l iquefac t ion  (1). 
i n i t i a l  s tudy of t h r e e  bituminous coa ls  discussed the  changes t h a t  occur i n  
oxygen containing f u n c t i o n a l  groups (2) .  It w a s  concluded t h a t  t h e  i n i t i a l  
l a r g e  l o s s  of so-cal led "unaccounted" oxygen was a r e s u l t  of a cleavage of e ther  
groups t o  form hydroxyls, which were subsequently removed by dehydroxylation. 
These same samples were a l s o  character ized by FTIR and the  r e s u l t s  of t h i s  
por t ion  of the  work are presented i n  t h i s  communication. 

An 

A s  might be expected, the  most i n t e r e s t i n g  changes occurred i n  the  a l i p h a t i c  
and aromatic CH s t r e t c h i n g  regions of the  spectrum. Samples were prepared for  
in f ra red  a n a l y s i s  us ing  es tab l i shed  KBr p e l l e t  techniques (1.3) and representa t ive  
spec t ra  of t h e  three  coa ls ,  PSOC 521 (HVC), PSOC 767 (HVB) and PSOC 757 (HVA) 
a r e  presented in-f igure 1. 
3100 and 3000 cm 
of overlap t h a t  can lead  t o  e r r o r s  when band areas  a r e  determined by simple 
in tegra t ion .  Accordingly, a curve resolving procedure, descr ibed i n  previous 
publ ica t ions  (1,3) ,  w a s  used t o  separa te  t h e  two cont r ibu t ions .  I n  addi t ion ,  i t  
w a s  found t h a t  there  was a change i n  t h e  r e l a t i v e  proport ion of var ious  a l i p h a t i c  
CH groups. I n  order  t o  s o r t  t h i s  ou t  second d e r i v a t i v e  methods were used t o  de- 
f i n e  the i n i t i a l  p o s i t i o n s  of f i v e  bands t h a t  were curve- f i t  t o  t h e  d i f fe rence  
spectrum obtained by subt rac t ing  t h e  aromatic  CH s t r e t c h i n g  modes, a s  i l l u s t r a t e d  
i n  f i g u r e  2. 
s e l v e s  composites ( 4 ) .  a r e  
l a r g e l y  due t o  methyl groups, the  bands near  2923 and 2852 cm-l have a major 
cont r ibu t ion  from methylene groups, while  the  band a t  2893 cm 
t o  methine CH moiet ies .  

Even though t h e  aromatic CH s t r e t c h i n g  modes between 
a r e  r e l a t i v e l y  weak, i t  can be seen t h a t  there  is s t i l l  a degree 

These bands do not  represent  ind iv idua l  components, but-fre  them- 
Nevertheless ,  the  bands near  2956 and-$867 cm 

can be assigned 

Liquefaction r e a c t i o n s  were car r ied  o u t  a t  temperatures of 350, 370, 400 and 
425'C f o r  per iods of 2, 1 2 ,  22  and 32 minutes, a s  descr ibed previously (1,2). 
Overall, the  spec t ra  of t h e  l iquefac t ion  products from a p a r t i c u l a r  coa l  were 
surpr i s ing ly  s i m i l a r ,  support ing t h e  not ion  t h a t  s t r u c t u r a l  rearrangement under 
these  r e a c t i o n  condi t ions i s  r e l a t i v e l y  l imi ted .  The in tegra ted  a r e a  of t h e  
aromatic CH s t r e t c h i n g  modes increases  wi th  t h e  s e v e r i t y  of t h e  l i q u e f a c t i o n  
condi t ions,  bu t  i t  should be kept i n  mind t h a t  t o  some exten t  t h i s  is an 
apparent increase  t h a t  i s  due t o  t h e  loss  of oxygen contaiging fs-fctional groups. 
The p a t t e r n  of out-of-plane bending modes between 900 and 700 cm shows l i t t l e  
change i n  the d i s t r i b u t i o n  pa t te rn  of hydrogen i n  aromatic u n i t s ,  supporting the  
inference t h a t  t h e  changes i n  t h i s  region a r e  l a r g e l y  due t o  the  loss  of o ther  
groups and hence an increase  i n  t h e  per  u n i t  weight concentrat ions of those l e f t  
behind. 

Although t h i s  f a c t o r  a l s o  a f f e c t s  t h e  a l i p h a t i c  CH s t r e t c h i n g  modes, the 
changes i n  t h i s  reg ion  a r e  f a r  more pronounced. The o v e r a l l  a l i p h a t i c  CH con- 
t e n t  appears t o  i n i t i a l l y  increase  with conversion, bu t  then drops off  somewhat 
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a t  condi t ions of high conversion. 
and such coaclusions a r e  only t e n t a t i v e .  
d iv idua l  curve-resolved bands, (measured as a f r a c t i o n  of t o t a l  a l i p h a t i c  CH 
a rea ,  i n  order  t o  e l iminate  and reduce e r r o r s  i n  sample preparaf ion,  e t c . ) ,  
wi th  the  most marked d i f fe rences  being observed i n  the 2956 cm band. The 
r e l a t i v e  a r e a  of t h i s  band i s  p lo t ted  as a func t ion  of reac t ion  time and con- 
vers ion i n  f igures  3 and 4, respect ively.  

The d a t a ,  however, shows considerable  s c a t t e r  
There a r e  much c l e a r e r  changes i n  in- 

The Ohio coal  (PSOC 757) showed no temperature dependence i p  the  p l o t  
aga ins t  time, i n  cont ras t  t o  t h e  o ther  coals .  When t h e  2956 cm band is p l o t t e d  
a s  a funct ion of conversion ( f igure  4) ,  t h e  poin ts  for  a l l  temperatures tend t o  
l i e  i n  a s i n g l e  band. Visual inspec t ion  suggests  tha t  t h e  band o r  l i n e  i s  some- 
what curved. However, l i n e a r  regress ions  were performed and gave s u r p r i s i n g l y  
high var iance,  p a r t i c u l a r l y  f o r  the  Oklahoma and Wyoming coals .  Nevertheless ,  
t h e  s lopes of these least-squares  f i t s  suggest t h a t  t h e  number o r  type of bonds 
broken during l iquefac t ion  a r e  d i f f e r e n t  f o r  t h e  three  coals .  
t o  e x i s t  i n  f igure  4, the  d i s t r i b u t i o n  of a l i p h a t i c s  i n  t h e  parent  coa l  and 
products would have t o  be the  same. This would r e s u l t  i f  no chemical r e a c t i o n s  
were involved, and conversion r e s u l t s  from the  phys ica l  d i s s o l u t i o n  of the  coal .  
An increase  i n  t h i s  s lope  i s  i n d i c a t i v e  of an increas ing  number of a l k y l  e t h e r s  o r  
a l i p h a t i c  systems cleaved i n  convert ing a p a r t i c u l a r  coa l .  I f  t h e  increase  i n  
r e l a t i v e  a rea  of t h i s  band stems from methyl-generating reac t ions ,  f o r  t h e  Ohio 
coa l  (PSOC 757), only a few bonds need t o  be broken t o  d r a s t i c a l l y  enhance i t s  
conversion. 

For a s lope  of zero 

I n  f i g u r e  5, the  amount of "ethers"  cleaved ( l o s s  of unacspunted oxygen from 

Corre la t ions  
references 1 and 2) is p lo t ted  aga ins t  t h e  a r e a  of the 2956 cm band as  a 
f r a c t i o n  of the  t o t a l  a r e a  f o r  a l i p h a t i c  C-H s t r e t c h i n g  v i b r a t i o n s .  
are r e a d i l y  apparent f o r  t h e  c o a l s  having a higher  number of c leavable  e t h e r s ,  
namely the  Wyoming and Ohio coa ls  with 7.7 and 5 .1  c leavable  e t h e r s  per  100 
carbon atoms, respec t ive ly .  A least-squares  l i n e a r  regress ion  was performed on 
t h e  values  a t  the  th5ee lowest temperatures f o r  t h e  Wyoming coa l  (Figure 5 
The s lopes and t h e  R 
r e l a t i v e  a r e a  of the 2956 c m  band show a high proport ion of var iance  ex- 
plained.  I f  the  c o r r e l a t i o n  i s  accepted, the obvious inference is t h a t  e t h e r  
cleavages generate  methyl groups ( ie .  -0-CH - bonds a r e  cleaved forming OH and CH3). 
It should be noted t h a t  t h e  s lopes  of the  least-squares  f i t  f o r  t h e  lowest th ree  
temperatures a r e  q u i t e  s i m i l a r ,  whereas t h e  curves  f o r  the  Ohio coa l  ( f i g u r e  5 (c ) )  
increase more s teeply  with increasing temperature. 
i n f e r  t h a t  a t  the  lower temperatures, l a b i l e  e t h e r s  ( a l i p h a t i c  and benzyl ic )  are 
cleaved; proceeding t o  higherwmperatures ,  the more r e f r a c t o r y  type of e t h e r s  
(d ia ry l )  a r e  l i k e l y  t o  be cleaved. The f a c t  t h a t  the s lopes  a r e  s i m i l a r  f o r  t h e  
Wyoming c o a l  suggests  t h a t  s i m i l a r  types of e t h e r s  a r e  broken under these  con- 
d i t i o n s .  
a l i p h a t i c  o r  a ra lkyl .  
cor re la t ion  a t  a l l  temperatures f o r  t h e  Oklahoma coa l  (though a t rend  s i m i l a r  t o  
t h a t  of  t h e  Ohio coal  e x i s t s )  a r i s e s  perhaps because any t rend is marked by a l k y l  
cleavage and other  reac t ions  t h a t  do not  involve loss of unaccounted oxygen. 

(b)) .  
values-for t h i s  c o r r e l a t i o n  between e ther  removal and 

2 

For the  l a t t e r  case ,  one could 

The r e l a t i v e l y  small  s lopes suggest t h a t  these  e t h e r s  a r e  predominantly 
The lack  of c o r r e l a t i o n  a t  425OC f o r  t h i s  coa l  and the  poor 

I n  conclusion, t h e  FTIR r e s u l t s  i n d i c a t e  t h a t  extensive s t r u c t u r a l  rearrange- 
ments a r e  not occurr ing during l iquefac t ion .  
a r e  broken, r e s u l t i n g  i n  the  formation of var ious fragments of d i f f e r e n t  s o l u b i l i t y .  
The increase  i n  methyl groups and previously reported loss of e t h e r  oxygen i n d i c a t e s  

Rather, a few se lec ted  br idging  u n i t s  
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t h a t  bonds between a l i p h a t i c  methylene u n i t s ,  benzyl ic  e t h e r s  and a r y l  a l k y l  
e thers  are t h e  p r i n c i p a l  sites of cleavage. 
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Figure 1. FTIR SPECTRA OF COALS (a) PSOC-521; (b) PSOC-767; 
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ABSTRACT 

Demineralization of coals and coal-derived chars is part of an effort to develop 
alternative fuels from coal. Pyrolysis and some gasification processes yield 
chars containing a large fraction of the calorific value of the feed coal and 
essentially all of its mineral matter. In the work reported here, three gasifi- 
cation chars produced from anthracite, bituminous, and subbituminous coals have 
been subjected to specific gravity separation to determine their yield-ash 
relationships. Either low yields or high ash levels in the float products were 
observed. Also reported is preliminary work concerning the use of chemical con- 
ditioning to enhance the cleanability of coal prior to physical beneficiation. 
Conditioning of an Illinois No. 6 River King Mine coal with either supercritical 
methanol or cyclohexane resulted in an improved yield-ash relationship, whereas 
similar treatment with supercritical toluene had a negative effect. 

INTRODUCTION 

Currently, there is increasing interest in the identification, development, and 
characterization of new coal-derived fuels which have application extending beyond 
traditional electric utility markets into the commercial, industrial, residential, 
and transportation sectors of our economy. To penetrate these markets, new fuels 
must be low in both total sulfur and mineral matter. Emphasis is therefore being 
placed on the development of new processes to provide ultraclean coal having less 
than one percent mineral matter. In one recent example coal is subjected to 
physical beneficiation, pyrolysis, and subsequent beneficiation of the char [ l ] .  
In this scheme, a portion of the char is combined with the pyrolysis liquids to 
produce a heavy oil substitute. In order for the process to be profitable, how- 
ever, the excess char must be sold at a premium price, such as in the residential 
heating market. 

Results from two different areas of research concerned with the development of 
alternative fuels from coal will be presented in this paper. The first area 
involves beneficiation of chars produced from coal. Such chars may be a major 
product of gasification and pyrolysis processes used to produce premium liquid and 
gaseous fuels. Since a large portion of the calorific value often ends up in the 
char, the beneficiation of this material to produce a premium fuel can be 
important from a process economics standpoint. 

The second area of research is concerned with the use of a chemical pretreatment 
to improve mineral matter liberation during subsequent physical beneficiation. 
Advantages of this reversal of the conventional order of treatment have been dis- 
cussed elsewhere 121. Reported here are preliminary results from the use of 
supercritical fluids in the initial chemical-pretreatment step. 

For reasons of clarity, the following discussion of methodology and results is 
divided into two parts. The first section describes the beneficiation of the 
gasification chars, and the second the work on conditioning of coal prior to its 
physical beneficiation. After this, an overall conclusion section summarizes both 
areas of research. 
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I. BENEFICIATION OF GASIFICATION CHARS 

EXPERIMENTAL. 

Three g a s i f i c a t i o n  c h a r s  produced a t  t h e  P i t t s b u r g h  Energy Technology Center  were 
used f o r  t h e  b e n e f i c i a t i o n  tests. These c h a r s  were formed from t h r e e  d i f f e r e n t  
coa ls :  a Pennsylvania  a n t h r a c i t e  c o a l ,  a P i t t s b u r g h  seam bituminous c o a l  from t h e  
Bruceton Experimental  Research Mine, and a Montana subbituminous c o a l  from t h e  
Rosebud Mine. These c o a l s  were g a s i f i e d  a t  approximately 1160 K under a combined 
oxygen/steam p r e s s u r e  o f  4 .1  MPa in  t h e  Synthane Process  Development U n i t  (PDU) 
g a s i f i c a t i o n  system. The PDU system combined t h e  s t e p s  o f  f lu id i zed -bed  pre- 
t reatment ,  free-fall c a r b o n i z a t i o n ,  and f lu id i zed -bed  g a s i f i c a t i o n  [ 3 ] .  Table 1 
con ta ins  t h e  a n a l y s i s  of t h e  t h r e e  c h a r s  used.  

Bene f i c i a t ion  of t h e  g a s i f i c a t i o n  c h a r s  involved a washab i l i t y  de t e rmina t ion  on 
t h e  char as rece ived  and af ter  a d d i t i o n a l  c rush ing .  A high-speed c e n t r i f u g e  
equipped wi th  f o u r  0 . 5  L hourglass-shaped f l a s k s  was used t o  e f f e c t  t h e  s p e c i f i c  
grav i ty  s e p a r a t i o n s .  Enough heavy o rgan ic  l i q u i d  was added t o  f i l l  each c e n t r i -  
fuge f l a s k  j u s t  above t h e  neck. The s p e c i f i c  g r a v i t y  was checked wi th  a sp ind le  
hydrometer t o  wi th in  2 0.001 o f  a s p e c i f i c  g r a v i t y  u n i t .  

Four 25-gram samples were r i f f l e d  from each cha r  u s ing  a m i c r o s p l i t t e r .  The 25- 
gram char samples were then added to  t h e  f l a s k s  a long  wi th  enough a d d i t i o n a l  
l i q u i d  t o  b r i n g  t h e  l i q u i d  l e v e l  t o  wi th in  1.5 cm o f  the  t o p  o f  t h e  f l a s k .  The 
samples were c e n t r i f u g e d  f o r  20 minutes  a t  1500 rpm, and t h e  c e n t r i f u g e  was 
allowed t o  s t o p  wi thou t  braking.  After removing t h e  f l a s k s ,  t h i n  rubber  i n s e r t s  
were put i n  t h e  necks ,  and t h e  f l o a t  products  were c a r e f u l l y  poured o f f .  The 
rubber inserts were removed t o  recover  t h e  s i n k  products .  Both p roduc t s  were 
vacuum f i l t e r e d  to  remove the  heavy l i q u i d ,  a i r  d r i e d ,  and weighed. 

The t o t a l  s i n k  p roduc t  was d iv ided  i n t o  two o r  four  equa l  p o r t i o n s  by weight and 
then added t o  t h e  c e n t r i f u g e  f l a s k s  con ta in ing  t h e  nex t  h ighe r  s p e c i f i c  g r a v i t y  
l i q u i d .  Th i s  procedure was repeated f o r  each s p e c i f i c  g r a v i t y .  Each product  was 
analyzed f o r  c a l o r i f i c  va lue ,  a s h ,  and t o t a l  s u l f u r .  A l l  r e s u l t s  a r e  t abu la t ed  as 
cumulative va lues  and are repor t ed  on a moi s tu re - f r ee  b a s i s .  

Another r i f f l e d  p o r t i o n  o f  each char sample was crushed t o  e i t h e r  200- o r  325-mesh 
top  s i z e ,  and similar tests and ana lyses  were performed to determine t h e  e f f e c t s  
of crushing on t h e  l i b e r a t i o n  o f  ash and its subsequent  removal. 

DISCUSSION OF RESULTS 

The r e s u l t s  of t h e  s p e c i f i c  g r a v i t y  s e p a r a t i o n s  f o r  t h e  t h r e e  a s - r ece ived  and 
crushed cha r s  a r e  con ta ined  i n  Tables  2 ,  3 ,  and 4. For t h e  a n t h r a c i t e  coal  
g a s i f i c a t i o n  cha r  shown i n  Table 2 ,  t h e  a s - r ece ived  sample contained 69.7 w t %  
plus-200-mesh material. After crushing,  91.9 u t $  o f  the  sample was minus-325 
mesh. For t h e  a s - r ece ived  sample, 79.1 u t %  could be recovered a t  2.00 s p e c i f i c  
grav i ty .  ana lyz ing  7.6 u t %  ash .  T h i s  r e p r e s e n t s  a 54% a s h  r educ t ion .  After 
crushing,  on ly  44.0 w t %  was recovered a t  t h e  same s p e c i f i c  g r a v i t y ,  and only a 10% 
a s h  reduct ion was observed.  

The da ta  for t h e  bi tuminous coa l  g a s i f i c a t i o n  cha r  are contained i n  Table 3. 
I n i t i a l l y  76.5 u t %  of t h e  cha r  was plus-200 mesh. After  c rush ing ,  a l l  o f  the  
sample was minus-200 mesh. A t  a s p e c i f i c  g r a v i t y  o f  1.80, 87 wtg o f  t h e  cha r  was 
recovered; however t h e  a s h  r educ t ion  was only 28%. Af te r  c rush ing ,  t h e  a s h  con- 
t e n t  of t h e  f l o a t  1.80 s p e c i f i c  g r a v i t y  p roduc t  was only 4.1 u t % ,  b u t  t h e  weight 
recovery was only 20.5%. 

Table 4 con ta ins  t h e  r e s u l t s  f o r  t h e  subbituminous c o a l  g a s i f i c a t i o n  c h a r .  The 
as-received cha r  contained 44.7 u t% plus-200-mesh m a t e r i a l .  After crushing ,  
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96.8 ut% was minus-200 mesh. The float-sink tests show a 72% ash reduction for 
the as-received material recovered at 1.80 specific gravity. However, as with the 
bituminous coal, the weight recovery is quite low. For this char, crushing 
appears to be of no benefit, as the yield/ash relationship for the crushed char is 
essentially the same as for the as-received material. 

It is apparent from these washability data that the apparent particle density of 
the chars is higher than that observed for coal. In most of the tests, less than 
20 ut% of the char would float in liquids of 1.80 specific gravity. For most raw 
coals, upwards of 70 ut$ would float in such liquids, with only the concentrated 
mineral matter occurring in the sink product. Also, for coal, crushing to a finer 
size typically improves the yield/ash relationship. For the chars, crushing was 
either of no value or resulted in a poorer yield/ash relationship. 

To explain these observations, phenomena occurring during the forinition of the 
chars must be considered. Under the high-temperature gasification conditions, the 
pore structure of the coal may collapse or otherwise be destroyed; and' as a 
result, a denser form of carbon would exist in the char. Also under these con- 
ditions, the volatile matter is driven off. Loss of this relatively light 
material would also cause an increase in the apparent particle density. Finally, 
encapsulation of the mineral matter by the organic phase would increase the 
apparent particle density and also result in a more homogeneous material that 
would be difficult to beneficiate by physical means. Encapsulation of the ash 
would also explain why these gasification chars were less responsive to grinding 
for release of mineral matter than typical coals, since there would be less 
segregation of the various materials. We have visually observed under the micro- 
scope such encapsulation of the ash in other chars produced by similar high- 
temperature processing. 

, 11. CONDITIONING OF COAL PRIOR TO PHYSICAL, BENEFICIATION 

EXPERIMENTAL 

A unit has been designed and constructed to process coal and coal-derived 

heart of this apparatus, the supercritical fluid extraction vessel. The vessel is 

to 673 K at 27.6 MPa. In the work reported here, the reflux column, which con- 

ture as the extraction section. The use of a temperature difference across the 
column to exploit the properties of supercritical fluids to fractionate non- 
distillable coal-derived liquids has been reported elsewhere [4]. 

The coal used in this work was a channel sample of Illinois No. 6 coal from the 
River King Mine containing 8.31 percent moisture, 13.33 percent ash, and 4.68 
percent sulfur. Supercritical methanol (Tc = 512.6 K; Pc = 8.097 HPa), cyclo- 

were used in the treatment of this coal. The solvents were obtained in drum 
quantities at greater than 99 percent purity and used as received. 

A 500-gram charge of the coal, crushed to minus-14 mesh, is first placed in the 
extraction section of the supercritical fluid extraction vessel. After the unit 
is stabilized at operating conditions under a nitrogen atmosphere, the super- 
critical fluid is introduced into the bottom of the vessel through the sparger, 
where it contacts the coal. The fluid phase containing extracted material con- 
tinues up the column and exits at the top of the vessel. The extracted material 
leaving the column is separated from the supercritical fluid by partial depres- 
surization. The fluid is then condensed for reuse. Before being recycled in the 
unit, the solvents are distilled on a rotary evaporator. 

i 
1 
I materials with supercritical fluids. Figure 1 contains a sectional view of the 
I 

constructed entirely of 316 stainless steel and can be operated at conditions up 

, sists of a packed bed and condenser section, was maintained at the same tempera- 

1 

, 

I 

\ hexane (Tc I 553.4 K; Pc = 4.074 MPa), and toluene (Tc 591.7 K; Pc,= 4.115 MPa) 
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. I  

The I l l i n o i s  No. 6 coal was processed wi th  methanol, cyclohexane, and to luene  a t  a 
T,, or T/Tc, of 1.02, and a t  a P,, or P/Pc, of 2.0. The runs  were terminated when 
t h e  r a t e  of c o l l e c t i o n  of e x t r a c t e d  m a t e r i a l  was less than 1 gram i n  30 minutes.  
This  requi red  from 5 to  9 hours  of  o p e r a t i o n .  The flow o f  s o l v e n t  was maintained 
a t  0.27 gram-moles/minute d u r i n g  most o f  t h i s  work. This  rate was doubled i n  one 
o f  t h e  t o l u e n e  t r e a t m e n t s .  No a p p r e c i a b l e  change was observed i n  t h e  y i e l d  of 
e x t r a c t  in  t h i s  c a s e .  To provide  s u f f i c i e n t  material f o r  c h a r a c t e r i z a t i o n  and 
phys ica l  b e n e f i c i a t i o n  t e s t i n g ,  two runs  were made with each s o l v e n t ,  and t h e  
r e s p e c t i v e  products  were combined. The y i e l d s  of  t r e a t e d  coal on a mois ture- f ree  
b a s i s  were 90,  89 ,  and 75 weight p e r c e n t  f o r  methanol,  cyclohexane, and to luene ,  
r e s p e c t i v e l y .  The o v e r a l l  material ba lance ,  d e f i n e d  as t h e  t o t a l  weight of 
recovered material d i v i d e d  by t h e  weight of t h e  coal i n i t i a l l y  charged, ranged 
from 95 t o  102 p e r c e n t  for a l l  t h e  tests. 

S p e c i f i c  g r a v i t y  s e p a r a t i o n s  of t h e  t r e a t e d  c o a l s  were performed us ing  con- 
v e n t i o n a l  s ta t ic  f l o a t - s i n k  techniques  to  de termine  t h e i r  b e n e f i c i a t i o n  p o t e n t i a l .  

DISCUSSION OF RESULTS 

Tables 5 th rough 8 c o n t a i n  t h e  r e s u l t s  from t h e  washabi l i ty  a n a l y s i s  of  t h e  
I l l i n o i s  No. 6 c o a l  b e f o r e  and after t rea tment .  These d a t a  are cumulative va lues  
and a r e  repor ted  on a mois ture- f ree  b a s i s .  Also shown i n  t h e s e  t a b l e s  a r e  a s h ,  
t o t a l  s u l f u r ,  and c a l o r i f i c  v a l u e  d a t a  obta ined  on t h e  bulk samples p r i o r  t o  t h e  
s p e c i f i c  g r a v i t y  s e p a r a t i o n s .  The agreement between t h e  bulk va lues  and t h e  
r e s u l t s  r e c o n s t i t u t e d  from t h e  washabi l i ty  d a t a  is g e n e r a l l y  acceptab le .  
Noteworthy e x c e p t i o n s  are t h e  t o t a l  s u l f u r  c o n t e n t s  of  t h e  c o a l s  t r e a t e d  wi th  
methanol and cyclohexane and t h e  a s h  c o n t e n t  of t h e  to luene- t rea ted  c o a l .  
Additional work is b e i n g  performed t o  f i n d  an  explana t ion  f o r  t h e s e  d i f f e r e n c e s .  

Reduction i n  t o t a l  s u l f u r  concent ra t ion  is only observed i n  t h e  s p e c i f i c  g r a v i t y  
s e p a r a t i o n  products  of t h e  methanol-treated c o a l .  The h igher  t o t a l  s u l f u r  l e v e l s  
r e s u l t i n g  from t h e  cyclohexane and t o l u e n e  t r e a t m e n t s  are p r i m a r i l y  due t o  t h e  
e x t r a c t i o n  of a p o r t i o n  o f  t h e  o r g a n i c  phase ,  which c o n c e n t r a t e s  t h e  remaining 
s u l f u r  i n  the t r e a t e d  coal. The e x t r a c t a b l e  m a t e r i a l s  from a l l  o f  t h e  t e s t s  con- 
t a i n  approximately 2.4 w t %  s u l f u r  and no minera l  m a t t e r .  S u l f u r  ba lances  f o r  t h e  
t r e a t e d  c o a l s  u s i n g  t h e  bulk sample s u l f u r  d a t a  are between 95 and 99 percent .  

Unusually low l e v e l s  of p y r i t i c  s u l f u r  are r e p o r t e d  f o r  t h e  cyclohexane-treated 
coa l .  The total s u l f u r ,  however, d i d  n o t  decrease  by a corresponding amount, 
i n d i c a t i n g  e i t h e r  that  o r g a n i c  s u l f u r  was formed from t h e  s u l f u r  o r i g i n a l l y  con- 
t a i n e d  i n  t h e  p y r i t e  or t h a t  t h e  a n a l y s i s  f o r  p y r i t i c  s u l f u r  is i n  error. Under 
t h e  r e l a t i v e l y  mild r e a c t i o n  c o n d i t i o n s ,  i t  is n o t  l i k e l y  t h a t  s u l f u r  from t h e  
p y r i t e  has  i n c o r p o r a t e d  i n t o  t h e  o r g a n i c  m a t r i x  of  t h e  c o a l .  Rather,  t h e  p y r i t e  
h a s  probably been t ransformed i n t o  a form t h a t  does n o t  d i s s o l v e  i n  t h e  a c i d  used 
f o r  t h e  p y r i t i c  s u l f u r  de te rmina t ion .  

In  c o n t r a s t  t o  t h e  o t h e r  t r e a t e d  c o a l s ,  t h e  total and p y r i t i c  s u l f u r  l e v e l s  i n  t h e  
to luene- t rea ted  c o a l  remain h i g h ,  even i n  t h e  low s p e c i f i c  g r a v i t y  f r a c t i o n s .  One 
p o s s i b l e  e x p l a n a t i o n  is t h a t  t h e  to luene  t rea tment  caused a s o f t e n i n g  of  t h e  
organic p o r t i o n  of t h e  coal, r e s u l t i n g  i n  increased  encapsula t ion  o f  t h e  mineral  
matter.  T h i s  would make t h e  material more homogeneous wi th  r e s p e c t  t o  t h e  
s p e c i f i c  g r a v i t y  s e p a r a t i o n s .  Sof ten ing  of t h e  c o a l  was evidenced by t h e  f a c t  
t h a t  t h e  c o a l  was m i l d l y  agglomerated after t h e  t o l u e n e  t rea tment .  After treat- 
ment with either methanol or cyclohexane, however, t h e  product was free-flowing 
and similar i n  appearance  to t h e  s t a r t i n g  m a t e r i a l .  

Microscopic a n a l y s i s  o f  t h e  v a r i o u s  s p e c i f i c  g r a v i t y  f r a c t i o n s  shows t h e  to luene  
t rea tment  produces p a r t i c l e s  t h a t  conta in  r e l a t i v e l y  more and l a r g e r  pore openings 
than t h e  p a r t i c l e s  after methanol or cyclohexane t rea tment .  T h i s  c h a r a c t e r i s t i c  
could decrease  t h e  a p p a r e n t  s p e c i f i c  g r a v i t i e s  o f  t h e  c o a l  p a r t i c l e s  and r e s u l t  in 
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t h e  poor s u l f u r  r e j e c t i o n  observed for t h e  to luene- t rea ted  c o a l .  T h i s  phenomenon 
would e x p l a i n  t h e  h i g h  y i e l d  i n  t h e  Float-1.25 f r a c t i o n .  S e v e r a l  o t h e r  coals have 
been t r e a t e d  t o  provide a l a r g e r  frame of r e f e r e n c e  from which t o  i n v e s t i g a t e  
these  observa t ions .  

In o r d e r  to  i l l u s t r a t e  t h e  changes i n  t h e  t r u e  and/or apparent  s p e c i f i c  g r a v i t i e s  
of t h e  c o a l  p a r t i c l e s  r e s u l t i n g  from t h e  s u p e r c r i t i c a l  f l u i d  t r e a t m e n t s ,  t h e  y i e l d  
versus  a s h  conten t  d a t a  are p l o t t e d  i n  F igure  2 for t h e  raw and t r e a t e d  coals. In 
comparison wi th  raw c o a l  w a s h a b i l i t y  d a t a ,  bo th  t h e  methanol and cyclohexane 
t rea tments  marginally enhance t h e  c l e a n a b i l i t y  of  t h e  raw c o a l .  I n  c o n t r a s t ,  t h e  
to luene  t rea tment  makes i t  worse. Addi t iona l  work wi th  o t h e r  S o l v e n t s  is i n  
progress  t o  determine if t h e  p o s i t i v e  t r e n d s  observed wi th  methanol and cyclo- 
hexane can be improved. 

CONCLUSIONS 

A set of t h r e e  g a s i f i c a t i o n  c h a r s  have been s u b j e c t e d  t o  phys ica l  b e n e f i c i a t i o n .  
In some c a s e s ,  marginal improvements i n  t h e  minera l  mat te r  c o n t e n t  were achieved, 
bu t  e i t h e r  u n s a t i s f a c t o r y  a s h  l i b e r a t i o n  or low y i e l d s  were observed o v e r a l l .  The 
form of carbon i n  t h e  a s h  is much denser  than  t h a t  t y p i c a l  for c o a l .  One 
explana t ion  for t h i s  observa t ion  is t h a t  some o f  t h e  minera l  mat te r  has  been 
encapsulated dur ing  t h e  formation o f  t h e  char .  T h i s  is f u r t h e r  evidenced by t h e  
poor response of  t h e  c h a r s  upon f u r t h e r  s i z e  reduct ion .  Other phenomena, such  as 
l o s s  of p o r o s i t y  and v o l a t i l e  m a t t e r ,  may also c o n t r i b u t e  t o  t h e  poor s e p a r a t i o n s  
observed. In summary, t h e s e  o b s e r v a t i o n s  h i g h l i g h t  t h e  inadequacy of convent iona l  
phys ica l -c leaning  methods f o r  some coal -der ived  materials. If a c l e a n  char  
product is to be produced, e i t h e r  deeper i n i t i a l  c leaning  of t h e  c o a l  is requi red  
or new techniques  must be developed to  s e p a r a t e  t h e  minera l  matter from t h e  
r e s u l t i n g  chars .  

The washabi l i ty  of  c o a l  can b e  margina l ly  improved through t h e  use  of a n  i n i t i a l  
p re t rea tment  wi th  s u p e r c r i t i c a l  methanol or cyclohexane. S i m i l a r  t r e a t m e n t  with 
s u p e r c r i t i c a l  to luene  has  t h e  o p p o s i t e  e f f e c t .  While n o t  p r e s e n t l y  p r a c t i c a l  from 
an economic s t a n d p o i n t ,  t h i s  work may provide  new i n s i g h t s  i n t o  p o s s i b l e  avenues 
f o r  producing a l t e r n a t i v e  f u e l s  from c o a l .  More work needs t o  b e  done to 
determine if  t h e  minera l  matter l i b e r a t i o n  can be f u r t h e r  improved by vary ing  t h e  
c o n d i t i o n s  and r e a g e n t s  used i n  t h e  pre t rea tment .  
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Table  1. Chemical Analys is  of G a s i f i c a t i o n  Chars 

Coal Type Subbituminous Bituminous 

Char Yie ld ,  u t %  of Raw Coal 25 39 
Proximate Analysis ,  w t %  

Moisture 
V o l a t i l e  Matter  
Fixed Carbon 
Ash 

Ult imate  Analysis ,  w t %  m f  
Carbon 
Hydrogen 
Nitrogen 
Oxygen 
S u l f u r  
Ash 

1.8 
5.8 

57.7 
34.7 

60.3 
1.2 
0.4 
3.3 
0.2 

34.7 

1.3 
1.7 

72.9 
24.2 

72.2 
1.4 
0.7 
1.4 
0.3 

24.2 

C a l o r i f i c  Value, Btu / lb  9,308 10,622 

Anthraci te  

45 

0.5 
3.1 

75.6 
20.8 

74.7 
1.1 
0.6 
2.5 
0.3 

20.8 
---- 

Table 2. Cumulative Washabi l i ty  R e s u l t s  for t h e  Anthrac i te  
Coal G a s i f i c a t i o n  C h a r  

--- As-Received --- 
Tota l  

Products  Yield Ash S u l f u r  Btu / lb  

F l o a t  1.60 16.4 3.4 0.45 14,019 
1.60 x 1.80 52.9 6.4 0.41 13,145 
1.80 x 2.00 79.1 7.6 0.33 12,746 
Sink  2.00 100.0 16.7 0.29 11,447 

--- wt$ mf --- 

--- Crushed --- 

Yield Ash S u l f u r  B t u / l b  

3.8 2.2 0.54 14,199 
4.5 3.4 0.51 13,976 

44.0 15.9 0.33 11,580 
100.0 17.8 0.32 11,259 

T o t a l  

--- wt$ m f  --- 

Table  3. Cumulative Washabi l i ty  R e s u l t s  for t h e  Bituminous 
Coal G a s i f i c a t i o n  C h a r  

--- As-Received --- 
Tota l  

Products  Yie ld  Ash S u l f u r  Btu / lb  

F l o a t  1.40 63.0 11.2 0.57 12,368 
1.40 x 1.60 77.2 11.5 0.53 12,265 
1.60 x 1.80 87.0 12.8 0.49 12,103 
1.80 x 1.90 100.0 17.8 0.45 11,354 
1.90 x 2.00 ---- ---- ---- 
Sink 2.00 ---- ---- ---- 

--- wt$ mf --- 

----- 
----- 

--- Crushed --- 

Yield Ash S u l f u r  Btu/lb 

--I)-- . --- ---- ----- 
19.5 3.8 0.80 13,100 
20.5 4.1 0.78 13,041 
23.0 5.1 0.73 12,894 
98.5 15.7 0.35 10,991 

100.0 17.0 0.35 10,953 

T o t a l  

--- wt$ mf --- 
-. 
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Table 4. Cumulative Washability Results for the Subbituminous 
Coal Gasification Char 

--- As-Received --- 
Total 

Products Yield Ash Sulfur Btu/lb 

Float 1.60 6.2 7.6 0.38 12,289 
1.60 x 1.80 14.6 8.9 0.23 12,297 
1.80 x 2.20 100.0 32.1 0.19 9,456 
Sink 2.20 ---- ---- ---- ----- 

--- ut$ mf --- 

Crushed --- --- 
Total 

Yield Ash Sulfur Btu/lb 

5.2 7.2 0.46 12,138 
5.6 8.8 0.46 11,909 

97.7 30.0 0.26 8,873 
100.0 30.1 0.28 8,860 

--- ut$ mf _ _ _  

Table 5. Cumulative Washability Results for Illinois No. 6 Coal 

Products 

Float 1.25 
1.25 x 1.28 
1.28 x 1.30 
1.30 x 1.40 
1.40 x 1.60 
Sink 1.60 
Bulk Sample 

Total Pyritic 
Yield Ash Sulfur Sulfur 

-0- 

--- ut$ mf _-- 
---- ---- ---- 

3.4 3.1 2.60 0.45 
12.8 2.6 2.67 0.37 
67.5 5.4 3.12 0.78 
86.4 7.6 3.40 1.14 

100.0 13.8 5.02 2.92 ----- 14.5 5.10 ---- 

Btu/lb 

----- 
13,777 
13,836 
13,492 
13,450 
12,410 
11,713 

Table 6. Cumulative Washability Results for Methanol-Treated Illinois No. 6 Coal 

Products 

Float 1.25 
1.25 x 1.28 
1.28 x 1.30 
1.30 x 1.40 
1.40 x 1.60 
Sink 1.60 
Bulk Sample 

Table 7. Cumu 

Products 

Float 1.25 
1.25 x 1.28 
1.28 x 1.30 
1.30 x 1.40 
1.40 x 1.60 
Sink 1.60 
Bulk Sample 

Total Pyritic 
Yield Ash Sulfur Sulfur Btu/lb --- wt$ mf --- 

---- -0- 
8.5 1.9 

30.9 2.4 
69.3 5.3 
82.7 7.2 

100.0 15.3 
----- 14.9 

2.59 0.29 
2.86 0.68 13,202 
3.14 0.96 12,877 
4.74 2.84 11,485 
5.29 ---- 11,601 

itive Washability Results for Cyc ~ )hexane-Treated Illinois No. 6 Coal 

Yield Ash Sulfur Sulfur Btu/lb 

7.4 2.3 2.88 0.41 13,847 
25.5 3.4 2.90 0.19 13,826 
42.7 3.1 3.02 0.16 13,713 
72.7 5.5 3.42 0.17 13,339 
86.4 7.5 3.85 0.18 13,036 

100.0 14.7 4.38 1.03 12,031 ----- 15.4 5.38 ---- 11,808 

Total Pyritic 

--- wt% mf --- 
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Products 

Float 1.25 
1.25 x 1.28 
1.28 x 1.30 
1.30 x 1.40 
1.40 x 1.60 
Sink 1.60 
Bulk Sample 

Table 8. Cumulative Washability Results for Toluene- 
Treated Illinois Uo. 6 Coal 

Total Pyritic 
Yield Ash Sulfur Sulfur --- w y  mf --- 
42.4 8.3 3.22 1.44 
50.0 8.5 3.24 1.48 
53.6 8.3 3.21 1.46 
73.0 8.6 3.22 1.50 
83.5 9.8 3.41 1.70 
100.0 17.3 5.51 3.92 ----- 19.3 5.75 ---- 

Btu/lb 

12,885 
12,869 
12,938 
12,863 
12,672 
11,465 
11,263 

ASH, cumulative wiqM Sb 

Coal Wore and After Treatments ruth Spar- 
critical Method, Cyclohexane ,ond Toluene. 

Fipue 2. Compcrison of Wothability Dola for Illinois No. 6 

‘ I  
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