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j e r a 1  absorp t ion  bands i n  in f r a red  s p e c t r a  has  been c a r r i e d  out  by a combination of 
A group of problems a r e  d iscussed .  I n  Inorganic  work the  i d e n t i f i c a t i o n  of min- 

spectrometry and coa l  petrography. The absorp t ion  bands of t he  whole coa l  t h a t  
a r e  found t o  decrease  s i g n i f i c a n t l y  wi th  the removal of mineral  matter a r e  e a s i l y  
i d e n t i f i e d  by t h i s  means. 

An important s a f e t y  problem i n  coa l  m i n e s  has been s u b s t a n t i a l l y  helped by 
inf ra red  ana lys i s  of minera ls .  The content of rock d u s t  found i n  the  f l o a t  dus t  
of r e t u r n  airways of coa l  mines is  important and p re fe rab ly  ,should be determined 
wi th  speed. The usua l  procedure is  t o  w a i t  f o r  d u s t  t o  s e t t l e  s u f f i c i e n t l y  t o  
c o l l e c t  100 mg of s a m p l e  f o r  chemical analyses.  By t h e  app l i ca t ion  of i n f r a red  
spectrometry t o  t h i s  problem it is  poss ib l e  t o  c a r r y  o u t  a complete ana lys i s  f o r  
rock d u s t  conten t  on a s  l i t t l e  as 2 mg sample. Greater speed is  achieved. 

In organic work, a t t enua ted  t o t a l  r e f l ec t ance  of shock-heated coa l  has  shown 
t h a t  cons iderable  in f r a red  f i n e  s t r u c t u r e  is developed r e l a t i v e  t o  the  o r i g i n a l  
coa l  (Spectra by Barnes Engineering Co.). The spec t ra .obta ined  a r e ,  however, not 
r ep resen ta t ive  of the whole coa l s .  More v o l a t i l e  po r t ions  of t he  coa l  a r e  found 
t o  leave the coa l  f i r s t  a s  expected and t o  c o l l e c t  f i r s t  on the  ATR prism. Be- 
cause of the very s l i g h t  o p t i c a l  pene t r a t ion  of t h e  sample by the  s p e c t r a l  beam 
the spectrometer s ees  only the  i n i t i a l  v o l a t i l e  p a r t s  of t h e  coa l .  This method 
is therefore  very good f o r  concent ra t ion  of and study of t he  v o l a t i l e  po r t ions  of 
t he  coal.  A p r i n c i p l e  use of ATR a t  t h e  Bureau has  been i n  the  study of spec t r a  
of sorba tes  added t o  coa l s .  

Inf ra red  s p e c t r a l  changes wi th  acid-base i n t e r a c t i o n s  ( cha rge - t r ans fe r  com- 
plexes) have been s tudied  by t h e  ATR method. With coa l  a s  the  ac id  (acceptor )  
and pyr id ine  as the  base (donor) t h e  same changes i n  t h e  py r id ine  spectrum are 
found as in  o the r  charge- t ransfer  complexations involv ing  py r id ine .  

INTRODUCTION 

The app l i ca t ion  of i n f r a red  spectrometry t o  chemical substances r ep resen t s  the 
These a p p l i c a t i o n s  a r e  ovewhelm- l a r g e s t  use i n  sc ience  of any s p e c t r a l  method. 

ing ly  i n  the f i e l d  of organic  chemistry.  But i n f r a red  spectrometry i s  a l s o  used  
f o r  ana lys i s  of inorganics .  I n  a d d i t i o n  t o  q u a l i t a t i v e  information i t  i s  poss ib le  
t o  ob ta in  q u a n t i t a t i v e  information a s  wel l .  A s  i n  organic  in f r a red  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  usua l ly  e x i s t s  between the concent ra t ion  of  each component i n  
a mixture and the  s p e c t r a l  absorp t ion  of t h a t  component. This  paper w i l l  t r e a t  
a few app l i ca t ions  of i n f r a red  spectrometry t o  both organic  and inorganic prob- 
lems. In  most cases  o the r  a v a i l a b l e  s p e c t r a l  methods (mass spectrometry,  u l t r a -  
v i o l e t - v i s i b l e ,  nuc lear  magnetic resonance, e l e c t r o n  paramagnetic resonance) a r e  
used i n  conjunction wi th  i n f r a r e d ,  bu t  only i n f r a r e d  i s  d iscussed  here .  
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INORGANIC APPLICATIONS 

Inorganic  m a t e r i a l s  which posses s  an ions  of  oxygenated systems, namely, carbon. 
a t e s  , c h l o r a t e s ,  s u l f a t e s ,  s i l icates,  e t c . ,  u sua l ly  possess  i n  t h e i r  in f ra red  
spec t r a  d i s t i n c t ,  i n t ense  s p e c t r a l  bands. Such subs tances  a r e  amenable t o  ana l -  
y s i s  by i n f r a red  spectroscopy. One d i s t i n c t  d i f f e rence  between organic  and i n -  
organic substances is t h a t  i no rgan ic s  have fewer spectral absorp t ion  bands than 
organics .  With fewer bands t o  work wi th ,  ana lyses  of complex mixtures a r e  l i m i t e d  
This  i s  one major reason why i n f r a r e d  ana lyses  of inorganics  have not been a s  
popular a s  ana lyses  of  organics .  
cause of the  l a r g e  number of atoms involved, and because many of t hese  atoms are 
usua l ly  hydrogens which a r e  r e spons ib l e  f o r  many of t h e  in tense  bands i n  the 
spec t r a  of organic  compounds. When hydrogens a r e  p re sen t  i n  inorganic  compounds, 
t hese  too  show a g r e a t e r  profus ion  of  s p e c t r a l  bands; t h e  b icarbonates  a r e  an  
example. 

It is i n t e r e s t i n g  t o  n o t e  t h a t  one of t h e  e a r l i e s t  and bes  
r e d ,  w r i t t e n  by German s p e c t r o s c o p i s t s  Schaef fer  and M a t o s s s t  36 years  ago, d i s -  
cussed t h e  inorganic  a p p l i c a t i o n s  a t  l e n g t h ,  almost t o  t h e  exc lus ion  of organic 
a p p l i c a t i o n s ,  It was soon a f t e r  t h i s  per iod  t h a t  the  g r e a t e r  a p p l i c a b i l i t y  t o  
organic  s t r u c t u r e s  aroused so much a c t i v i t y  t h a t  i t  p r a c t i c a l l y  swept as ide  t h e  
inorganic  a p p l i c a t i o n s  of  i n f r a red .  A cons iderable  impetus was given t o  inf ra red  
ana lys i s  of inorganics  by M i l l e r  and Wilkins of Mellon n s t i t u t e  i n  t h e i r  publ i -  
c a t i o n  o f  a c a t a l o g  of  s p e c t r a  o f  inorganic  c 2 f  and by Hunt e t  a l .  i n  a 

i t  d i d  no t  produce any g r e a t  a c t i v i t y  i n  inorganic  a n a l y s i s  u n t i l  recent  years--  
more than a decade a f t e r  p u b l i c a t i o n .  A r e c u r r i n g  d i f f i c u l t y  wi th  inorganics is 
t h a t  spec t r a  of unknowns o f t e n  d i f f e r  s i g n i f i c a n t l y  from the  spec t r a  of standards.  
This  i s  a d i s t u r b i n g  occurrence and makes d i f f i c u l t  t h e  assignment of spec t ra  t o  

(1) In f ra red  s p e c t r a  o f t e n  d i f f e r  f o r  d i f f e r e n t  c r y s t a l  s t r u c t u r e s  of a substance- 
This i s  a f a c t o r  i n  d e a l i n g  wi th  pure subs tances ,  and is an even b igger  f a c t o r  i n  
the  presence of impur i t i e s  and i n  mixed s a l t s .  Epitaxy can produce d i f f e r i n g  
c r y s t a l  s t r u c t u r e s  and i n f r a r e d  s p e c t r a .  
e f f e c t  on the  spectrum of an  inorganic  substance.  
known i n  t h e  case  of organic  materials s t u d i e s  i n  s i t u  on c a t a l y s t s .  
t i o n  may occur between t h e  minute c r y s t a l s  of t h e  sample and the  KBr, o r  o ther  
h a l i d e ,  used f o r  i n f r a red  p e l l e t i n g .  

Organic molecules produce profuse  spec t r a  be- 

t e x t  books on i n f r i  

pub l i ca t ion  of i n f r a r e d  s p e c t r a  of  mine ra l s -  3ypounds  This impetus '- w a s  needed, although 

s n s c l f i c  str-ctnres. A list =f  pGsSib1e ------- . s a y v L a a  foi spectral differences foiiows: -. - 

(2) Subs t r a t e s  can have a tremendous 

(3) Reac- 
Large s p e c t r a l  changes a r e  well  

I n  Bureau of Mines work i n f r a r e d  app l i ca t ions  i n  inorganics  occurred i n  connec- 
t i o n  with:  
due t o  e t h e r s  i n  bituminous co 1 s p e c t r a  were repor ted  i n  1956 t o  be due t o  min- 
e r a l s ,  p r i n c i p a l l y  kaol in i te ;&? (2)  s p e c t r a  of o i l  s h a l e s  and o the r  carbona- 
ceous shale produced l i t t l e  in format ion;  (3)  b r i e f  i nves t iga t ions  of a lka l i zed  
alumina i n  1963 gave l i m i t e d  information: the  presence of sodium aluminate w a s  
i nd ica t ed ,  which s u b s t a n t i a t e d  t h e  X-ray i n d i c a t i o n s  of t h i s  group; t he  presence 
of  s u l f a t e s  (not d e f i n i t e l y  a s s ignab le )  on a l k a l i z e d  alumina exposed t o  s u l f u r  
ox ides  h a s  been shown; (4) formation of inorganic carbonates i n  the  pyro lys i s  Of  

l i g n i t e s  and of pea t  a t  400° C w a s  shown; (5) r ecen t  examination of probe samples 
obtained in  combustion experiments showed i d e n t i f i a b l e  s u l f a t e s .  Fur ther  work 
on (1) will be descr ibed .  

(1) Our e a r l y  work on  coa l  spectra; unassigned bands thought t o  b e  

1. I d e n t i f i c a t i o n  of Mineral  Absorption Bands i n  Coal Spec t ra  

4 
The discovery  of the c o r r e c t  assignment of c e r t a i n  absorp t ion  bands t o  mineral*' 

came about through the  obse rva t ion  i n  1953 t h a t  t h e  s p e c t r a  of coa l s  and t h e i r  
pe t rographic  components d i f f e r e d  cons iderably .  As i n  o the r  l a b o r a t o r i e s  OUT SuS- 

p ic ions  were t h a t  t hese  d i f f e r e n c e s  were a t t r i b u t a b l e  t o  d i f f e r e n c e s  i n  organic 
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s t r u c t u r e  between the  coa l  and its pe t rog raph ic  c o n s t i t u e n t s .  
pa ren t  t h a t  t h i s  could not be. 
v i t r a i n .  With only a few pe rcen t  pf t h e  c o n s t i t u e n t s  removed from t h e  major com- 
ponent,  v i t r a i n ,  i t  w a s  n o t  f e a s i b l e  t h a t  t h e r e  should be d i f f e r e n c e s  i n  organic  
s t r u c t u r e  between coa l  and v i t r a i n  s p e c t r a  as g r e a t  a s  5-fold i n  t h e  i n t e n s i t i e s  
of some absorpt ion bands. It even tua l ly  became ev iden t  t h a t  t h e  c o n s t i t u e n t s  
which were changed many fo ld  i n  t h e  i s o l a t i o n  of v i t r a i n  were the  mineral  com- 
ponents.  On comparison of t hese  anomalous abso rp t ion  bands w i t h  t h e  spec t r a  of 
t h e  few minerals  a v a i l a b l  a t  t h a t  t ime, it w a s  found t h a t  most of t h e  bands were 
a s s ignab le  t o  k a o l i n i t e  .A7 Thus these  informative comparisons of s p e c t r a  repre-  
sented a very u s e f u l  combination o f  s p e c t r a l  and petrographic  methods. 

wavenumber re  ion.5,6,7/ 
below 650 cm-f i n  t h e  i n f r a r e d  (R. C. Lord has  named t h i s  region t h e  "middle 
infrared")  it became p o s s i b l e  t o  extend t h e  s tudy  of mineral  abso rp t ion  bands 
through the combination of s p e c t r a l  and pe t rog raph ic  techniques.  By a comparison 
of P i t t sbu rgh  coal  and v i t r a i n  s p e c t r a  t h e  fol lowing bands due t o  mine ra l s ,  p r in -  
c i p a l l y  k a o l i n i t e ,  have been observed i n  t h e  middle in f r a red :  698,  5 4 3 ,  4 7 1 ,  and 
420 cm-1. Both bands a r e  
a t t r i b u t a b l e  t o  k a o l i n i t e .  A s  discussed above some of t h e  i n t e n s i t y  d i f f e rences  
are extremely l a r g e  and cannot poss ib ly  be a t t r i b u t e d  t o  d i f f e r e n c e s  i n  organic 
s t r u c t u r e .  For example, t h e  s t rong  band a t  543 wave numbers i n  t h e  coa l  is 10  
t imes as g r e a t  a s  t he  corresponding abso rp t ion  i n t e n s i t y  i n  t h e  v i t r a i n  spectrum. 
Such r a d i c a l  d i f f e r e n c e s  can only be a t t r i b u t e d  t o  mineral  absorpt ion.  Inten-  
si t ies of these abso rp t ion  bands can be a c c u r a t e l y  ca l cu la t ed  and used f o r  quant i -  
t a t i v e  determinat ions of  minerals  p re sen t .  

But i t  became ap- 
A coa l  such a s  P i t t sbu rgh  seam is very l a r g e l y  

Our published i n v e s t i g a t i o n s  on t h i s  s u b j e c t  were l i m i t e d  t o  the  5,000 - 650 
With t h e  advent of inst ruments  f o r  adequate operat ion 

The s t r o n g e s t  of  these bands a r e  those a t  543 and 471. 

Graphite has  been examined i n  th i s  region of t h e  spectrum. Though s t rong  ab- 

Addit ional  runs ou t  t o  100 cm-1 have been made by Dr. W i l l i a m  
so rp t ion  fo r  g raph i t e  w a s  de t ec t ed  ou t  t o  290 wave numbers no d i s c r e t e  absorpt ion 
bands were found. 
Fa te l ey ,  Mellon I n s t i t u t e ,  and no s p e c i f i c  abso rp t ion  bands occur.  

2 .  Rock Dust i n  F l o a t  Dust 

Infrared spectrometry has  r e c e n t l y  been app l i ed  t o  a n a l y s i s  of rock  dus t  i n  
f l o a t  dus t s  from r e t u r n  airways o f  coa l  mines. Sample c o l l e c t i o n  f o r  the pirpose 
of analyzing by wet chemical methods is  a d i f f i c u l t  problem usua l ly  because a 
considerable  amount of  d u s t ,  about 100 mg, must be co l l ec t ed .  This  r e q u i r e s  more 
time than d e s i r a b l e ;  t h e  element of  s a f e t y  i s  the re fo re  involved. With the  use 
of i n f r a red  spectrometry i n  such a problem only very small  samples need be co l -  
l ec t ed .  Two mg a r e  ample and c o l l e c t i o n  is rapid.  

The dus t  samples c o l l e c t e d  i n  t h e  mine, mixtures  of coa l  and rock d u s t ,  a r e  
prepared fo r  i n f r a red  i n v e s t i g a t i o n  by mixing 1 p a r t  o f  dus t  with 100 p a r t s  of , 

potassium bromide which is p e l l e t t e d  by a s tandard technique. The in f r a red  spec- 
trum of t h e  p e l l e t  is obtained. Advantageous abso rp t ion  band o r  bands a r e  chosen 
f o r  a n a l y t i c a l  work. For q u a n t i t a t i v e  a n a l y s i s  it i s  necessary t o  check t h e  l i n -  
e a r i t y  of t he  concentrat ion versus  s p e c t r a l  abso rp t ion  by preparing s tandard 
samples a t  va r ious  concen t r a t ions  and measuring t h e i r  abso rp t ion  i n t e n s i t i e s  a t  
t h e  appropriate  abso rp t ion  bands. A f t e r  t h e  l i n e a r i t y  of  t h e  c a l i b r a t i o n  curve 
i s  e s t a b l i s h e d ,  then unknown samples can be  prepared i n  KBr p e l l e t s  and t h e i r  
s p e c t r a  obtained. 
app l i ed  t o  t h e  c a l i b r a t i o n  curve and t h e  concen t r a t ion  of t h e  d e s i r e d  component 
i n  the  dus t  is  obtained. 

I n t e n s i t y  of abso rp t ion  a t  appropr i a t e  bands may then  be 
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The rock d u s t s  d e a l t  w i th  i n  t h i s  i n v e s t i g a t i o n  were e i t h e r  c a l c i t e  (CaCO,) or 
dolomite,  CaMg(CO,),; c a l i b r a t i o n  curves were obtained f o r  each of t he  rock dus ts  
p lus  coa l .  Though t h e  rocks involved a r e  both carbonates  t h e i r  absorp t ion  spec t ra  
d i f f e r  s l i g h t l y .  Th i s  is a n  advantage,  as each may be determined i n  the  presence 
of the  o ther  i f  necessary .  Coal a l s o  has a n  abso rp t ion  spectrum and accordingly 
the coa l  dus t  c o l l e c t e d  i n  t h e  mine w i l l  produce i n t e r f e r i n g  absorp t ion  which must 
be cor rec ted  fo r .  Th i s  i s  most simply done by choosing the  c a l i b r a t i o n  band fo r  
t he  carbonates i f  p o s s i b l e  i n  reg ions  of broad, non-spec i f ic  absorp t ion  of the 
coa l .  Then from t h e  spectrum of the  mixture  of coa l  and rock dus t  t h e  absorption 
band o f  the rock d u s t  w i l l  be superimposed on t h e  broad background of t he  coal 
absorp t ion .  By drawing a base l ine  ac ross  t h e  base of t he  ab o rp t ion  band i t  is 
p o s s i b l e  t o  c o r r e c t  ou t  t he  non-spec i f ic  coa l  absorption.=r The i n t e n s i t y  of 
the  rock dus t  abso rp t ion  then  is  measured from t h i s  base l i n e  t o  the peak of t he  
abso rp t ion  band. I n  t h i s  way c a l i b r a t i o n  curves were obtained. 

For both c a l c i t e  and dolomite two abso rp t ion  bands were obtained f o r  poss ib le  
ana lys i s .  A l l  four  bands provided acceptab le  r e s u l t s ,  about 2 10 percent  of t he  
amount p re sen t ,  i n  t h e  des i r ed  range of about 2 0  t o  80 percent  rock d u s t .  Results 
i n d i c a t e  t h a t  t h e r e  is no preference  between t h e  two abso rp t ion  bands s tudied  f o r  
each d u s t .  One o t h e r  carbonate band, a t  about 7.0 microns,  is a v a i l a b l e  f o r  ana l -  
y s i s .  With i t s  g r e a t e r  i n t e n s i t y  t h i s  band would be u s e f u l  f o r  a n a l y s i s  of t r aces  
of rock dus t  i n  coa l  d u s t .  In  t h e  p re sen t  problem a n a l y s i s  of  t r a c e s  is  not re- 
qui red  so the  less i n t e n s e ,  sharp bands used a r e  p re fe r r ed .  It should be men- 
t ioned t h a t  on ly  t h r e e  carbonate bands are a v a i l a b l e  f o r  a n a l y s i s ;  as s t a t e d  
e a r l i e r ,  organic m a t e r i a l s  u sua l ly  have many bands t h a t  can be used. I f  d i f f e r -  
e n t i a t i o n  between carbonates  is  r equ i r ed ,  then  two bands only a r e  a v a i l a b l e ,  f o r  
t he  s t ronges t  band a t  7 .0  microns i s  e s s e n t i a l l y  i d e n t i c a l  i n  var ious  carbonates.=/ 

C R W T I C  A??LICITIC?X!S 

1. At tenuated  To ta l  Ref lec tance  Spec t ra .  Shock-Carbonized 
Coals; Sorba tes  on Coal 

Recent i n v e s t i g a t i o n s  on a tenuated  t o t a l  r e f l e c t a n c e  (ATR) of coa l  were car- 
r i e d  out  by Bent and L a d n e r d  Their r e s u l t s  demonstrated the  d i f f i c u l t i e s  of 
u t i l i z i n g  t h i s  technique  on coa l s .  Very c l o s e  o p t i c a l  con tac t  i s  d i f f i c u l t  t o  
ach ieve  with t h e  s u r f a c e  p l a t e a u s  produced by conventional gr inding  and pol i sh-  
ing of coal.  These au tho r s  demonstrated t h a t  t h e  method was more app l i cab le  t o  
the  s p e c t r a l  i n v e s t i g a t i o n  of chloroform e x t r a c t s  of  shock-carbonized coa ls .  

Vo la t i l e  products  from shock-carbonizing of c o a l s  can be condensed d i r e c t l y  on 
the  ATR o p t i c a l  element t o  produce good spec t r a .  
b e  somewhat mis leading;  on shock carboniz ing ,  t he  more v o l a t i l e  products and 
the re fo re  the  lower molecular weight p roduc t s ,  would be expected t o  reach t h e  ATR 
prism f i r s t .  Because of t h e  s l i g h t  o p t i c a l  p e n e t r a t i o n  of t h e  sample by the  
in f r a red  beam i n  t h e  ATR technique ,  i t  is  probable  t h a t  only these  most v o l a t i l e  
products would be observed i n  the  spectrum. 
f o r  t h e  concent ra t ion  of and study of t h e  v o l a t i l e  p o r t i o n s  of t he  coa l .  

However, t h i s  technique might 

The method is  the re fo re  very good 

Spec t ra  of t h e  v o l a t i l e  products from four  shock-carbonized v i t r a i n s  were in-  
ves t iga t ed  by Barnes Engineering Company wi th  a n  ATR c r y s t a l  of thallium-bromide- 
iod ide  which provides  20 r e f l e c t i o n s  w i t h i n  the  c r y s t a l .  The v i t r a i n s  were shock- 
carbonized a t  900" C; t he  v o l a t i l i z e d  m a t e r i a l  was co l l ec t ed  on the ATR c r y s t a l  
and spec t r a  were determined. 
duc t s  from t h r e e  coa l  v i t r a i n s  were observed i n  comparison wi th  the spec t r a  of 
t he  o r i g i n a l  coa l  v i t r a i n s ;  g r e a t e r  f i n e  s t r u c t u r e  and new bands were produced. 
The four th  sample, sbock-carbonized Beulah l i g n i t e  v i t r a i n  showed no s p e c t r a l  
changes o the r  than q u a n t i t a t i v e  changes. 

Appreciable d i f f e r e n c e s  i n  the  spec t r a  of the pro- 

The s p e c t r a l  changes f o r  t he  th ree  coa l  
I 
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v i t r a i n s  a r e  ind ica ted  i n  Table 1. 
The double t  a t  1625-1600 i n  the  spec t r a  of shock-carbonized products may s i g n i f y  
t h a t  t h e  1610 cm-1 band i n  coa l  i s  a c t u a l l y  a t t r i b u t a b l e  t o  two d i f f e r e n t  chemical 
spec ie s ,  a s  suggested by FUjii21 
The o r i g i n  of these  bands is not  known; the  h igh  temperature used undoubtedly pro- 
duced considerable r eac t ion .  

The formation of two double ts  is  i n t e r e s t i n g .  
' 

The double t  a t  1440-1400 cm-l i s  s u r p r i s i n g .  
, 

Table 1.- In f r a red  s p e c t r a l  d i f f e rences  between ATR spec t r a  of t h r e e  coa l  
1 v i t r a i n s  and t h e  corresponding shock-carbonized products.  

I 
Vi t ra in ,  coa l  seam In f ra red  frequency, cm-1 

1 
t Pi t t sbu rgh  (hvab) 1610 1450 - 

Pi t t sbu rgh ,  shock-carbonized 1 6 2 5 - 1 5 9 d  1440-14U2~/ 1250 1093 

Pocahontas ( lvb)  1610 1450 
, Pocahontas, shock-carbonized 1 6 2 7 - 1 6 0 d  1443-14OOd 1250 1093 

Dorrance a n t h r a c i t e  
Dorrance, shock-carbonized 

1610 1450 - 
1625-1595G/ 1440-139g' 1250 1093 

- a/  Doublets 

I n t e r e s t  i n  a t tenuated  t o t a l  r e f l ec t ance  a t  t h e  Bureau of Mines has  been pr in-  
c i p a l l y  d i r ec t ed  towards t h e  study of so rba te s  on coa ls .  Good s p e c t r a  can be ob- 
t a ined  when good o p t i c a l  contac t  i s  achieved. The i n t e r a c t i o n  between so rba te  and 
the  s u b s t r a t e  coal can be followed n i c e l y  by p l ac ing  upon t h e  ATR prism a s l u r r y  
of coa l  and sorba te .  Then the  spectrum is  scanned repea ted ly  as t h e  so rba te  i s  
allowed t o  evaporate.  
used t o  increase  the  v o l a t i l i t y .  

I f  t h e  so rba te  i s  of low v o l a t i l i t y  a hea t  lamp can be 

S i g n i f i c a n t  s p e c t r a l  changes have been observed f o r  py r id ine  on coa l . ( s ee  below.) 
Whether o r  not changes i n  the  spectrum of the  coa l  have occurred has  not  been as- 
cer ta ined  because o f  t he  broadness of t he  coa l  bands and t h e  in t e r f e rence  of the  
in t ense ,  sharp,  pyr id ine  bands. Observations have a l s o  been made on benzene-coal 
and methanol-coal systems. No s i g n i f i c a n t  s p e c t r a l  changes have been seen f o r  
e i t h e r  the sorba te  o r  the  coa l .  Spec t ra  of t hese  systems can a l s o  be obtained by 
ord inary  transmission s p e c t r a l  methods, but t he  ATR method provides b e t t e r  spec t r a ,  
p a r t i c u l a r l y  f o r  t h e  sorba te .  

2 .  Charge-Transfer Complexes 

Charge-transfer complexes represent  one type o f  weak acid-base i n t e r a c t i o n s .  

Red i s t r ibu t ion  of e l e c t r o n  charge occurs so that 
1 The complexes a r e  formed between e l ec t ron - r i ch  (donor) molecules and e l e c t r o n -  

poor (acceptor )  molecules .E/ 
the  p rope r t i e s  of t h e  two moie t i e s  a r e  changed; however, d e f i n i t e  chemical r eac t ion  
does not occur and the  o r i g i n a l  mo ie t i e s  a r e  nea r ly  always recoverable  by simple 
processes  such as d i s s o l u t i o n ,  or d i s t i l l a t i o n , p l u s  some method of s epa ra t ion .  
One of the  changes experienced by both donor and acceptor  molecules i n  a complex 
is  a change in  bond l eng ths ,  which produces changes i n  t h e  v i b r a t i o n  spec t r a ;  
thus in f r a red  spec t r a  can ind ica t e  the  formation of such complexes. 
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Observations of t h e  i n f r a r e d  s p e c t r a  of coa l -pyr id ine  systems have led  t o  t he  
b e l i e f  t h a t  charge-complex formation occurs between py r id ine  (donor) and coa l  
(acceptor ) .  Examination of  t h e  pyr id ine-coa l  system by t h e  ATR method (described 

' above) provided i n t e r e e t i n g  s p e c t r a l  changes as py r id ine  is a l l cued  t o  evaporate. 
I The p r i n c i p a l  s p e c t r a l  characteristics of t h e  coa l -pyr id ine  system a r e  those of , ' As evaporation of t he  

- 

pyr id ine  i t s e l f  w i t h  a background due t o  the coa l  e x t r a c t .  
pyr id ine  progresses  a new band shoulder is formed a t  abou t  1000 cm-1 and the 
neighboring band of py r id ine  a t  990 c m - l  begins t o  d isappear .  
t i n u e s  the p y r i d i n e  band cont inues  to  decrease  and f i n a l l y  d isappears ;  meanwhile 
the  new coa l -py r id ine  band cont inues  t o  s h i f t  s l i g h t l y .  The f i n a l  l oca t ion  of 
the  band i s  1020 cm-1; a t  t h i s  po in t  a l l  t h e  remaining py r id ine  molecules a r e  
appa ren t ly  complexed wi th  the  coa l  e x t r a c t .  The i n t e r a c t i o n s  involved i n  t h i s  
process  a r e  of i n t e r e s t .  The r e s u l t s  appa ren t ly  a r e  i n d i c a t i v e  of t h e  formation 
of  a cha rge - t r ans fe r  molecular  complex, as pyr id ine  does indeed behave i n  t h i s  
manner i n  he format ion  of cha rge - t r ans fe r  complexes w i t h  many e l e c t r o n  ac- 
c e p t o r s . s j  W e  have demonstrated t h a t  these same s p e c t r a l  changes occur a s  
phenol is added t o  py r id ine .  It is  l o g i c a l  t o  be l i eve  t h a t  t h e  complexing of coa l  
and pyr id ine  invo lves  the  pheno l i c  s t r u c t u r e s  i n  t h e  c o a l .  

A s  evaporation con- 

1. 

2. 
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4. 
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MEASUREMENT OF THE SURFACE AREAS OF COALS FRCM 
THE DYNAMIC SORPTION ClF CARBON DIOXIDE 

Josephus Thomas, Jr., Gary S. Benson, and G a r y  M. Hief'tje 

I l l i n o i s  State  Geological Survey, Urbana ,  I l l i n o i s  

INTRODUCTION 

Dynamic-sorption apparatus has been described by Nelsen and Eggertsen' and re- 

The essent ia ls  of the apparatus have been incorporated in  commercially 
fined by Daeschner and Stross2 for  use i n  the determination of the surface area of 
solids. 
available equipment ( Perkin-Elmer I s Sorptometer ) . 
Of nitrogen sorbed by the sample from a nitrogen-helium gas stream is determined by 
thermal conductivity measurements. Other mixed-gas systems may be used fo r  special 
studies. 
of Brunauer, Emmett, and Tel le9  (BET equation). 
agreement withthose obtained from the use of more conventional apparatus i n  which 
pressure-volume measurements a re  made i n  a s t a t i c  system. The dynamic-sorption ap- 
paratus, however, lends i t s e l f  more readily t o  routine measurements, having the ad- 
vantage over conventional apparatus in  speed and simplicity of operation. In  addi- 
tion, the ra te  of sorption i s  recorded direct ly .  This can be of value in  revealing 
pore-size variations, par t icular ly  i n  microporous substances where equilibrium i s  
slow i n  being reached. 

With the apparatus, the volume 

The surface area i s  calculated using the well-known theoret ical  principles 
Surface-area values a re  i n  close 

It i s  well-recognized tha t  nitrogen at 77' K. does not reach a large part of 
the in te rna l  surface of coals. This i s  at t r ibutable ,  for  the most pa r t ,  t o  ac t i -  
vated diffusion4,' although thermal contraction can not be completely ruled out as 
being responsible for some pore closure. Conversely, it has been concluded t h a t  
carbon dioxid? a t  195' K. does reach most of the internal  s u r f a ~ e ~ ~ ~ , ~ .  Three re- 
cent 
-area values obtained using carbon dioxide as the adsorbate. 
ciably greater than those obtainable from nitrogen adsorption and do not d i f f e r  
great ly  frm those obtained using heats of wetting i n  methyl a l ~ o h o l ~ ~ t ' ~ .  

are substant ia l ly  in  agreement as t o  the magnitude of the  surface 
The values are appre- 

The primary purposes of the work reported herein a re  (1) t o  demonstrate the 
appl icabi l i ty  of continuous-flow measurements t o  internal  surface s tudies  of coals 
and ( 2 )  t o  report fo r  comparative purposes the surface-area values obtained for  the 

, different  coals studied. O f  special  significance a re  the values obtained for  coals 
frm the I l l i n o i s  Basin. These coals a r e  high vola t i le  A, B, and C bituminous and, 
t o  the authors' knowledge, with the exception of the work reported by Machin, 
Staplin, and Deadmore14 i n  which nitrogen and water vapor were used as adsorbates, 
they have not been studied t o  any appreciable extent. 

Apparatus 

The adsorption apparatus was quite similar i n  design and use t o  the or iginal  
apparatus described i n  d e t a i l  i n  the afore-mentioned references. 
cluded: (1) needle valves for  controlling gas flow ra tes  ( 2 )  a d isc  integrator  (Disc 
Instruments, Inc., Santa Ana, California) attached t o  a Sargent Model MR recorder 
for  integrat ing peak areas ( 3 )  a reversing switch i n  the bridge c i r cu i t  t o  permit 
positive adsorption peaks t o  be 
t ion peaks and ( 4 )  a Sorensen W12-2 D.C. Power Supply (Raytheon Company, South 
Norwalk, Connecticut). 

Modifications in- 

recorded for  integration as  well as posi t ive desorp- 

I 
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Samples 

Coal samples used in the study and appropriate analytical data are given in 
Table I. 
represent only a fraction of the total number of coals of similar rank that were 
studied and include those coals which yielded the extremes of the range of surface 
-area values found for each rank. 

The Illinois high volatile A, B, and C bituminous coals ( 3  for each rank) 

Samples of anatase, silica spheres, bone char, carbon black (Spheron 61, and a 
silica-alumina catalyst with known surface areas were used to establish the effec- 
tive cross-sectional area for the carbon dioxide molecule under the given experi- 
mental conditions. These substances have been evaluated at several participating 
laboratories by the BET nitrogen adsorption method and are distributed by the Bone 
Char Research Project, Inc. (Revere Sugar Refinery, 333 Medford Street, Charlestm 
29, Mass.). 

Procedure 

Operational details for the apparatus are clearly outlined in the work of 
Nelsen and Eggertsen, as is the transformation of experimental data into a surface 
-area determination. The conditions used for the coal studies reported here are sum- 
marized as follows: A 40 x 120-mesh sample of approximately 0.2 gram is weighed into 
the sample tube which is then attached to the apparatus, and the sample is outgassed 
at 90" C. for 1 hour under a flow of helium. A controlled gas mixture of carbon di- 
oxide and helium is permitted to flow over the sample. 
bath (approximately 195O K.) is raised into position around the sample tube and ad- 
sorption is continued for 16 hours. 
ducted Por 30 minutes, 2 hours, and 24 hours for comparison purposes.) 

A dry ice-absolute ethanol 

(The adsorption step for a few samples was con- 

After the adsorption step is completed, the gas is desorbed from the sample by 
removing the dry ice-ethanol bath and quickly replacing it with another bath (glyc- 
erol here) at 150' C. The volume of desorbed gas is determined from a calibration 
curve (detector response versus known volumes of carbon dioxide) and it is this ~ 1 -  
ume that is used for determining the surface area. The relatively high desorption 
temperature is necessary to remove virtually all the adsorbed carbon dioxide (less 
than Q.5$ of the original volume is retained at this temperature) and it helps pro- 
vide a sharper, symmetrical desorption peak that is more comparable with calibration 
data. Thus, errors which may arise from badly tailing peaks are minimized. 

-point plot using P/Po as the abscissa and P/V(PoyP) as the ordinate, and with the 
intercept at 0, yields V, = l/slope. The saturation vapor pressure (Po) used in the 
calculations was 1450 mm. which allows for a very sliptly higher temperature than 
the value (1.86 atm. at 195' K.) given by Bridgeman.' Surface area then is readily 
determined from Vm, from the area occupied by a carbon dioxide molecule, and from 
the sample weight which is more carefully determined on the dry sample after the de- 

From tke familiar BFX equation, which is assumed to be applicable, a single 

4 sorption step. 

Multipoint plots were used for three coal samples and for all the substances in- 
volved in the determination of the effective area occupied by the carbon dioxide 
molecule. The constant C of the BBT equation is large for carbon dioxide as the ad- 
sorbate on coal and a multipoint plot passes practicaUy through the origin of co- 
ordinates. This enables one to use the single-point method on a more-or-less rou- 
tine basis, particularly in view of the inherent uncertainties of the BET method 
with coals and the necessary long adsorption periods. 
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RESULTS AND DISCUSSION 

Molecular Area of Carbon Dioxide 

Table I1 gives the  results from which the effect ive cross-sectional area of the 
carbon dioxide molecule used as the adsorbate i n  the studies was established. The 
cross-sectional area of the nitrogen molecule w a s  taken as 16.3 A2. "he assumption 
i s  made that  carbon dioxide a t  195' K. should give the same surface area as N2 a t  
77' K. It is  seen t h a t  the values a re  i n  sat isfactory agreement with the exception 
of t h a t  obtained f o r  the  carbon black. S l i g h t  differences a re  t o  be expected, of 
course, owing t o  the  wide differences i n  the chemical compositions of the substances 
used. It would appear t ha t  the large difference i s  due t o  the  presence of a micro- 
pore system - similar  perhaps t o  tha t  which ex is t s  i n  coals - tha t  a l so  i s  not per- 
meated during nitrogen adsorption a t  77' K. 

Excluding the  value obtained for  the carbon black, the average effect ive mole- 
Calculated from t h i s  value, the surface cular  area o f  carbon dioxide i s  22.1 A2. 

area for  Spheron 6 should be about 150-155 m2/g. 

Adsorption-Desorption Character is t ics  

The desorption curve and the portion of the adsorption curve shown i n  Figure 1 
During adsorption, a rather sud- a re  typ ica l  for  carbon dioxide adsorbed on coals. 

den uptake of the gas extending over a period of 2-3 minutes i s  followed by very 
slow diffusion t h a t  may extend over a period of 16 hours. 
the t o t a l  adsorption volume i s  adsorbed by cer ta in  high-volatile C bituminous coals 
during the f i r s t  2-3 minutes. 

A s  much as  one third of 

Table I11 gives some comparative data  f o r  various periods of adsorption. 
t.hni>.sh t.hs t.ah1.e includes only a small sampling of coals: the data  c lear ly  show tha t  
adsorption is f a r  from complete a t  2 hours but a l so  indicate tha t  it i s  essent ia l ly  
complete 'somewhere between 2 and 16 hours. 
was found convenient t o  conduct adsorption overnight. 

A l -  

The 16-hour period was selected as it 

Adsorption i s  much too slow t o  enable one t o  use the adsorption curve for the 
gas-volume determination since cal ibrat ion curves a re  prac t ica l ly  impossible t o  con- 
s t ruc t  fo r  the extended removal or addition of a gas introduced a t  a variable ra te  
i n t o  the mixed-gas stream. Fortunately, however, for  analysis purposes, desorption 
i s  rapid and e s sen t i a l ly  complete within the f i r s t  2-3 minutes of i ts  in i t ia t ion .  

Surface Areas of Coals 

Table Tv l i s ts  the  surface-area values for  the coals studied. A s  indicated 
e a r l i e r ,  a larger  number of I l l i n o i s  coals than shown were investigated and a range 
of intermediate values was found within the extremes sham here for  each rank. Some 
overlap of values i s  present between the ranks of I l l i n o i s  coals a s  would be ant i -  
cipated. The range of values from the work of Machin e t  a l .  by c lass ica l  nitrogen 
adsorption methods i s  shown for  comparative and supplemental purposes. 

It i s  seen t h a t  t he  values from carbon dioxide adsorption a re  of the same O r d e r  
of magnitude as  values obtained from heats of wetting and, thus, a lso a re  i n  agree- 
ment with t h e  more recent s tudies  i n  which carbon dioxide was used as  the adsorbate 
i n  s t a t i c  systems and t o  which references have been d e .  Values for  the hvAb coals 
are the lowest reported thus f a r  from carbon dioxide adsorption on coals, with the 
exception of meta-anthracite, but they a re  not any lower than values tha t  have been 
obtained from heats-of-wetting methods. 

Maximal and minimal values among a l l  the coals studied a re  found essent ia l ly  
within the ranks of I l l i n o i s  coals. Since the I l l i n o i s  coals comprise such a narrow 
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TABLE I1 

Determination of the Effective Cross Sectional Area of the Carbon 
Dioxide Molecule 

Adsorbent S.A., m 2 / P  S.A., N2 S.A. Effective Molecular 
(N2 ads.) (Cop ads.) Cog S.A. Area of C02, A2 

Anatase 10.3 7.9 1.30 22.1 
Si l i ca  spheres 24.3 18.6 1.31 22.3 
Bone char 69 52 1-33 22.6 
Carbon black( Spheron 6) 110 117 0.g4 16.0 
Silica-Alumina catalyst  550 436 1.26 21.4 

%ean of accepted values from several par t ic ipat ing laboratories. 
wAssuming a cross sect ional  area of 17.0 A2 for  the carbon dioxide molecule. 

TABLE I11 

Adsorption of Carbon Dioxide on Coals fo r  Different Adsorption Times 

- Coal Volume Adsorbed Per Gram of Sample ( m l . ) *  
0.5 hour 2 hours 16 hours 24 hours 

Sample 4 27.1 35.1 42.2 42.3 
Sample 7 3.3 5 -8 
Utah 14 -1 17.7 28.3 28.4 

10.2 - -  
Borneo 29.9 38.0 38.4 38.4 

*PIPo differed s l igh t ly  among the coals used but was the  same fo r  each 
coal for  the d i f fe ren t  adsorption periods. 

TABLE Iv 

Surface Areas of Coals 

No Sample - No. Surface Area, m2/g - cop ads. Np ads.* 

I l l i n o i s  hvCb 
1 Madison CO. (#6 coal)  292 
2 Kankakee Co. (#2 coal) 248 
3 Vermilion Co-. ($7 coal)  184 

4 FranklinCo. (jf6ccoal) 205 
5 Williamson Co,. (7% coal)  115 

I l l i n o i s  hvBb 

6 Saline CO. (6 coal)  83 
I l l i n o i s  hvAb 

7 G a l h t i n  Co. #'j coal)  86 
8 GaUatin CO. :Lower W i l l i s )  57 
9 Gallatin Co. (#6 coal)  46 

46.8-91.8 10 
11 
12 

7.2-16.3 l3 14 
15 

1.8-4.5 17 

18 

16 

Sample Surface Area, m2/g 
cop ads. 

Virginia (Pitts. seam) 43 
W. Virginia (Sewell seam) 197 
W. Virginia (Bakerstam) 128 

Utah 14'5 
Kentucky (#5 coal)  66 
Arkansas (Hartshorne) 182 

Pennsylvania anthraci te  262 

(Leoben, Austria) 
Meta-anthracite 6.0 

Borneo (Silantek) 290 

%From work by Machin, Staplin, and Deadmore. 
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Figure 1. Typical carbon dioxide adsorption and 
desorption curves for  coals (without 
integrator record) 

Figure 2. I n i t i a l  portions of adsorption curves for  
0.2-gram samples of various coals (without 
integrator record) I 
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portion of the overal l  degree of metamorphism among coals, and since the values f o r  
the higher rank coals examined do not change i n  an orderly manner with increase i n  
rank, there  appears t o  be l i t t l e  basis  for  attempts t o  construct a curve relat ing 
rank and surface area. 

Implications from I n i t i a l  Adsorption Rates 

It i s  s ignif icant  that surface-area values f o r  I l l i n o i s  hvCb coals from nitrogen 
adsorption isotherms reported by Machin et al. a re  a s  high as 91 m2/g. A search of 
the l i t e r a t u r e  fa i led  t o  uncover a report  i n  which a coal sample produced a surface 
area t h i s  large by nitrogen adsorption. In  some of our am studies using nitrogen 
a s  the adsorbate i n  the continuous-flow apparatus, values for  sample numbers 2 and 
3 were found to  be 99 and 48 s / g ,  respectively. Indications a re  tha t  a larger  pro- 
portion of pores of greater  diameter than a cer ta in  minimal s ize  exists i n  the hvCb 
coals permitting greater quant i t ies  of nitrogen t o  permeate the s t ructure  a t  77" K. 

Further proof of t h i s  m y  be seen i n  a comparison of the i n i t i a l  adsorption 

A l l  of the coals shown have surface-area values of over 200 m2/g, with the ex- 
ra tes  f o r  carbon dioxide on similar sample weights of several coals sham i n  Figure 
2. 
ception of the hvAb which should not be used d i rec t ly  i n  t h i s  comparison. 
readily apparent tha t  the r a t e  of carbon dioxide taken up during the  f i r s t  2-3 min- 
utes d i f f e r s  markedly among the coals. 
sorption of carbon dioxide by the hvCb coal i n  comparison with the hvBb, hvAb, and 
anthraci te  coals coincides with a greater  macropore volume of the coal  and would 
tend t o  supplement the nitrogen adsorption data  from t h i s  standpoint. 
ing t o  say, without knowledge of the Borneo coal, tha t  the macropore volume decreases 
with rank, and t h i s  appears t o  be t rue for  the I l l i n o i s  coals studied thus fa r .  The 
large volume of carbon dioxide i n i t i a l l y  adsorbed by the Borneo coal (mvb), however, 
would tend t o  negate t h i s  concept, and yet nitrogen adsorption f o r  this coal gives 
a surface-area value of only 0.8 m2/g. 
very l i t t l e  macropore volume available t o  nitrogen a t  77 K . ,  and yet  it has a large 
number of pores of suff ic ient  s ize  t o  permit carbon dioxide t o  permeate the struc- 
tu re  rapidly at  195" K. making it different  from anthraci te  or  hvAb coals i n  t h i s  
regard. 
from widely differ ing l o c a l i t i e s  and perhaps formed i n  widely d i f fe r ing  environments. 

CONCLUSIONS 

It i s  

It would appear t h a t  the greater  r a t e  of ad- 

It i s  tempt- 

Thus, it would a ear tha t  t h i s  coal has P 

This only serves t o  emphasize the danger i n  making general i t ies  about coals 

It i s  recognized that  i n  the determination of the surface areas of coals no 
method reported thus f a r  is completely free  of cri t icism. In  the work reported here 
it i s  assumed tha t  the BET equation i s  applicable, and t h i s  i n  i t s e l f  i s  subject t o  
same crit icism. The abbreviated single-point method used here, however, should be 
as good as any other method f o r  obtaining useful re la t ive  data f o r  prac t ica l  compar- 
a t ive  purposes. 
ra te  should be of advantage i n  attempts t o  describe quantitatively the  molecular 
sieve character is t ics  of various coals. 

I n  addition, the a b i l i t y  t o  eas i ly  follow the i n i t i a l  adsorption 
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I GAS C~IRCMATOGRAPHIC SEPARATIONS OP BENZENECARBOXPLIC ACIDS DERIVED FROM COAL 

13arvin L. Kaufman, Sidney Friedman, and Irving Vender 
IJ. S. Bureau of Mines, Pit tsburgh Coal Research Center, 

4800 Forbes Avenue, Pit tsburgh, Pennsylvania 15213 
I 

INTRoDUCTIai  

When benzenepolycarboxylic ac ids  are t rea ted  with hydrogen and carbon monoxide at 
elevated temperatures and pressures i n  the  presence o f  dicobal t  octacarbonyl, a 

) 

I . reductive decarboxylation reac t ion  occurs21 

A 

The products of the reac t ion  are carboxylic ac ids  containing fewer carboxyl groups 
than are present i n  the s t a r t i n g  acid.  
ac ids  are obtained. 

In m o s t  cases mixtures of benzenecarboxylic 

Alkaline oxidation of coal produces a mixture containing r e l a t ive ly  la rge  amounts of 
benzenecarboxylic acids .?,7/ 
above reaction, commercially usefu l  products such as lsophthalic and te rephtha l ic  
ac ids  might be obtained. 
reac t ion ,  i t  is  necessary t o  have an ana ly t i ca l  procedure by which the  benzene- 
carboxylic ac ids  can be Separated and analyzed quant i ta t ive ly .  
graphic procedures, including th in  layer,  column, and paper chromatography, f o r  the 
separa t ion  of t h i s  type of ac ids  appear i n  the literature.-/ 
procedures, however, are de f i c i en t  in i ~ m e  respec ts .  The v isua l iza t ion  and quanti- 
t a t i v e  estimation of the separated ac ids  i s  d i f f i c u l t .  Moreover, the separation of 
i sophtha l ic  and te rephtha l ic  ac ids  was not reported. 

The f r e e  acids cannot be analyzed by gas l iqu id  chromatography (g.1.c.) because they 
are not  v o l a t i l e  enough and they tend t o  decarboxylate o r  form anhydrides a t  high 
temperatures. I n  order t o  chromatograph ac ids ,  der iva t ives  are usua l ly  prepared; 
e s t e r s  a r e  the most cOmmOn. Schnitzer and D e r j a r d i n s ~ /  have described a g.1.c. 
procedure u t i l i z ing  methyl esters t o  separate benzenecarboxylic acids.  
e s t e r i f i c a t i o n  of a l l  of the ac ids  required the  use of diazomethane, a reagent with 
some undesirable properties.  I n  addi t ion ,  i sophtha l ic  and te rephtha l ic  ac ids  e r e  
not  separated su f f i c i en t ly  f o r  quant i ta t ive  ana lys i  
no t i c  ble.  Trimethylsilyl  e s t e r s  of amino ac ids , i7  phosphonic acids21 and carboxylic 

separations were usually adequate. 
r e l a t ive ly  simple experimentally. For these reasons, the preparation and gas 
chromatographic behavior of the  t r imethyls i ly l  esters of benzenecarboxylic ac ids  
vas investigated and is the subjec t  of t h i s  paper. 

I f  these "coal acids" can be decarboxylated by the 

I n  studying the f e a s i b i l i t y  of t h i s  decarboxylation 
I 

Several chromato- 

A l l  of these 

Complete 

and t a i l i n g  of the peaks was 

acids- t7 have been prepared and analyzed by g.1.c. Symmetrical peaks are obtained and 
The preparation of t r imethyls i ly l  esters is a l so  
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DISCUSSICN r 
Several methods have been used f o r  the preparation of t r imethyls i ly l  derivatives.  =/ 
A l l  of the reagents invest igated f o r  the preparation of t r imethyls i ly l  esters of 
benzenecarboxylic ac ids  were successful i n  s i l y l a t i n g  the acids  that contained up to 
four  carboxyl groups. However, the e s t e r s  of the pentacarboxylic acid and the hexa- 
carboxyl ic  (mel l i t i c )  ac ids  e i t h e r  did not form o r  t h e i r  formation was not reproduciblc 
A procedure that was found t o  give consis tent  r e s u l t s  was t o  re f lux  the acids  with 
equal volumes of hexamethyldisilazane, tr imethylchlorosilane and toluene u n t i l  the 
r e s u l t i n g  anmonium chlor ide  sublimed and the acids  were completely solubi l ized.  
procedure was used t o  obtain the e s t e r s  used i n  t h i s  paper. 

To car ry  out a quant i ta t ive  analysis  on benzenecarboxylic acids  and on the coal acids ,  
flame ionizat ion de tec tor  response fac tors  f o r  each of the acids  were determined 
r e l a t i v e  tom-to lu ic  a c i d  a s  a standard. 
a c i d s  p lus  m-toluic a c i d  vere  prepared, s i l y l a t e d  and chromatographed. Figure 1 
s h o w  the  separation of  t h i s  synthet ic  mixture. 
determined, o ther  mixtures of the acids containing d i f fe ren t  weights of each acid 
were prepared and analyzed using the appropriate response fac tors .  
the known and found values  of a sample mixture and shows tha t  the analysis  can be 
made s a t i s f a c t o r i l y .  

This 

Synthetic mixtures of ten benzenecarboxylic 

Once the response fac tors  were 

Table 1 compares 

Table 1. Analysis of synthe t ic  mixture of benzenecarboxylic acids 

Component 

Benzoic 
P h t h a l i c  
Ieoph tha lic 
Terephthalic 
Remimellitic 
Tr fme 11 i tic 
Trfmesic 
Pyrome1litic.Y 
Pentacarboxy l i c  
Me1 1 i t ic 

, Posi t ion of 
carboxyl groups 

Composition, percent by weight 
Known Found 

6.5 
4.3 
8.4 
6.6 
5.5 

14.2 
12 .8  
20.5 
8.6 

12.6 

6.3 
4.0 
8.6 
7.1 
5.1 

15.8 
13.4 
21 .G 
6.3 

12.0 

- 1/ The other  te t racarboxyl ic  acids  rprehni t ic  (1.2,3.5) and mellophanic 
(1,2,3,4) 1 were not avai lable .  
chromatograms of the methyl and t r imethyle i ly l  e8 ters, the authors 
f e e l  that these should a l s o  be separable as t r imethyls i ly l  es te rs .  

Prom comparison between the 

The newly developed a n a l y t i c a l  method vas then used f o r  determining the nature of the 
producte f r w  the decarboxylation of pure acids .  
a c i d s  containing carboxyl groups or tho t o  each other  decarboxylated giving mixtures of 
acide containing fewer carboxyl groups than were present i n  the or ig ina l  acid.  For 
example, in aqueous dioxane, pyramell i t ic  acid y ie lds  a 2 : l  mixture of isophthalic 
and terephthal ic  acids  while hemimellitic acid y ie lds  a 1:l mixture of benzoic and 
i sophtha l ic  acids .  

It was found that polycarboxylic 

I n  general ,  y ie lds  a r e  70 t o  9oX. 
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la 
m e  coal  acids ,  a mlxture obtained from the  Dow Chemical Company, and the decarboxglatec 
ac ids  containing a known amount of m-toluic ac id  were then s i ly l a t ed  and chtomatographec 
Figures  2 and 3 show the  type of chromatogram obtained. U s i n g  the correct ion factors  
which were determined previously, tlte ana lys i s  of the coa l  acids  was carr ied out. 
Tab le  2 summarizes the r e su l t s .  It can be seen that the s t a r t i n g  ac ids  contain f a i r l y  
large amounts of ph tha l ic ,  hemimellitic, trimellitic, pyromell i t ic  and pentacarboxylic 
ac ids .  
t e rephtha l ic  ac ids  v i t h  only traces of higher acids .  
decarboxylation reac t ion  e s sen t i a l ly  converts almost a l l  of the  tri-, te t ra - ,  and 
pentacarboxylic acids  t o  iso- and te rephtha l ic  acids  and tha t  the benzoic acid r e su l t s  
pr imari ly  f r m  decarboxylation of phthal ic  acid.  By use of the  ana ly t ica l  method 
descr ibed,  i t  was shown tha t  the coal  ac ids  were upgraded and converted in to  valuable 
products, i .e., benzoic, isophthal ic  and te rephtha l ic  ac ids ,  upon undergoing the 
decarboxylation react ion.  

The decarboxylated acids  contain la rge  amounts of benzoic, isophthal ic  and 
Thus i s  was shorn tha t  the 

Table 2. Analysis of coal  ac ids  

Coal acids. weight percent 
Comonent Before decarboxylation After decarboxylation 

Benzoic 
Phthalic 
Isophthal ic  

Terephthalic 
Hemimellitic 
Trimellitic ' 

Trimesic 
Pyromel li t ic  
Me 1 lophanic 
Pre?!=itic 
Pen tacarboxy 1 i c  
Me lli t i c  

Total  

- 
3.3 3 0.4 
2.8 
5.5 

10.1 
- 
- 
5 

3.4 
Trace 

4 
Trace 

10 

3 - - 
> 0.5 
Trace 

11 - T! 
Trace 
Trace 

25.5 17.5 

. 1/ Traces possibly present; no standards avai lable .  

EXPERIMENTAL 
Reductive Decarboxylation of Ilemimellitic Acid. 
ac id  (0.0187 -le) and 2.1 g. dicobal t  octacarbonyl in 70 m l .  dioxane and 15 ml. of 
ua t e r  vas placed in a 150 m l .  AmLnco rocking autoclave and pressured t o  3500 p.s . i .g .  
with 1:l synthesis gas (R2:CO). 
allowed t o  cool overnight. 
dryness under vacuum. 
again taken to  dryness. 
was st i l l  present. 
y i e ld  3.0 g. of pale, purple so l id .  
the f i l t r a t e  with e ther .  

A so lu t ion  of 3.1 g. hemimellitic 

The autoclave was heated t o  200'C. fo r  5 hr. and 

The residue was refluxed with d i l u t e  hydrochloric acid and 
The gases were vented and the react ion mixture taken to 

Most of the product was c rys t a l l i ne ,  but some gummy material 
The product uas refluxed wlth water, cooled, and f i l t e r e d  to  

A fu r the r  0.54 g. of product was extracted from 

a8 Chr~~mtogrfiphiC Analyses. 
Wcro  Tek GC 200(111 dual  colunm, programed-temperature chromatograph equipped with a 
dual  hydrogen flame ioniza t ion  detector .  A 3 foot  by 118 inch OD s t a in l e s s  s t e e l  
columa packed v i t h  3% Apiezon L on 60 t o  80 mesh AW-DHCS t rea ted  Chrowsorb G was 
used. 
Runs were temperature programwd from 90' t o  260' a t  a rate of 7.5' per min. The 
ana lys i s  takes less than one-half h r .  under these conditions. 

The gas chromatographic analyses were performed on a 

Helium a t  a flow r a t e  of approximately 55 m l .  per min. vas the c a r r i e r  gas. 

I 
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The t r imethyls i ly l  esters were prepared by refluxing the  ac ids  v i t h  a 1:l:l mixture 
of hexamethyldisilazane: trimethylchlorosilane: toluene u n t i l  t he  ac ids  were completely 
so lubi l ized  and the r e su l t i ng  ammonium chlor ide  had sublimed. This takes one to two 
hr .  The reaction mixture is kept in a v i a l  sealed with a serum cap t o  keep out 
moisture. 
back t o  the original ac id  is a usefu l  property of these e s t e r s .  
e lu t ion  from the  chromatograph, the e s t e r  is trapped out in a cap i l l a ry  tube and 
exposed t c  the atmosphere f o r  a sho r t  t ime  to  a f f e c t  hydrolysis t o  the  f r ee  acid. 
The infrared spectrum of the ac id  can then be obtained for pos i t ive  ident i f ica t ion .  
This has proved extremely he lpfu l  f o r  i den t i f i ca t ion  s ince  re ten t ion  times a re  not 
reproducible t o  the degree necessary f o r  i den t i f i ca t ion .  

The f a c t  t h a t  the t r ime thy l s i lp l  e s t e r  der iva t ives  a r e  readi ly  hydrolyzable 
For example, upon 

CoNcLuSIa4 
By using a g.1.c. separa t ion  based on t r ime thy l s i ly l  e s t e r s ,  it has been possible t o  
rap id ly  analyze mixtures of carboxylic ac ids  and show tha t  benzenecarboxylic acids 
undergo a reductive decarboxylation in the presence of hydrogen and carbon monoxide 
a t  elevated temperatures and pressures with d icobal t  octacarbonyl a s  a ca ta lys t .  
The advantages of the t r ime thy l s i ly l  e s t e r s  over the methyl e s t e r s  a r e  that they 
a r e  e a s i l y  prepared, chromatograph without t a i l i n g ,  a r e  b e t t e r  separated and are 
eas i ly  converted t o  the  o r ig ina l  ac id  f o r  pos i t ive  iden t i f i ca t ion .  
with the  use of t h i s  procedure it has been shown tha t  coa l  ac ids  undergo t h i s  
reac t ion  and t h a t  valuable products are obtained. 

Additionally, 
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QUANTITATIVE ULTRAVIOLET ANALYSIS O F  CiO-Ci, 
NAPHTHALENES IN HYDROCARBON OILS 

Pa t r i c i a  A. Estep, Edward E. Chi lders ,  John J. Kovach 
and Clarence K a r r ,  Jr. 

Morgantown Coal Resea rch  Cen te r ,  Bureau of Mines ,  
U. S. Department of the In t e r io r ,  Morgantown, W.  Va. 

INTRODUCTION 

The charac te r iza t ion  of neut ra l  oils  f r o m  low-temperature coa l  t a r s  required 
the development of a quantitative determination of alkylnaphthalenes according to  
the i r  degree of substitution. 

/ 
The near ultraviolet  spec t rum of naphthalene // cons is t s  of t h r e e  principle 

regions of absorption which, according to C l a r ' s  classification (E), a r e  called 
the p - ,  p a r a - ,  and a -band  sys t ems  and a r e  re la ted  to the three  band sys t ems  of 
benzene. The principle bands of these sys t ems  a r e  located a t  220.7,  275. 5, and 
31 I .  5 mp (log E 5. 08, 3 .  77, and 2. 40, respectively).  F o r  the quantitative analysis 
of Cl,-CII naphthalenes, the u s e  of the a -bands  has  been repor ted  by Neimark  (z), 
Adams (i), and Coggeshall (15). An ASTM method (4) for  total naphthalenes in je t  
fuels using the p a r a  bands h a s b e e n  adopted and the extent of in te r fe rence  of o ther  
a romat i c s  pointed out. 
pa ra  bands fo r  naphthalene determination is inapplicable in gasoline samples  
because of se r ious  interference of monoaromatics.  
oils  analyzed in this laboratory (2) a l so  prohibits the use  of the p a r a  bands 
because of possible in te r fe rence  f rom other a romat i c s .  
paper descr ibes  a method developed fo r  the ana lys i s  of Clo-C18 alkylnaphthalenes 
using the mos t  intense -band of naphthalenes, thereby improving sensitivity and 
increasing selectivity by reducing in te r fe rence  f rom other c l a s ses .  

j 

Snyder (34) h a s  said that the ASTM procedure using the 

Mixtures  of coal tar neut ra l  

The re fo re ,  the present  

EXPERJMENTAL 

As p a r t  of a recently developed low- tempera ture  coal t a r  a s s a y  ( 2 3 ) ,  total 
naphthalenes were isolated f r o m  a high-quality neut ra l  o i l  using liquid chromatog-  
raphy on a gas  chromatography analog. 
graphic technique h a s  been descr ibed  (2, 22). 
quantity c lose  to' 1 g r a m  of the high-quality neut ra l  o i l  was introduced to a 25-ft 
length of 3 /8  in. tubing packed with 80-100 m e s h  F -20  alumina containing 4 weight- 
percent  water and prewetted with spec t ra l  g rade  cyclohexane. 
eluted with cyclohexane under 75 psig nitrogen. F rac t ions  of 14 ml each were  col-  
lected,  and elution of naphthalenes was followed by the  automatic record ing  of a 
chromatogram with a n  ultraviolet  absorption monitoring device.  
spec t r a  were obtained on the cyclohexane solutions f rom tubes  corresponding to 
thc chromatogram peaks ,  using a Pe rk in -E lmer  350 ultraviolet  spectrophotometer 
and matched quar tz  absorption ce l l s .  

F o r  the absorptivity data,  pure samples  of naphthalenes and all methyl- and 

The detailed pr0cedur.e f o r  this chromato-  
F o r  the separa t ion ,  a weighed 

( The charge  was  

Ultraviolet  

ethylnaphthalenes ClO-Cl2 w e r e  commerc ia l ly  available.  
f rom J a m e s  Hinton, 358 Chicago Ave . ,  Valparaiso,  F l a . ,  w e r e  used  when possible 

Zone refined samples  

I 
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and w e r e  found to be the highest  puri ty  available. 
of t r imethylnaphthalenes,  the only commerc ia l ly  available samples  w e r e  the 
1 , 3 , 7 - ,  the 2,3,5-, and  the 2 , 3 , 6 -  i somers .  
microbalance fo r  the absorpt ivi ty  data. A study of the P-band fo r  naphthalene and 
monomethylnaphthalenes showed that these  c l a s s e s  behaved in accordance with the 
laws  of Lamber t  and B e e r  and  it was  a s sumed  that higher homologs a l so  obeyed 
these  laws in the concentrat ions used. 

Out of the 14  possible  i somers  

A l l  samples  were  w e i g h e d o n a  

' 

Figure  1 for  a synthetic mixture  of four  pure naphthalenes shows that over-  

RESULTS AND DISCUSSION 

Figure  2 shows tha t  the  wavelength of the p -band for  naphthalenes containing 
alkyl groups o ther  than methyl  depends m o r e  on the number than on the s ize  of the 
substituent. Hence,  any  marked  change in adsorbability of an alkyl naphthalene 
f r o m  that of the correspondingly substituted methylnaphthalene would be readily 
detected by its 6 -band.  
of neutral  oil mix tu res  o r  synthetic mixtures  containing ethylnaphthalenes, it was 
a s sumed  that naphthalenes containing ethyl groups a r e  eluted with methylnaphtha- 
lenes  with the s a m e  degree  of.substitution. F u r t h e r ,  i t  i s  assumed that their 
amounts  were accu ra t e ly  accounted for  because their  absorpt ivi t ies  were  not 
significantly different  f rom methylnaphthalenes with the same degree  of substitution. 
Smal l  differences in adsorbabi l i ty  among some  of the var ious  i s o m e r s  in mono-, 
d i - ,  and .trimethylnaphthalenes were  observed  in pure compound elution runs. 

Since such a change was not observed ei ther  in the elution 

F igure  3 shows the  r e su l t s  for  a neut ra l  oil f rom a low-temperature  ta r  pro-  
duced f r o m  a Colorado subbituminous coal  in a fluidized-bed with inkernal heating 
a t  5 0 0 "  c. 
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FIGURE 2.  - Wavelength and Absorptivity Data fo r  Cl,-C18 Alkylnaphthalenes. 
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Since tube number is a rb i t r a ry  and columns gradually deactivate with 
extended use ,  the relat ive retention of each c l a s s  to a n  internal  s tandard can  be 
ut i l ized to aid in the determinat ion of peak tubes,  par t icular ly  in  the broader  
bands of pentamethylnaphthalenes. F o r  this  purpose,  20 p1 of o-ethyltoluene w a s  
added to each sample. Since the synthetic mixture  shown in F igu re  1 and the 
neut ra l  oil shown in  F igure  3 were  run  seve ra l  months apar t ,  the peak tube num- 
be r s  do not agree .  However, their  re la t ive retent ions a r e  comparable .  F igure  1 
gives  re la t ive retentions of 1 .  5 ,  1.7 ,  2. 2, and 2. 8 for  naphthalene and one 
i somer  each of mono-,  d i - ,  and trimethylnaphthalene c l a s s e s ,  re la t ive to  
0-ethyltoluene in tube 26. 1. 5 ,  
1.  7 ,  and 2 .  3 ,  respect ively,  for  natural ,  complex mixtures  of these  c l a s ses ,  re la -  
tive to  o-ethyltoluene in tube 26. 

. 

Figure  3 gives re lat ive retention values  of 1. 4, 

Determination of Ultraviolet Calibration Data. - It h a s  been observed by 
Mosby (2) for  ultraviolet spec t ra  of c14-c16 methylnaphthalenes that with increas-  
ing methylation there  a r e  bathochromic shifts re la t ive to  naphthalene. Dannenberg 
(5) h a s  shown that for  the P-band of naphthalenes there  is a constant bathochromic 
shif t  of 3 mp pe r  alkyl substituent introduced to the ' r ing ,  independent of i t s  bulki- 
ness  and i ts  position in the ring up to the octa-substituted compound. 
presented  in Table 1 for  C,,-C,, methylnaphthalenes support this  wavelength c o r r e -  
lation with the exception of octamethylnaphthalene. 
and absorpt ivi t ies  was made on Cl,-C18 alkylnaphthalenes, making extensive use  of 
l i t e ra ture  data. Ultraviolet spec t ra l  data have been repor ted  on all of the 14 pos- 
sible trimethylnaphthalenes (3, z, E,  9, 2, 14, 17, 2, 5, 2, 28, 32, z), 8 of 
the tetramethylnaphthalenes (2, 5, 7-, E, 27, 30, 33, E), 2 pentamethylnaphtha- 
lenes  (i,' E), 4 hexamethylnaphthalenes (l-, 10, 3J), 1 heptamethylnaphthalene (L) ,  
and octamethylnaphthalene (1,  29). 
l i t e ra ture  data ,  which a r e  reported both in alcohol and hydrocarbon solvents. 
Mosby (E) repor t s  that for  a tetramethylnaphthalene the only observable  difference 
in methanol and isooctane spec t ra  i s  a ve ry  slight hyperchromic displacement  
(intensity increase)  of the longer  wavelength maxima.  

The data 

A study of both wavelengths 

No solvent cor rec t ions  were  applied to the _ -  

. .  

As shown in Table 1 and Figure  2 for  the P-band there  i s  both a bathochromic 
and hypochromic displacement (shift to longer wavelength and intensity dec rease )  
a s  the number of alkyl groups increase  in the' naphthalene r ing.  
wavelength and absorpt ivi t ies  'for the var ious i somers  in each carbon number c l a s s  
a r e  in ranges narrow enough to justify the use  of averages .  
a r i thmet ic  averages  determined for  each c l a s s  of methylnaphthalenes. 
carbon number vs .  ar i thmetic  average of mola r  absorptivity yields  a l inear  
relationship. 
shown in F igure  2 is shown to have m o r e  usefulness .  This plot combines both the 
bathochromic and hypochromic shif ts  by plotting average absorptivity vs .  average 
wavelength of the P -band for  each c l a s s  of methylnaphthalenes. 
alkylnaphthalene c l a s ses  were  added to the plot af ter  the curve  for  methyl  data was  
drawn. Points shown in squares  for  monoalkyl-, ethylmethyl-, t r ia lkyl - ,  and 
tetralkylnaphthalenes (where R = Cl,-c16) were  obtained f rom averages  of 26 l i t e ra -  
tu re  spec t ra .  

The values of 

Table 1 p re sen t s  the 
A plot of 

However, for  application to the present  analysis  the relationship 

Values for  other  

While the absorpt ivi t ies  and wavelengths for  each c l a s s  fe l l  into definite 
ranges ,  i t  mus t  be pointed out. that the P -band is not insensitive to  i somer i sm.  A 

c lose  examination of the data  revea ls  that in addition to the relat ionship of absorp-  
tivity with degree of substitution, it is a lso  subject to position substikution e f fec ts .  



TABLE 1. - Ultraviolet  data  for the fl  -band of C,,-C,B naphthalene c l a s s e s  
I 
! 

Average Average 
C las s  Source wavelength, m p  absorptivity 

Naphthalene 
Monomethylnaphthalene s 
Monoethylnaphthalene s 
Dimethylnaphthalene s 
Tr ime thylnaphthalene s 

Tetramethylnaphthalene s 

Pen tame  thylnaphthalene s 

Hexamethylnaphthalene s 

Pure compound 
P u r e  compounds 
P u r e  compounds 
Pure cnmpounds 
34  l i t e r a tu re  
va lues  
12 l i t e r a tu re  
va lues  
2 l i t e r a tu re  
va lues  
9 l i t e r a tu re  

220.7 
223.7 
224.8 
227.3 
230.1 

232.1 

236.0 

238.3 

933 
7 54 
7 09 
6 12 
550 

446 

3 46 

321 1 
values 

value 

va lues  

Heptamethylnaphthalene s 1 l i t e r a tu re  242.0 2 37 

Oc tamethylnaphthalene s 2 l i t e r a tu re  254 205 

TABLE 2. - Ultraviolet  data  f o r  the fl -band of individual 
C,,-CIz naphthalenes 

Compound Wavelength, m p  Absorptivity 

1 -Methylnaphthalene 
2- Methylnaphthalene 
1 - Ethylnaphthalene 
2- Ethylnaphthalene 
1 ,  2-Dimethylnaphthalene 
1 ,  3 - Dimethylnaphthalene 
1 ,  4-Dimethylnaphthalene 
1,  5-Dimethylnaphthalene 
l t6-Dimethylnaphtha1ene 
1 ,  7- Dimethylnaphthalene 
1 ,  8-Dimethylnaphthalene 
2, 3-Dimethylnaphthalene 
2, 6- Dimethylnaphthalene 
2 ,  7-Dimethylnaphthalene 

223.7 
223.7 
224.8 
224.8 
227. 5 
227.8 
227.7 
227. 3 
226.9 
227. 2 
228.2 
226. 2 
226.6 
227.3 

657 
850 
6 09 
808 
544 
564 
352 
57 1 
523 
69 2 
572 
6 53 
868 
785 
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The 
Klevens (26). 
axis  of the molecule while t r a n s v e r s e  is perpendicular  to the long axis of the 
molecule.  

molecule and the effects on wavelength and intensity.  
c u s s  these effects with r e g a r d  to the p-band.  
of naphthalenes shows no correlat ion of s t r u c t u r e  with wavelength within each 
c l a s s  since the ranges a r e  so narrow.  
will d i s tor t  the charge distribution within the naphthalene ring and that this  e f fec t  
will influence the intensity of absorption. 
effects on the absorptivity of the 
noted: 

-band of naphthalene h a s  been assigne'd to longitudinal polarization by 
The longitudinal direct ion is defined a s  being para l le l  to the long 

Jaff6 (20) h a s  d iscussed  the importance of the po.sition of substitution 

However,  h e  does not dis-  
I upon the longitudinal and t r a n s v e r s e  polarizations possible within the naphthalene 

An examination of all the c l a s s e s  

It is to be expected that r ing substitution 

The following position substi tution 
-band for four classes of naphthalenes w e r e  

( 1 )  F o r  monomethylnaphthalenes, Table 2 shows that substitution in the 
1-position causes  a g r e a t e r  hypochromic shift  re la t ive to the value for  naphthalene 
than 2-substitution. 

( 2 )  In the c l a s s  of dimethylnaphthalenes,  Table 2 shows that substitution in 
the 1,4-posi t ion produces the g r e a t e s t  hypochromic shift re la t ive to  the value f o r  
naphthalene while substitution in the 2 ,  6-posit ion produces the leas t .  

1 

I ( 3 )  A study of the l i t e ra ture  data on trimethylnaphthalenes shows that the 
1 , 3 , 6 - i s o m e r  has  the lowest absorpt ivi ty ,  thus indicating again a g r e a t e r  hypo- 
chromic effect  with substitution in the 1 and 4 posit ions.  I 

( 4 )  Within the c l a s s  of tetramethylnaphthalenes, the 1 ,  4 , 6 ,  7 - i somer  has  the 
lowest absorptivity value (320) while the 2 ,  3 , 6 ,  7 - i somer  h a s  the l a r g e s t  (686). 

Since,  a s  previously s ta ted,  ethyl groups a r e  present  in coal  t a r  neutral  oi ls  
and, specifically,  monoethylnaphthalenes, it was thought they should be included 
in the average absorpt ivi t ies  used for  the determinat ion of monoalkylnaphthalenes. 
An ar i thmetic  average of 731 was obtained f o r  the two c l a s s e s .  
stitution has  a pronounced effect  on absorptivity of monoalkylnaphthalenes, a 
fur ther  check on the validity of this  average  was made  by calculating a weighted 
ahsorptivity.  
chromatographic analysis  of each of these four compounds in the isolated naphtha- 
lene fractions f rom 18 individual neutral  oi ls .  A value of 757 was obtained which 
represents  a difference of only 3 .  4 percent  f r o m  the a r i thmet ic  average .  
s a m e  manner  a s  for  monoalkylnaphthalenes, a weighted average  absorptivity was 
determined for  dimethylnaphthalenes. 
average  was expected h e r e  since there  is not a n  even distribution of the amounts 
of the 10 dimethyl- i s o m e r s  in these neutral  oi ls .  
naphthalene h a s  not been identified in any coal  t a r  neutral  oil. However,  a value 
of 639 was obtained which differs only 4.2 percent  f r o m  the a r i thmet ic  average of 
612 f o r  a l l  ' I O  i s o m e r s .  In summary ,  for  analysis  of coal  t a r  neutral  o i l s ,  tai lored 
absorpt ivi t ies  of 757 and 639 w e r e  used for  the mono- and dialkylnaphthalene 
c l a s s e s  respect ively,  and absorpt ivi t ies  obtained from.the l i t e ra ture  were used for  
the t r i - ,  t e t r a - ,  and pentamethylnaphthalenes. 

Since position sub- 

Data used in obtaining this  weighted absorptivity was  based on gas  

In the 

A value differing f r o m  the ar i thmetic  

F o r  example,  1 ,  8-dimethyl- 
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Ultraviolet  Analysis.  - Throughout successively eluted portions of a neutral 
oi l  a regular  stepwise bathochromic shif t  of the P-band occur s  and the wavelength 
of each shift i s  in good agreement  with the wavelength average  determined for 
each  c l a s s  of methylnaphthalenes shown in  Table 1. Corresponding to  each wave- 
length shift  a peak o c c u r s  in the monitor chromatogram.  Data f rom the ul t ra-  
violet  spectra  of individual tubes were  used to  construct  absorbance distribution 
c u r v e s  for  the 8-band of each c l a s s  of naphthalene, a s  shown in F i g u r e s  1 and 3. 
The envelope of the ul t raviolet  absorbance curve  i s  discontinuous, i. e . ,  
cons t ruc ted  of data f r o m  seve ra l  wavelengths. The plot f o r  a single wavelength 
was  followed as  long as that wavelength predominated, i. e . ,  until a combination 
tube was reached. 
In the neutral  oil samples  analyzed there  w e r e  consistently six wavelength changes 
corresponding to C,,-C,5 alkylnaphthalenes. A graphica l  method was utilized to 
r e so lve  the individual absorbance  distribution cu rves  for  each c lass .  Using quali- 
ta t ive changes exhibited throughout the ent i re  ultraviolet  spec t rum (naphthalene CY - 
and p a r a -  bands a l so  v a r y  qualitatively with increasing degree  of alkylation), it  is 
possible  to follow the key tubes represent ing  the f i r s t  appearance,  the peak and 
the d isappearance  for  each  c l a s s  of naphthalene, even in  the presence  of overlap- 
ping. These tubes and all combination tubes a r e  then marked  on the absorbance 
plot. The absorbance c u r v e  i s  then drawn according to this information. The 
dashed l ines  shown in F i g u r e s  1 and 3 indicate this deduced data.  Knowledge of 
cu rve  shapes and cha rac t e r i s t i c  tailing was obtained f r o m  pure  compound runs. 
After the absorbance cu rve  fo r  an  individual c l a s s  was cons t ruc ted  in this manner ,  
the absorbance va lues  f o r  each tube were  r ead  f r o m  this resolved plot and the 

according to the following equation: 

it i s  

The absorbance plot was then continued a t  the new wavelength. 

. prope r  absorptivity u s e d  to calculate the weight of that c l a s s  in a single tube 

A x  14 
a w =  

where  w weight, m i l l i g r a m s ;  
14 = volume of one tube, m l ;  
a = absorptivity of the naphthalene c l a s s  a t  the p-band; 
A absorbance  of the tube a t  the p-band. 

Extensive inte r f e r enc e f rom non -naphthalenic compounds was not encountered. 
Both ultraviolet  and i n f r a r e d  spec t r a  showed that the lower c l a s s e s  of naphthalene 
w e r e  sufficiently sepa ra t ed  f r o m  the preceding c l a s s e s  of hydroaromat ics ,  biphenyls, 
and monoaromatic  s. 
since these c l a s s e s  have  minimum absorption in the region of the naphthalene 8 -band 
and,  in addition, have significantly lower absorpt ivi t ies  a t  their  maxima.  
t h e r e  was  qualitative evidence of significant amounts  of dibenzofurans,  f luorenes,  
phenanthrenes,  and an th racenes  overlapping the higher naphthalene c l a s s e s ,  there 
was  a change in the shape of the distribution cu rve ,  a s  shown in F igu re  3 for the 
tetramethylnaphthalene c l a s s .  The amount of absorbance due to this interfering 
compound was graphically subt rac ted  f rom the absorbance distribution plot, a s  
shown by the shaded a r e a ,  considering the shape of the naphthalene curve.  In the 
instance of F igu re  3 ,  the compound w a s  identified a s  amethyldibenzofuran mixture 
f r o m  i ts  ultraviolet  bands.  
identify the compound to sub t r ac t  i t s  absorbance. 
vented by too c lose  a n  ag reemen t  of peak tubes of interfering compound and 

A sma l l  amount of overlapping introduced negligible e r r o r  

When 

Since the method i s  graphical ,  i t  i s  not necessary  to 
If th is  graphical approach i s  P re -  

I 
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naphthalene c l a s s ,  the standard quantitative method of solution of simultaneous 
equations can  be applied. 
compounds a t  the naphthalene p -band wavelength a r e  minimum since the i r  wave- 
length maxima a r e  all i n  the range 250 to 260 mp.  

The absorptivit ies of these m o r e  strongly adsorbed 

Because of the unavailability of pu re  samples  in the Cl,-Cls naphthalene 
range ,  no rea l i s t ic  synthetic mixture  could be tested.  However, ana lys i s  of the 
relatively simple mixture  shown in F igu re  1 ,  using absoi-ptivities specific f o r  
the compounds present ,  gave individual e r r o r s  of not m o r e  than 2 percent  abso- 
lute.  Another accuracy  tes t  was  made on a mixture  synthesized to duplicate the 
percentages  of individual Cl0- C,, naphthalenes in a neut ra l  oil sample.  
mix ture ,  containing 14 naphthalenes, gave an  ultraviolet  absorbance distribution 
curve  that showed the s a m e  c l a s s  elutions a s  obtained with neut ra l  o i l s .  
c l a s s  absorptivit ies were  used  to determine the amounts of each c l a s s .  Results 
showed that no naphthalene c l a s s  was in e r r o r  m o r e  than 5 percent  absolute. 

This tes t  

Average 

The 18 neut ra l  o i l s  analyzed by this method va r i ed  in composition f r o m  5 to 
25 percent  total alkylnaphthalenes. 
lengths of each c l a s s  remained remarkably  constant. 
for  coal t a r  neutral  o i l s  should be applicable to s imi l a r  hydrocarbon o i l s  f r o m  
other sou rces ,  such a s  petroleum and shale oil.  

In spite of this composition variation, wave- 
These analytical  procedures 
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ANCLLYSIS OF SULFUR JIi COAL3 BY X-RAY FLUOR!ZSCENSE 

Martin Berman and Sabri Ergun 

Solid State Physics Group, Pittsburgh Coal Research Center 
U.S. Bureau of Mines, Pittsburgh, Pennsylvania 

ABSTRACT 

Determination of the sulfur content of coals by X-ray fluorescence has 
been investigated. 
pyritic forms, known amounts were added to sulfur-free carbon black. 

Pyrite particle size was found to have a significant effect on 
fluorescence intensities. 
sity gives a good measure of pyrite particle size in the range f r a  2 to 
150 microns. 
to less than 2 microns. 

For preliminary studies on sulfur in both prganic and 

At constant pyrite content, fluorescence inten- 

For determination of sulfur content, samples must be ground 

The ratio of sulfur Ka and I@ fluorescence emission is quite dependent 
on sulfur concentration but almost independent of bonding or sulfur form. 
The alpha to beta ratio thus is a very good measure of the sulfur concentra- 
tion, requiring no standard or correction for changes in intensity of the 
X-ray beam. The alpha to beta ratio, in combination with the I(a reading, 
permits a determination of total s u l f u r  as w e l l  as the percentage in pyritic 
form. 

A program is nuw in progress to determine the sulfur content of over 
100 American coals by X-ray fluorescence. 
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A MICROMETHOD FOR TOTAL SULFUR DETERMINATION I N  
NONLEADED LIGHT HYDROCARBON FEEDSTOCKS 

A. A t t a r i  

I n s t i t u t e  of  Gas Technology, Chicago, I l l i n o i s  

ABSTRACT 

S u l f u r  poisoning adverse ly  a f f e c t s  t h e  l i f e  and performance of n i c k e l  

c a t a l y s t s  used i n  hydrocarbon reforming and s i m i l a r  operat ions.  The need f o r  

a dependable procedure for t o t a l  sulfur determinat ion l e d  t o  development of  the 

nethod descr ibed i n  t h i s  paper. 

converted t o  SO2 by combustion in a n  oxyhydrogen burner ,  and oxidized t o  SO 

by passage of t h e  combus,tion products  through a hydrogen peroxide so lu t ion .  

An a l i q u o t  o f  t h e  washings i s  then  reduced t o  H2S i n  a s o l u t i o n  of hydriodic  acid.  

L I I C  L C ~ U L ~ L L %  ii2S is comieLteii t o  iaetiiyierie biue  Î wr coior imet r ic  measurement; ai; 

t h e  aci'd concent ra t ion  used i n  this  method, methylene b l u e  has  two absorpt ion 

peaks: 

voltme y i e l d s  a p e r c e p t i b l e  co lor  development. By a d j u s t i x  t h e  amount of sample 

taken, or the  a l i q u o t  o f  s u l f a t e  s o l u t i o n ,  one can determine sulfur l e v e l s  i n  t h e  

rani:e of' 0 to 5 0 0  ppm by weight. The only l i m i t a t i o n  i s  contamination of low- 

s u l f u r  samples if t h e  appara tus  i s  not thoroughly r i n s e d  and cleaned a f t e r  use 

w i . t h  riign-sulfur samples. 

xhic!: cause inso luble  s u l f a t e s .  

The s u l f u r  compounds i n  a weighed sample a r e  

3 

mL. - -- -. - 7  * 1 - - 

070 and 745 mp. The method i s  so s e n s i t i v e  t h a t  2 I.rg of sulfur i n  a 100 c c  

In te r fe rences  are from metals such as Cay B a ,  and Pb, 
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P a r t i a l  Combustion of F u e l  O i l  w i t h  Oxygen 
and A p p l i c a t i o n  t o  Smel t ing  I r o n  O r e  

by Jerome Feinman and 
David A .  Muskat* 

Appl ied  Research  Labora to ry  
Uni ted  S t a t e s  S t e e l  Corpora t ion  

Monroev i l l e ,  P e n n s y l v a n i a  

Much i n t e r e s t  i n  a l t e r n a t i v e  s m e l t i n g  p r o c e s s e s  b a s e d  on cheape r  
f u e l s  t han  m e t a l l u r g i c a l  coke has  deve loped  d u r i n g  t h e  p a s t  decade .  
Many p r o c e s s e s  have been deve loped ,  however,  none of  t h e s e  p r o c e s s e s  
have proven c o m p e t i t i v e  w i t h  t h e  b l a s t  f u r n a c e  i n  t h e  United S t a t e s .  
I n  t h i s  c o n t e x t ,  it w a s  dec ided  t o  s t u d y  a proposed  s m e l t i n g  p rocess  
i n  which a l l  t h e  r e d u c i n g  g a s e s  and h e a t  f o r  s m e l t i n g  come from t h e  
p a r t i a l  combustion of f u e l  o i l  and/or  p u l v e r i z e d  c o a l  w i t h  oxygen a t  
t h e  bot tom of a s h a f t  r e a c t o r .  Some a n t i c i p a t e d  advan tages  o f  such 
a p r o c e s s  o v e r  t h e  b l a s t  f u r n a c e  a r e  e l i m i n a t i o n  of t h e  s t o v e s  and 
a s s o c i a t e d  equipment  f o r  h e a t i n g  t h e  b l a s t ,  r e d u c t i o n  o r  e l i m i n a t i o n  
o f  coke r e q u i r e m e n t s ,  and p r o d u c t i o n  o f  h o t  m e t a l  a t  much h i g h e r  r a t e s  
t han  a r e  p r e s e n t l y  o b t a i n e d  w i t h  b l a s t  f u r n a c e s .  

P r e l i m i n a r y  h e a t  and m a t e r i a l  b a l a n c e s  i n d i c a t e d  t h a t  t h e  pro-  
posed p r o c e s s  is f e a s i b l e .  S e v e r a l  i m p o r t a n t  f a c t o r s  a s s o c i a t e d  
w i t h  t h e  o p e r a t i o n  of  a p a r t i a l - c o m b u s t i o n  b u r n e r  and w i t h  t h e  opera-  
t i o n  of  t h e  r e a c t o r ,  however,  cou ld  n o t  be i n v e s t i g a t e d  t h e o r e t i c a l l y .  
With r e s p e c t  t o  b u r n e r  o p e r a t i o n ,  t h e  e x t e n t  of c o n v e r s i o n  of  f u e l  o i l  
w i t h  oxygen t o  CO and H2, t h e  n a t u r e  o f  any s o l i d  carbon formed d u r i n g  
p a r t i a l  combust ion,  and t h e  s t a b i l i t y  of  combust ion were t h e  most 
impor t an t  f a c t o r s  t o  be  de t e rmined  e x p e r i m e n t a l l y .  A s  f o r  t h e  ope ra -  
t i o n  of  t h e  r e a c t o r ,  i t  was n o t  known whether  smooth f low of m a t e r i a l s  
and e f f e c t i v e  c o n t a c t  between g a s e s  and s o l i d s  cou ld  be ach ieyed  wi th-  
o u t  t h e  l eaven ing  a c t i o n  p rov ided  by coke i n  t h e  b l a s t  f u r n a c e .  I n  
a d d i t i o n ,  i t  was n o t  known whether  s u f f i c i e n t  r e s i d e n c e  t ime can be 
o b t a i n e d  t o  comple te  r e d u c t i o n  a t  t h e  h i g h  th roughpu t  r a t e s  assumed 
i n  t h e  t h e o r e t i c a l  a n a l y s i s .  

T h e o r e t i c a l  and P r a c t i c a l  C o n s i d e r a t i o n s  

F i g u r e  1 shows t h a t  t h e  t h e o r e t i c a l  f lame t e m p e r a t u r e  for 
s t o i c h i o m e t r i c  p a r t i a l  combust ion of  N o .  6 f u e l  o i l  w i t h  oxygen t o  
produce CO and H2 i s  3375 F. 
f lame t empera tu re  would be approx ima te ly  4 0 0 0  F. I f  1 0  p e r c e n t  un- 
g a s i f i e d  carbon were formed w i t h  s t o i c h i o m e t r i c  oxygen,  t h e  f lame 
t e m p e r a t u r e  would be approx ima te ly  3 7 0 0  F. Thus,  t h e  r e q u i r e d  
t e m p e r a t u r e s  f o r  s m e l t i n g  i r o n  o x i d e  a r e  t h e o r e t i c a l l y  a t t a i n a b l e .  
Whether t hey  could  be o b t a i n e d  i n  p r a c t i c e ,  however,  remained t o  be 
de t e rmined .  

* P r e s e n t  a d d r e s s  - L u b r i z o l  Company, P a i n e s v i l l e ,  Ohio , 

With 1 0  p e r c e n t  e x c e s s  oxygen,  t h e  
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I n  most commerc ia l  a p p l i c a t i o n s ,  combust ion  r e f e r s  t o  t h e  r a p i d  
o x i d a t i o n  o f  a m a t e r i a l  w i t h  t h e  e v o l u t i o n  o f  large q u a n t i t i e s  o f  h e a t .  
U s u a l l y ,  t h e  s p e c i f i c  r a t e s  of  t he  chemica l  r e a c t i o n s  o c c u r r i n g  i n  t h e  
combus t i on  p r o c e s s  are  so r a p i d  t h a t  p h y s i c a l  t r a n s p o r t  phenomena con- 
t r o l  t h e  r a t e  o f  combust ion .  These p h y s i c a l  c h a r a c t e r i s t i c s  a r e  
d i r e c t l y  r e l a t e d  t o  t h e  d e g r e e  of  mix ing  o f  t h e  r e a c t a n t s .  A d e v i c e  
known as  a b u r n e r  is  used  t o  p r e p a r e  and i n t r o d u c e  t h e  r e a c t a n t s  i n t o  
t h e  r e a c t i o n  zone i n  s u c h  a manner as t o  produce  a n  e f f i c i e n t  rate of 
combust 1 o n .  

The most e f f e c t i v e  b u r n e r  f o r  h i g h - i n t e n s i t y  combust ion would mix 
t h e  f u e l  wi th  t h e  oxygen b e f o r e  i n t r o d u c t i o n  i n t o  t h e  combust ion cham- 
b e r .  Yanp g a s  b u r n e r s  premix a l l  or most of  t h e  a i r  o r  oxygen needed 
f o r  combust ion w i t h  t h e  g a s  and produce  a h igh - t empera tu re  f lame.  A 
bunsen b u r n e r  p remixes  o n l y  a s  much a i r  as c a n  be a s p i r a t e d ;  i ts  f lame 
is  t h e r e f o r e  n o t  as  h o t  n o r  a s  w e l l  d e f i n e d  a s  t h e  f lame o f  b u r n e r s  
u t i l i z i n g  c o m p l e t e l y  premixed a i r  and  f u e l  because  some o f  t h e  a i r  
needed f o r  combust ion  must  come from t h e  s u r r o u n d i n g s  o f  t h e  f lame.  . 
When a l l  a s p i r a t e d  a i r  t o  t h e  b u r n e r  is  s h u t  o f f ,  t h e  f lame becomes 
long  and poor ly  d e f i n e d  because  . a l l  t h e  a.ir must mix w i t h  t h e  g a s  by 
d i f f u s i o n a l  means,  a much s l o w e r  method o f  mixing .  

Because l i q u i d  f u e l s  canno t  b e  a p p r e c i a b l y  premixed b e f o r e  b u r n i n g ,  
t h e  r a t e  of combust ion  i s  c o n t r o l l e d  by t h e  mixing i n  t h e  combustion i, 
zone.  T o  f a c i l i t a t e  combust ion ,  l i q u i d  f u e l s  are  u s u a l l y  i n j e c t e d  i n t o  
t h e  combust ion zone th rough  a n  a t o m i z i n g  n o z z l e .  There  are  t h r e e  t y p e s  
of atomizei-s :  (1) prieiiriiatic i i o z z i e s  k i i a t  USE! air, steam, OY Some other  
g a s  t o  a tomize  t h e  l i q u i d ;  ( 2 )  h i g h - p r e s s u r e  n o z z l e s  t h a t  f o r c e  t h e  
l i q u i d  through a s m a l l  o r i f i c e ;  and  ( 3 )  mechanica l  d e v i c e s  t h a t  use  
r o t a t i n g  d i s c s  t o  b r e a k  up t h e  l i q u i d .  The energy  used  t o  a tomize  t h e  
l i q u i d  is  g r e a t e s t  f o r  t h e  f i r s t  t y p e ,  which u s u a l l y  produces  a s p r a y  
o f  f i n e r  d r o p l e t s  t h a n  t h e  o t h e r  t y p e s .  

There  a r e  t w o  common methods f o r  p r o v i d i n g  good mixing  o f  t h e  
r e a c t a n t s  i n  t h e  combust ion  zone.  The f i r s t  i s  d i r e c t  impingement of 
t h e  f u e l  and a i r  j e t s ,  e a c h ' i n t r o d u c e d  i n t o ' t h e  combust ion zone a t  
d i f f e r e n t  a n g l e s .  I n  t h e  second method,  o p p o s i t e  r a d i a l  v e l o c i t y  com- 
p o n e n t s  a r e  i m p a r t e d  t o  t h e  t w o  streams by t h e  use  o f  v a n e s  i n  e a c h  
i n j e c t o r  t u b e .  For  e f f i c i e n t  o p e r a t i o n ,  most b u r n e r s  are  des igned  to '  
u s e  one of t h e s e  methods .  

L i q u i d  f u e l s  s u c h  as  f u e l  o i l  burn  a c c o r d i n g  t o  t h e  f o l l o w i n g  s i m -  
p l i f i e d  mechanisms: 

1. The v o l a t i l e  components i n  t h e  o i l  a r e  v a p o r i z e d  
2 .  The v a p o r s  r e a c t  w i t h  oxygen,  e v o l v i n g  s u f f i c i e n t  h e a t  t o  

p ronaga te  t h e  combust ion,  ' I f  s u f f i c i e n t  oxygen i s  n o t  imme-. 
d i a t e l y  a v a i l a b l e  t o  r e a c t  w i t h  a l l  t h e  ca rbon  i n  t h e  vapor i zed  
p o r t i o n  o f  t h e  f u e l ,  t h e  u n r e a c t e d  hydrocarbons  w i l l  c r a c k  t o  
form s o l i d  ca rbon  p a r t i c l e s  and hydrogen.  . 
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3 .  The n o n v o l a t i l e .  m a t t e r  ( p r i m a r i l y  sol id  ca rbon)  i s  burned.  
This  ca rbon ,  a s  w e l l  as any ca rbon  formed by t h e  c r a c k i n g  
Of hydrocarbons ,  i s  consumed by a r e l a t i v e l y  s low s o l i d - g a s  
r e a c t i o n  mechanism. 

P rev ious  workers  have f o u n d t h a t  t h e  r e a c t i o n  t i m e  o f  t h e  s o l i d  
r e s i d u e  i s  a s  much a s  1 0  t i m e s  t h a t  o f  t h e  v o l a t i l e  m a t t e r . l r 2 ) *  These 
expe r imen t s  w e r e  performed i n  an atmosphere c o n t a i n i n g  an e x c e s s  o f  
oxygen. The i n c r e a s e  i n  bu rn ing  t i m e  f o r  c a s e s  i n  which t h e r e  i s  a 
d e f i c i e n c y  o f  oxygen, such  a s  i n  a p a r t i a l - c o m b u s t i o n  p r o c e s s ,  would 
p robab ly  be even g r e a t e r .  I t  i s  t h e r e f o r e  d e s i r a b l e  t o  minimize t h e  
amount Of s o l i d  carbon formed d u r i n g  p r imary  combust ion.  The minimum 
s o l i d  carbon would be compr ised  of  o i l  r e s i d u e ,  w i t h  none be ing  formed 
by c r a c k i n g  o f  v o l a t i l e s .  

When a t o m i z a t i o n  i s  good,  t h e  r a t e s  of  e v a p o r a t i o n  o f  v o l a t i l e s  
and r e a c t i o n  o f  v o l a t i l e s  w i t h  oxygen a r e  ve ry  r a p i d .  T h e r e f o r e ,  t o  
p r e v e n t  any of  t h e  v o l a t i l e s  from c r a c k i n g ,  oxygen must b e  made a v a i l -  
a b l e  b e f o r e  t h e  hydrocarbon vapor s  r each  t h e  c r a c k i n g  t empera tu re .  
Because t h e  oxygen and o i l  a r e  n o t  premixed,  v e r y  r a p i d  mixing must  
occur  a s  soon a s  t h e s e  r e a c t a n t s  e n t e r  t h e  combust ion chamber.  Because 
t h i s  mixing can  o n l y  o c c u r  by eddy,and  m o l e c u l a r  d i f f u s i o n ,  i t  i s  e v i -  
d e n t  t h a t  mixing is  normal ly  t h e  l i m i t i n g  f a c t o r  i n  e s t a b l i s h i n g  t h e  
r a t e  o f  combustion. T h i s  c o n c l u s i o n  is based  on work done under  con- 
d i t i o n s  of complete  combust ion ,  and i s  p robab ly  even more r e s t r i c t i v e  
under  c o n d i t i o n s  of p a r t i a l  combust ion.  

D e s c r i p t i o n  of  Burner  System 
and Opera t ing  Procedure  

I n  view of  t h e  t h e o r e t i c a l  and p r a c t i c a l  c o n s i d e r a t i o n s ,  it was 
a p p a r e n t  t h a t  t h e  combust ion chamber would have t o  be c o n s t r u c t e d  of 
a r e f r a c t o r y  c a p a b l e  o f  w i t h s t a n d i n g  v e r y  h igh  t e m p e r a t u r e s  i n  b o t h  
o x i d i z i n g  and reducing  a tmospheres .  I t  was a l s o  a p p a r e n t  t h a t  because  
o f  t h e  sma l l  volume of oxygen needed p e r  u n i t  o f  f u e l  compared w i t h  a 
comple te  combust ion b u r n e r  o p e r a t i n g  on a i r  - o n l y  1 / 1 6  t h e  volume o f  
r e a c t i n g  gas  and 1 /3  t h e  oxygen i s  r e q u i r e d  f o r  p a r t i a l  combust ion 
u s i n g  oxygen - 
more d i f f i c u l t .  I f  s u f f i c i e n t  mixing were n o t  p r o v i d e d ,  f lame s t a b i l i t y  
would d e c r e a s e ,  l o c a l i z e d  e x c e s s i v e  t e m p e r a t u r e s  would r e s u l t ,  and l a r g e  
q u a n t i t i e s  of  s o l i d  carbon would be formed t h a t  would g r e a t l y  i n c r e a s e  
t h e  t i m e  needed t o  complete  t h e  g a s i f i c a t i o n  p r o c e s s ;  a d d i t i o n a l  com- 
bust ion-chamber volume would be needed t o  produce a g i v e n  amount of 
r educ ing  gas .  

s a t i s f a c t o r y  mixing o f  t h e  r e a c t a n t s  would be  c o n s i d e r a b l y  

These f a c t o r s  were c o n s i d e r e d  i n  s e l e c t i n g  a commercial  f u e l - o i l  
b u r n e r  t h a t  was a d a p t a b l e  f o r  u se  a s  a p a r t i a l - c o m b u s t i o n  b u r n e r .  An 
a i r - a t o m i z i n g  v o r t e x  b u r n e r  was p rocured  t h a t  f u l f i l l e d  t h e s e  r e q u i r e -  
ments.  I n  a d d i t i o n  t o  t h e  f i n e  a t o m i z a t i o n  o b t a i n a b l e  w i t h  t h i s  b u r n e r ,  
t h e  main oxygen s t r eam had a c o u n t e r c l o c k w i s e  motion impar t ed  t o  i t  by 

*See References  I 
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means o f  v a n e s  i n  t h e  windbox. T h i s  a r r angemen t  p r o v i d e d  one of  t h e  
most  e f f i c i e n t  means a v a i l a b l e  i n  a commercial b u r n e r  f o r  mixing t h e  
f u e l  o i l  and  oxygen.  

F i g u r e  2 shows d e t a i l s  of  t h e  o i l - i n j e c t i o n  n o z z l e ,  t h e  c e n t e r  
c o n e ,  t h e  windbox vane d e t a i l  and t h e  oxygen n o z z l e  compr i s ing  t h e  
e s s e n t i a l  p a r t s  of t h e  b u r n e r ,  F i g u r e  3 i s  a s e c t i o n  view o f  t h e  
assembled b u r n e r ,  and F i g u r e  4 i s  a s e c t i o n  view o f  t h e  a tmosphe r i c  
t e s t  chamber. 

F i g u r e  5 shows a s c h e m a t i c  p i p i n g  diagram f o r  t h e  b u r n e r s .  The 
o i i  r a t e  i s  o b t a i n e d  by measu r ing  t h e  change i n  w e i g h t  o f  t h e  o i l -  
s u p p l y  b a r r e l  w i t h  t i m e .  A p o s i t i v e - d i s p l a c e m e n t  pump t r a n s p o r t s  t h e  
o i l  a g a i n s t  a c o n s t a n t  d e l i v e r y  p r e s s u r e  m a i n t a i n e d  by t h e  p r e s s u r e -  
r e g u l a t i n g  v a l v e .  The o i l  r a t e  i s  c o n t r o l l e d  manua l ly  w i t h  an a i r -  
o p e r a t e d  c o n t r o l  v a l v e .  The p r e s s u r e  s w i t c h e s  a r e  connec ted  t o  an 
a n n u n c i a t o r  t h a t  warns  when t h e  o i l  p r e s s u r e  d e v i a t e s  from a p r e s e t  
r a n g e ;  a s o l e n o i d  v a l v e  i n  t h e  l i n e  e n a b l e s  t h e  o i l  f l o w  t o  be s t o p p e d  
r a p i d l y .  I 

The p r i m a r y  oxygen f l o w  is  measured by a c a l i b r a t e d  r o t a m e t e r  and 
i s  c o n t r o l l e d  m a n u a l l y  by a n e e d l e  v a l v e .  The p r e s s u r e  s w i t c h  i n  t h e  
oxygen l i n e  i s  c o n n e c t e d  t o  t h e  a n n u n c i a t o r  p a n e l  t o  i n d i c a t e  a low- 1 
p r e s s u r e  oxygen s u p p l y ;  a s o l e n o i d  v a l v e  e n a b l e s  t h e  oxygen f low t o  be 
s t o p p e d  r a p i d l y .  ( 

The s y s t e m  w a s  p i p e d  t o  p r o v i d e  f o r  e i t h e r  a i r  or oxygen atom- 
i z a t i o n .  The a t o m i z i n g  f l o w  rate was measured by a c a l i b r a t e d  ro t ame t t  
E l e c t r i c  r e s i s t a n c e  h e a t e r s  were i n s t a l l e d  i n  b o t h  t h e  p r imary  oxygen 
and t h e  a t o m i z i n g  l i n e s  so t h a t  t h e s e  s t r e a m s  c o u l d  be h e a t e d  d u r i n g  
c o l d - w e a t h e r  o p e r a t i o n .  

F i g u r e  6 shows a s c h e m a t i c  d i ag ram o f  t h e  e l ec t r i ca l  w i r i n g  f o r  1 

one  b u r n e r  sys t em.  The p r e s s u r e  s w i t c h e s  a r e  connec ted  t o  an annunci-  
a t o r  t h a t  r i n g s  a n  a l a r m  and f l a s h e s  a l i g h t  when any o f  t h e  supp ly  
p r e s s u r e s  d e v i a t e  from a p r e s e t  r a n g e .  The s o l e n o i d  v a l v e  s w i t c h e s  art 
a r r a n g e d  s o  t h a t  t h e  a t o m i z i n g  g a s  f low h a s  t o  be  s t a r t e d  b e f o r e  t h e  
o i l  and oxygen t o  p r o v i d e  a s a f e  s t a r t - u p .  

To become f a m i l i a r  w i t h  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of t h e  
b u r n e r ,  tes ts  were made u s i n g  o n l y  a i r  and N o .  6 f u e l  o i l .  A t y p i c a l  
c h e m i c a l  a n a l y s i s  of  t h e  N o .  6 f u e l  o i l  i s  shown i n  Tab le  I .  Although 
t h e  b u r n e r  pe r fo rmed  as e x p e c t e d  unde r  complete-combust ion c o n d i t i o n s ,  
b u r n e r  o p e r a t i o n  became u n s t a b l e  a s  t h e  a i r  r a t e  was d e c r e a s e d .  Appar- 
e n t l y ,  t h e  h e a t  r e l e a s e d  p e r  u n i t  volume o f  f u e l  became so l o w  t h a t  t h c  
f l ame  cou ld  n o t  p r o p a g a t e  i t s e l f  e f f e c t i v e l y .  The n e x t  s t e p  was t o  use 
oxygen f o r  p r i m a r y  combust ion g a s  and a i r  f o r  a t o m i z a t i o n .  

During t h e s e  i n i t i a l  tes ts  u s i n g  oxygen,  t h e  b u r n e r  was be ing  
f i r e d  a t  4 0  t o  50  pounds o f  o i l  p e r  hour  u s i n g  z e r o  t o  1 0  p e r c e n t  
e x c e s s  oxygen,  a n d  w i t h  an a t o m i z i n g  p r e s s u r e  o f  4 0  t o  6 0  p s i g .  
p r e s s u r e  d r o p  a c r o s s  t h e  windbox o f  t h e  b u r n e r  ( a  measu re lo f  t h e  energy 

The 
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r e l e a s e d  t o  t h e  g a s  stream f o r  mixing  t h e  r e a c t a n t s )  w a s  approximate ly  
t w o  i n c h e s  of w a t e r .  I n  a d d i t i o n , t o  poor  c o n v e r s i o n s  ( t h e  f r a c t i o n  of 
ca rbon  i n  t h e  o i l  t h a t  i s  g a s i f i e d )  d u r i n g  t h e s e  s t u d i e s ,  h a r d  carbon 
would r a p i d l y  b u i l d  up  i n  t h e  combust ion  chamber.  T h i s  would d i r e c t  
t h e  f lame back o n t o  t h e  b u r n e r  t i p  and  f o r c e  a shutdown. The h a r d  car- 
bon bu i ld -up  w a s  a t t r i b u t e d  t o  a combina t ion  o f  coarse a t o m i z a t i o n  and 
l a c k  o f  t u r b u l e n c e  i n  t h e  chamber,  and  p robab ly  o c c u r r e d  when o i l  drop- 
l e t s  impinged on t h e  h o t  r e f r a c t o r y  s u r f a c e .  I t  was obv ious  t h a t  f i n e r  
a t o m i z a t i o n  and i n c r e a s e d  t u r b u l e n c e  i n  t h e  .chamber were n e c e s s a r y  t o  
p r e v e n t  fo rma t ion  of  h a r d  carbon.  F i n e r  a t o m i z a t i o n  w a s  o b t a i n e d  by 
i n c r e a s i n g  t h e  a t o m i z i n g  p r e s s u r e .  I n c r e a s e d  t u r b u l e n c e  i n  t h e  com- 
b u s t i o n  chamber w a s  o b t a i n e d  by  i n c r e a s i n g  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  
wincbox. T h i s  w a s  done  by d e c r e a s i n g  t h e  g a p  between t h e  vanes  i n  t h e  
windbox ( p a r t  2 ,  F i g u r e  2 )  from 1/16 i n c h  t o  1/64 i n c h ,  and d e c r e a s i n g  
t h e  d i a m e t e r  of t h e  oxygen n o z z l e  ( p a r t  4 ,  F i g u r e  2 )  from 1 i n c h  t o  
0 . 8 8  i n c h .  These  changes  e l i m i n a t e d  t h e  h,ard-carbon b u i l d - u p ,  b u t  d i d  
n o t  a p p r e c i a b l y  improve c o n v e r s i o n .  I t  w a s  l a t e r  de te rmined  t h a t  
e r o s i o n  o f  t h e  n o z z l e  t i p  nad  been  t h e  ma jo r  c a u s e  of coarse a t o m i z a t i o n  
a t  40  p s i g  a t o m i z i n g  p r e s s u r e ,  and t h a t  s a t i s f a c t o r y  o p e r a t i o n  a t  t h i s  
a t o m i z i n g  p r e s s u r e  w a s  p o s s i b l e  w i t h  a ' n e w  n o z z l e .  When t h e s e  changes 
were made i t  w a s  p o s s i b l e  t o  o p e r a t e  t h e  b u r n e r  c o n t i n u o u s l y  f o r  
ex tended  p e r i o d s  ( a t  l e a s t  8 h o u r s )  and a t e s t  program was begun t o  
d e t e r m i n e  t h e  o p e r a t i n g  c o n d i t i o n s  f o r  most e f f i c i e n t  f u e l  convers ion .  
The independen t  v a r i a b l e s  chosen  w e r e  o i l  r a t e ,  p e r c e n t  e x c e s s  oxygen, 
and a tomiz ing  p r e s s u r e .  The r a n g e  o f  c o n d i t i o n s  s t u d i e d  a r e  l i s t e d  i n  
Table 11. 

I 1  

'' 

T e s t i n g  began  when t h e  w a l l s  of  t h e  a tmosphe r i c  t e s t  chamber 
became i n c a n d e s c e n t .  The independen t  v a r i a b l e s  chosen  f o r  t h e  t es t  
were e s t a b l i s h e d  and 30 m i n u t e s  w a s  allowed f o r  a t t a i n m e n t  o f  s teady-  
s t a t e  c o n d i t i o n s .  Two g a s  samples, one  3 f ee t  and one  1 . 5  f e e t  from 
t h e  b u r n e r  n o z z l e ,  w e r e  t h e n  t a k e n  from t h e  i n s i d e  w a l l  of  t h e  t es t  
chamber u s i n g  an uncoo led  1 /4 - inch -d iame te r  s t a i n l e s s - s t e e l  t u b e .  
These samples  were a n a l y z e d  b y  g a s  chromatography f o r  CO, C 0 2 ,  H 2 ,  
and  N 2 .  S e v e r a l  s amples  were a n a l y z e d  w i t h  a mass s p e c t r o m e t e r  t o  
d e t e r m i n e  t h e  q u a n t i t i e s  o f  other  hydrocarbons  ( s u c h  as C H 4 ,  Q H 2 ,  
and  c2ii6) b e i n g  formed.  The mass-spec t rometer  r e s u l t s  i n d i c a t e d  t h a t  
less  t h a n  1 . 5  p e r c e n t  o f  t h e  t o t a l  p r o d u c t  g a s  w a s  made up o f  con- 
s t i t u e n t s  o t h e r  t h a n  CO,  C 0 2 ,  1-12, and " 2 ;  t h e  chromatograph r e s u l t s  
i i e r e  t h e r e f o r e  used  t o  c a l c u l a t e  ma te r i a l  b a l a n c e s .  E lementa l  b a l a n c e s  
f o r  hydrogcn,  c a r b o n ,  and oxygen w e r e  u s e d .  t o  c a l c u l a t e  t h e  q u a n t i t i e s  
o f  soot and water v a p o r ,  and t h e  t o t a l  moles o f  d r y . g a s  formed. A 
cneck on t h e  c o n s i s t e n c y  of  t h e  d a t a  was p o s s i b l e  by a n i t r o g e n  b a l a n c e .  

Ana1:;sis o f  t h e  d a t a  from t h i s  program showed t h a t  t h e  b u r n e r  W a s  

!lot ve r i .  e f f i c i e n t  ( c f . r e s u l t s  b e l o w ) .  Because i t  was b e l i e v e d  t h a t  
t h e  o r i c ; i n a l  n o z z l e  :.{as t h e  major  s o u r c e  o f  t r o u b l e ,  s t u d i e s  were a l s o  
made u s i n g  a s p e c i a l  ' spray  n o z z l e  d e s i g n e d  f o r  o p e r a t i o n  o v e r  a wider  
r a n q c  of  f u e l  r a t e s .  F i g u r e  7 i s  a d e t a i l e d  drawing o f  t h i s  n o z z l e .  
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R e s u l t s  of Burner  T e s t s  
. .  

Most commercial  b u r n e r  sys t ems  are o p e r a t e d  unde r  comple t e  com- 
b u s t i o n  c o n d i t i o n s  a n , d , . e f f i c i e n c i e s  a r e  u s u a l l y  e x p r e s s e d  a s  the rma l  
o u t p u t  p e r  u n i t  of.  f u e l .  consumed;::'. ; in t h e  case of  p a r t i a l - c o m b u s t i o n  
s y s t e m s ,  it i s  more m e a n i n g f u l l t o  c o n s i d e r  t h e  d e g r e e  of g a s i f i c a t i o n  
of t h e  f u e l .  
pu rpose  - t o  produce  r e d u c i n g  g a s  and t o  produce  s u f f i c i e n t  h e a t  t o  
m e l t  t h e  s o l i d  p r o d u c t s  i n  a s m e l t i n g  o p e r a t i o n .  Thus, t h e  fo rma t ion  
o f  a s m a l l  amount of C 0 2  and H20 is  n o t  n e c e s s a r i l y  d e t r i m e n t a l  t o  
t h e  performance .of t h e  p r o c e s s .  
u n g a s i f i e d  carbon l e a v i n g  t h e  combust ion zone w i l l  remain a s  such  i n  
i t s  passage  th rough  t h e  reactor and t h u s  r e p r e s e n t  an u n r e c o v e r a b l e  
loss of ene rgy .  I n  th ,e  a n a l y s i s  of  t h e  p r e s e n t  d a t a ,  t h e r e f o r e ,  t h e  
p e r c e n t  e x c e s s , o x y g e n  was :cons ide red . . a s  t h e  independen t  v a r i a b l e ,  t h e  
p e r c e n t  u n g a s i f i e d  ca rbon  a s  - the  dependen t  v a r i a b l e ,  and t h e  f u e l  r a t e ,  
a t o m i z i n g  p r e s s u r e ,  and  sampl ing  l o c a t i o n  a s  t h e  parameters. 

I n  the :p ' r e s . en t  app1 ica ; t i on  t h i s  t y p e  o f  b u r n e r  h a s  a d u a l  

However, it is p o s s i b l e  t h a t  any  

. .  

F i g u r e  8 shows t h e  daea  o b t a i n e d  i n s i d e  t h e  t es t  chamber 3.0 f e e t  
and 1 . 5  f e e t  from t h e  o r i g i n a l  n o z z l e  t i p  w h i l e  o p e r a t i n g  a t  an  o i l  
ra te  o f  45 t o  50 pounds p e r  h o u r ;  a tomiz ing  p r e s s u r e  is  t h e  pa rame te r .  
I t  is  c l e a r  t h a t ,  a t o m i z i n g l p r e s s u r e  h a s  l i t t l e  e f f e c t  on . f u e l  c o n v e r s i o n ,  
p r o b a b l y  because  a tomiz ing  p r e s s u r e  has  l i t t l e  e f f e c t  on t h e  mixing  o f  
t h e  o i l  and oxygen. T h i s  would n o t  b e  t r u e  a t  v e r y  low a t o m i z i n g  p r e s -  
s u r e s  (up t o  abou t  2 0  p s i g )  where a t o m i z a t i o n  i s  c o a r s e  and t h e  r a t e  
o f  e v a p o r a t i o n  becomes a l i m i t i n g  s tep  i n  t h e  b u r n i n g  p r o c e s s .  I t  i s  
concluded  t h a t  :for a l l  t h e  a t o m i z i n g  p r e s s u r e s ' s t u d i e d ,  the f i n e n e s s  
o f  a t o m i z a t i o n  w a s  s u f f i c i e n t  t o  m a i n t a i n  an e v a p o r a t i o n  r a t e  g r e a t e r  
t h a n  t h e  r e a c t a n t  mix ing .  r a t e ,  t h e r e b y  making b u r n e r  per formance  
independen t  of  a tomiz ing  p r e s s u r e .  T h i s  r e s u l t  h e l d  a t  t h e  h i g h e r  o i l  
ra tes  and a l s o  f o r  t h e  s p e c i a l  s p r a y  n o z z l e .  

.- , F i g u r e  9 r e p r e s e n t s  t h e  d a t a  when c o n s i d e r i n g  t h e  f u e l  ra te  as  a . .  
paramete r .  
c o n v e r s i o n . .  T h i s  r e su1 . t  i s  p robab ly  due  t o  t h e  f a c t  t h a t  t h e  d e c r e a s e d  
r e s i d e n c e  t i m e . f o r  t h e  h i g h e r  f u e l  r a t e s  i s  compensa$ed. for  by i n c r e a s e d  
t u r b u l e n c e  and concomi tan t  improvement i n  msxing. 

It':& clear  t h a t  f u e l  r a t e  h a s  no s i g n i f i c a n t  e f f e c t  on  

2 F i g u r e  10. is  a p l o t  o f  p e r c e n t  u n g a s i f i e d  .carbon, v e r s u s  p e r c e n t  
e x c e s s  oxygen f o r  comparable  d a t a  u s i n g  . the  o r i g i n a l  n o z z l e  and t h e  
s p e c i a l  s p r a y  n o z z l e .  B e t t e r  c o n v e r s i o n s  were o b t a i n e d  w i t h  t h e  s p e c i a l  
s p r a y  nozz le .  . .  

I n  a l l  c a s e s ,  b e t t e r  c o n v e r s i o n s  were o b t a i n e d  3 f e e t  from t h e  
noz_z.le t i p  t han  1 . 5 ' f e e t . f r o m  t h e  t i p .  T h i s  d i s t a n c e  would b e  expec ted  
t o  d i r e c t l y  a f f e c t  t h e  c o n v e r s i o n  s i n c e  t h e  e x t e n t  o f  mix ing  i s  a func-  
t i o n  o f  t h a t  d i s t a n c e  ( i n  terms of  i n c r e a s e d  r e s i d e n c e  t i m e ) .  I n  
a ' d d i t i o n ,  t h e  b u r n i n g . t i m e s  o f  t h e  s o l i d  r e s i d u e  and soot a r e  p robab ly  
comparable  t o  t h e  r e s i d e n c e  t i m e  of t h e  g a s  i n  t h e  t e s t  chamber .  
even  w i t h  p e r f e c t  mix ing ,  a d i f f e r e n c e  i n  c o n v e r s i o n  would e x i s t  

Thus, 

between. the.,. two ...samplln g., l o c a t i o n s .  . . . . .. .~ 

I 
... , 

., : , , . . , , . : : ., .i , ~ .  ,: . ' I , !- . . .  , , . . .  , : : ., , '; .. , . , . - . . .  . 
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PERCENT EXCESS OXYGEN 

FIGURE 9 EFFECT OF FUEL RATE AND SAMPLINQ POSITION-ORIGINAL NOZZLE 

PERCENT EXCESS OXYGEN 

FIGURE IO EFFECT OF SAMPLING POSITION AND NOZZLE DESIGN 

I 
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Under. a l l  c o n d i t i o n s ,  w i t h  less t h a n  1 5  p e r c e n t  e x c e s s  oxygen, 

\ 

j 
1 
1 

t h e  u n g a s i f i e d  c a r b o n  w a s  g r e a t e r  t h a n  20 p e r c e n t .  With i d e a l  mixing 
o f  t h e  r e a c t a n t s ,  a n y  u n g a s i f i e d  ca rbon  would r e p r e s e n t  s o l i d  carbon 
from n o n v o l a t i l e  mat ter  i n  t h e  o i l  and n o t  from c r a c k i n g  o f  t h e  vola-  
t i l e s .  However, th.e o i l  c o n t a i n e d  g rea t e r  t h a n  90 p e r c e n t  v o l a t i l e  

from c r a c k i n g  of v o l a t i l e s .  T h i s  i s  so b e c a u s e , . w i t h  p e r f e c t  mix ing ,  
t h e  v o l a t i l e s  would p r o b a b l y  bu rn  as r a p i d l y  a s  t h e y  e ~ a p o r a t e , ~ )  and 
t h e  q u a n t i t y  o f  u n g a s i f i e d  ca rbon  would b e  1 0  p e r c e n t  o r  l ess ,  
on t h e  sampl ing  p o s i t i o n  and b u r n i n g  t i m e  o f  t h e  r e s i d u e .  

matter. Thus,  a t  least  h a l f  o f  t h e  u n g a s i f i e d  ca rbon  formed came i 

depending I 
The r e s u l t s  o f  o t h e r  work done on  e v a p o r a t i o n  ra tes  and combustion 

r a t e s  o f  f u e l  d r o p l e t s 3 )  i n d i c a t e  t h a t  0.3 t o  0 . 6  seconds  ( t h e  average  
r e s i d e n c e  t i m e  a v a i l a b l e  f o r  a d r o p  t o  react  i n  o u r  a p p a r a t u s )  is f a r  
i n  e x c e s s  o f  t h e  t i m e  needed  t o  e v a p o r a t e  and b u r n  t h e  v o l a t i l e  mat ter .  
I t  i s  t h e r e f o r e  b e l i e v e d  t h a t  t h e  p r e s e n t  sys tem c o u l d ,  w i t h  p e r f e c t  
mix ing  o f  the.  reac tan ts ,  g a s i f y  a l l  ca rbon  c o n t a i n e d  i n  t h e  v o l a t i l e  
m a t t e r  and produce  a p r o d u c t  g a s  c o n t a i n i n g  l e s s  t h a n  1 0  p e r c e n t  ungas i -  
f i e d  carbon.  Because  g a s i f i c a t i o n  o f  s o l i d  r e s i d u e  i s  a b o u t  1 0  t i m e s  
slower t h a n  g a s i f i c a t i o n  o f  v o l a t i l e s ,  c o n v e r s i o n s  b e t t e r  t h a n  9 0  per-  
c e n t  would r e q u i r e  l o n g e r  r e s i d e n c e  t i m e  t h a n  c a n  be o b t a i n e d  i n  t h e  
t e s t  chamber. I n  a n y  e v e n t ,  t h e  t e c h n i c a l  f e a s i b i l i t y  o f  t h e  proposed 
s m e l t i n g  p r o c e s s  s h o u l d  n o t  be r e s t r i c t e d  by t h e  l o w  c o n v e r s i o n s  o b t a i n e ,  
i n  t h e  t e s t  chamber.  T h i s  c o n c l u s i o n  i s  based  on t h e  knowledge t h a t ,  , 
even when o p e r a t i n g  w i t h  20 p e r c e n t  e x c e s s  oxygen,  t h e  gas produced w i l l /  
be r e d u c i n g  t o  Feu. . T a b l e  I11 shows t h e  r e s u l t s  of a r e p r e s e n t a t i v e  r u n  
and a comparison o f  t h e  a c t u a l  CO2/CO and H20/H2 r a t i o s  w i t h  t h e  e q u i l i -  
br ium r a t i o s  for 2000 F. Although t h e  H 2 0 / H 2  r a t i o  is  o n l y  modera te ly  
r e d u c i n g ,  t h e  CO2/CO r a t i o  i s  s u b s t a n t i a l l y  r e d u c i n g  t o  FeO. I n  addi -  
t i o n ,  it must be remembered t h a t  t h e  o p e r a t i o n  o f  t h e  proposed  p r o c e s s  
w i l l  p r o v i d e  enough s o l i d  ca rbon  i n  t h e  burden  t o  r educe  t h e s e  com2lete 
combust ion F r o d u c t s  and f o r  s o l u t i o n  i n  t h e  h o t  m e t a l  produced.  

1 

t 

P i l o t - P l a n t  Design 

F i g u r e  11 i s  a p i c t u r e  of  t h e  p i l o t  p l a n t  compr i s ing  o f  a s h a f t  1 

reac tor ,  a d m b l e - h o p p e r  a r rangement  f o r  f e e d i n g  s o l i d s ,  a n  o f f - g a s  
s y s t e m ,  and a c o n t r o l  room t h a t  houses  most  of  t h e  equipment  f o r  oper -  
a t i n g  t h e  b u r n e r s .  F i g u r e  1 2  shows a c r o s s - s e c t i o n a l  d iagram o f  t h e  
reac tor ,  which is  c o n s t r u c t e d  i n  f o u r  s e c t i o n s :  t h e  h e a r t h ,  t h e  lower 
s t a c k  ( c o n t a i n i n g  t w o  d i a m e t r i c a l l y  opposed  b u r n e r  mounting a s s e m b l i e s ) ,  
t h e  up?er  s t a c k ,  and t h e  t o p  head .  The reactor s h a f t  is  a 1 0 - f o o t  
s t r a i g h t  s e c t i o n ,  1 f o o t  i n  d i a m e t e r ,  t h a t  f l a r e s  t o  2 f e e t  where it 
i s  a t t a c h e d  t o  the  h e a r t h .  The h e a r t h  i s  2 f e e t  i n  d i a m e t e r  and 2 f e e t  
h i g h .  The reactor i s  l i n e d  w i t h  1 8  i n c h e s  of  r e f r a c t o r y  m a t e r i a l ;  
t h e  i n n e r  face o f  h igh-a lumina  b r i c k  i s  backed by a l a y e r  of f i r e - c l a y  
b r i c k  and a l a y e r  o f  l ow-conduc t iv i ty  c a s t a b l e  r e f r a c t o r y .  The r e f r a c -  
t o r y  i s  s e p a r a t e d  f rom t h e  s t ee l  s h e l l  b y  a on?-inch l a y e r  o f  a s b e s t o s  
b l o c k  i n s u l a t i o n .  

E 
s u r e s ,  
s t a c k .  

g h t  f l a n g e d  p o r t s  f o r  measur ing  s t a c k  t e m p e r a t u r e s  and p r e s -  
and  f o r  o b t a i n i n g  gas samples  are l o c a t e d  a t  f o u r  l e v e l s  o f  t h e  I 
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Table I 

Chemical A n a l y s i s  o f  No.  6 F u e l  O i l  

Carbon 
Hydrogen 
Oxygen 
N i t r o g e n  
S u l f u r  
Ash 
V o l a t i l e  Matter 
Fixed Carbon 

T a b l e  I1 

Weight P e r c e n t  

87.24 
. 11 .19  

0.69 
0.27 
0.59 
0.02 

94.56 
5.42 

Range of Variables S t u d i e d  i n  t h e  T e s t  Chamber 

O i l  Rate, l b / h r  Atomizing P r e s s u r e ,  p s i g  Excess  Oxygen, % 

48 
58 

8 0 ,  70, 60 ,  4 0  
80 ,  7 0 ,  60 

0 t o  30 
0 t o  30 

Table I11 

R e s u l t s  of R e p r e s e n t a t i v e  Burne r  O p e r a t i o n  w i t h  No. 6 Fuel  O i l  

T e s t  N u m b e r  181 

O i l  R a t e  
Atomizing A i r  R a t e  
Pr imary Oxygen R a t e  
Excess  Oxygen 
U n g a s i f i e d  Carbon 

56.4 l b / h r  
3.39 scfm* 
15.05 scfm 
21.6% 
17 .0% 

P r o d u c t  G a s  A n a l y s i s ,  Mole P e r c e n t  

co2 5.5 
co 43 .1  
H2 27.7 
H20 17.2 
N2 6.5 

co2 = 0.390 

- H20 = 0.621 
H2 

H2° = 0.675 

eq 
Ha 

I E q u i l i b r i u m  r a t i o s  are f o r  2000 F 

* '10 F and 1 a t m  
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Par t ia l -Combust ion  S t u d i e s  i n  P i l o t  P l a n t  

I n  t h e  a tmosphe r i c  tes t  chamber t h e  combust ion e f f i c i e n c y  
( e x p r e s s e d  a s  t h e  p e r c e n t  of  carbon g a s i f i e d )  was low; a t  l eas t  15  
p e r c e n t  e x c e s s  oxygen ( o v e r  t h e  t h e o r e t i c a l  oxygen f o r  combust ion t o  
CO and H2) was needed f o r  80 p e r c e n t  g a s i f i c a t i o n .  These low conver- 
s i o n s  were caused  by t h e  low r e s i d e n c e  t i m e s  and h i g h  h e a t  losses i n  
t h e  t e s t  chamber. I n  a d d i t i o n ,  it was l e a r n e d  t h a t  t h e  o i l  r a t e  and 
t h e  a tomiz ing  p r e s s u r e  had v e r y  l i t t l e  e f f e c t  on t h e  combust ion 
e f f i c i e n c y .  The p e r c e n t  e x c e s s  oxygen and t h e  r e s i d e n c e  t i m e  were 
t h e  o n l y  v a r i a b l e s  t h a t  s i g n i f i c a n t l y  a f f e c t e d  combust ion e f f i c i e n c y ;  
g a s i f i c a t i o n  i n c r e a s e d  wi th  i n c r e a s e d  e x c e s s  oxygen and f u r t h e r  d i s -  
t a n c e  from t h e  b u r n e r .  

A test  program was run  i n  t h e  p i l o t  p l a n t  t o  v e r i f y  and ex tend  
t h e  r e s u l t s  o b t a i n e d  i n  t h e  a tmosphe r i c  t e s t  chamber. The r anges  of  
t h e  independent  o p e r a t i n g  v a r i a b l e s  a r e  l i s t e d  i n  Tab le  I V .  Each 
bu rne r  t e s t  c o n s i s t e d  o f  two hours  of o p e r a t i o n  a t  t h e  test  c o n d i t i o n s .  
A set  o f  gas  samples  (bot tom,  t o p ,  and o f f - g a s )  w a s  t a k e n  a f t e r  one  
hour  and a f t e r  two hour s  o f  o p e r a t i o n .  M a t e r i a l  b a l a n c e s  were t h e n  
c a l c u l a t e d  from t h e  o p e r a t i n g  d a t a  and chemica l  a n a l y s i s  of t h e  sam- 
p l e s .  

The r e s u l t s  a r e  p l o t t e d  i n  F i g u r e  1 3  a s  p e r c e n t  u n g a s i f i e d  c a r -  
bon v e r s u s  p e r c e n t  e x c e s s  oxygen f o r  t h e  s p e c i a l  s p r a y  n o z z l e  and f o r  
t h e  o r i g i n a l  n o z z l e .  The r e s u l t s  o b t a i n e d  i n  t h e  a tmosphe r i c  t e s t  
chamber a r e  a l s o  shown f o r  comparison.  Convers ions  i n  t h e  r e a c t o r  were 
much b e t t e r - t h a n  i n  t h e  test  chamber because  of t h e  l o n g e r  r e s i d e n c e  
t i m e  and h i g h e r  t e m p e r a t u r e s .  Convers ions  f o r  t h e  s p e c i a l  s p r a y  noz- 

! z l e  were s i g n i f i c a n t l y  b e t t e r  t h a n  f o r  t h e  o r i g i n a l  n o z z l e .  A s  i n  t h e  
a tmospher ic - tes t -chamber  o p e r a t i o n ,  t h e r e  was no s i g n i f i c a n t  e f f e c t  o f  
t h e  a tomiz ing  p r e s s u r e  o r  t h e  o i l  r a t e  on t h e  b u r n e r  performance.  

There  is  c o n s i d e r a b l e  s c a t t e r  i n  t h e  d a t a  i n  F igu re  13. This  
s c a t t e r  is  a t t r i b u t e d  p r i m a r i l y  t o  poor  g a s  mixing and d i s t r i b u t i o n  
and t o  t h e  f a c t  t h a t  t h e  m a t e r i a l  b a l a n c e s  a r e  v e r y  s e n s i t i v e  t o  sma l l  
d i f f e r e n c e s  i n  n i t r o g e n  c o n c e n t r a t i o n .  I t  is  t h e r e f o r e  i n s t r u c t i v e  t o  
s t u d y  t h e  r e s u l t s  of a 24-hour t es t  w i t h  c o n s t a n t - b u r n e r  o p e r a t i n g  con- 
d i t i o n s .  Gas samples  w e r e  t a k e n  a t  t h e  bot tom and t o p  o f  t h e  r e a c t o r ,  
and from t h e  o f f - g a s  l i n e  eve ry  hour  d u r i n g  t h i s  run .  The o t h e r  oper-  
a t i n g  v a r i a b l e s  w e r e  r eco rded  p e r i o d i c a l l y  so t h a t  an a v e r a g e  m a t e r i a l  
b a l a n c e  could  be c a l c u l a t e d  f o r  t h e  day of  o p e r a t i o n .  The m a t e r i a l  
f l ows  w e r e  h e l d  c o n s t a n t  d u r i n g  t h e  whole o p e r a t i o n ;  t h e r e  w a s  less 
t h a n  5 p e r c e n t  v a r i a t i o n  i n  any of the f lows .  The ave rage  o p e r a t i n g  
d a t a  and r e s u l t s  are p r e s e n t e d  i n  Table  V. There was more u n g a s i f i e d  
carbon a t  t h e  bot tom of  t h e  r e a c t o r  t h a n  a t  t h e  t o p  o r  i n  t h e  o f f - g a s .  
T h i s  r e s u l t  was expec ted  because  t h e  s t u d i e s  made i n  t h e  a tmosphe r i c  
t e s t  chamber showed t h a t  g a s i f i c a t i o n  i n c r e a s e d  w i t h  l o n g e r  r e s i d e n c e  
t i m e s .  The i n c r e a s e  i n  u n g a s i f i e d  carbon between t h e  t o p  and t h e  o f f -  
g a s  s e c t i o n s  was unexpec ted  and may be  due t o  carbon d e p o s i t i o n  i n  t h i s  
p a r t  o f  t h e  sys tem.  
showed t h i s  same t r e n d ;  t h e r e  was a s l i g h t l y  h i g h e r  amount o f  u n g a s i f i e d  

Most of  t h e  s h o r t - d u r a t i o n  tests i n  t h e  r e a c t o r  



T a b l e  XV 

3 O p e r a t i n g  Ranges f o r  Burne r  T e s t  Program 

Excess Oxygen, % - 5 to 25 
O i l  R a t e ,  l b / h r  40 t o  9 0  
Atomizing P r e s s u r e ,  p s i g  40 t o  70  
Sampling P o s i t i o n  B o t t o m  o f  Reactor 

Top of Reactor 
Off-Gas System 

T a b l e  V 

Summary of Average O p e r a t i n g  C o n d i t i o n s  and 
R e s u l t s  of 24-Hour B u r n e r  T e s t  ( 2  B u r n e r s )  

O i l  R a t e  
Atomizing A i r  R a t e  
Pr imary Oxygen R a t e  
Atomizing P r e s s u r e  
P e r c e n t  E x c e s s  Oxygen 

Dry-Gas Ana lyses ,  
V O l .  % B o t t o m  

co 
co2 
H 2  
N2 

52.6 
4.1 

34.6 
8.7 

Wet-Gas Ana lyses ,  
V O l .  % Bottom 

co 46.4 

30.5 
co2  
H2 
H20 11 .9  
N2 7.7 

3 . 5  I 

Top 

51.9 
3.2 

36.4 
8.5 

- TOP 

49.6 
3 .1  

34.8 
4.4 
8 . 1  

P e r c e n t  U n g a s i f i e d  C 1 0 . 0  -3 .1  

73.4 l b / h r / b u r n e r  
6 .51  sc fm/burne r  
18.23 scfm/burner  

17 .7  
70 p s i g  I 

Off - G a s  

52.3 
3.2 

35.8 
8 . 7  

Off-Gas 

48.9 
3.0 

33.5 
6 . 3  
8.2 

0.1 

Ni t rogen-Ba lance  Error  0 .7% 
( I n d e p e n d e n t  Data Check) 
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ca rbon  i n  t h e  o f f - g a s  l i n e  t h a n  a t  t h e  t o p  of t h e  reactor and con- 
v e r s i o n s  a t  bo th  of t h e s e  l o c a t i o n s  w e r e  much h i g h e r  t h a n  a t  t h e  
bot tom o f  t h e  r e a c t o r .  

These r e s u l t s  o f  t h e  b u r n e r  tests r u n  w i t h  an  u n f i l l e d  r e a c t o r  
are summarized a s  follows: 

1. Burner  ra tes  were v a r i e d  from 4 0  t o  90 pounds o f  o i l  p e r  
hour  w i t h  no  s i g n i f i c a n t  d i f f e r e n c e  i n  b u r n e r  per formance .  

2 .  Atomizing p r e s s u r e s  w e r e  v a r i e d  from 40 t o  70 p s i g  w i t h  no 
s i g n i f i c a n t  d i f f e r e n c e  i n  b u r n e r  per formance .  

3.  S t a b l e  b u r n e r  o p e r a t i o n  w a s  o b t a i n e d  from minus 1 0  t o  p l u s  
2 5  p e r c e n t  e x c e s s  oxygen. 

, 

4 .  The b u r n e r s  c o u l d  be  o p e r a t e d  c o n t i n u o u s l y  f o r  a t  l e a s t " 5 '  
days  w i t h  no  n o t i c e a b l e  n o z z l e  e r o s i o n .  

5. Combustion chambers cas t  from h i g h - p u r i t y  magnesium o x i d e  
and burned  a t  a b o u t  2800 F per formed v e r y  w e l l .  

Burner  Redesign 

S e v e r a l  problems a s s o c i a t e d  w i t h  b u r n e r  d e s i g n  w e r e  b r o u g M i n t o  
f o c u s  d u r i n g  t h e  r e a c t o r - t e s t  program. F i r s t ,  i n  t h e  o r i g i n a l  d e s i g n  
t h e  combust ion chamber w a s  l o c a t e d  ve ry  c l o s e  t o  t h e  o u t s i d e  mounting 
f l a n g e .  H e a t  losses w e r e  t h e r e f o r e  u n n e c e s s a r i l y  h i g h  and t h e  mounting 
f l a n g e  was s u s c e p t i b l e  t o  h igh - t empera tu re  damage. I n  a d d i t i o n ,  removal 
o f  t h e  b u r n e r  f o r  i n s p e c t i o n  i n v a r i a b l y  b roke  t h e  combust ion chamber, 
and t h i s  meant a comple t e  r e b u i l d i n g  o f  t h e  b u r n e r .  And f i n a l l y ,  t h e  
i n s p e c t i o n  and r ep lacemen t  o f  b u r n e r  n o z z l e s  t h a t  p lugged  d u r i n g  opera-  
t i o n  w a s  t i m e  consuming. 

F i g u r e  1 4  shows a drawing  o f  t h e  r e v i s e d  b u r n e r  d e s i g n .  T h i s  * 

d e s i g n  e l i m i n a t e s  a l l  t h e  problems d i s c u s s e d  above w i t h o u t  s a c r i f i c i n g  
any  f e a t u r e s  d t h e  o r i g i n a l  d e s i g n  t h a t  are n e c e s s a r y  f o r  e f f i c i e n t  
combust ion .  The combust ion  chamber w a s  r e l o c a t e d  c loser  t o  t h e  s t a c k ,  
t h e r e b y  minimiz ing  h e a t  losses and p r o t e c t i n g  t h e  mounting.  The 
u n i t i z e d  sys tem c o u l d  b e  q u i c k l y  removed and r e p l a c e d  i f  any t r o u b l e  
o c c u r r e d ;  a l s o ,  t h e  sys t em r e t a i n e d  t h e  v o r t e x  a c t i o n  o f  t h e  pr imary  
oxygen i n p u t .  

O p e r a t i o n  of  P i l o t  P l a n t  as a Steel  Melter 

A f t e r  t h e  o p e r a t i o n  o f  r e d e s i g n e d  p a r t i a l - c o m b u s t i o n  b u r n e r s  was 
demons t r a t ed  t o  be s a t i s f a c t o r y  w i t h  a c o k e - f i l l e d  s t a c k ,  i t  was p lanned  
t o  s t u d y  t h e  o p e r a t i o n  o f  t h e  s y s t e m  as a s t e e l  melter. S t e e l  punchings 
1 i n c h  i n  d i a m e t e r  and 3 /8- inch  h i g h  and s m a l l  coke were used  as t h e  
bu rden .  
c o n s e c u t i v e  days  ( i n c l u d i n g  one  day f o r  s t a r t - u p ) .  Tab le  V I  p r e s e n t s  
a summary o f  t h e  o p e r a t i n g  c o n d i t i o n s  and r e s u l t s .  

The p i l o t  p l a n t  was o p e r a t e d  s u c c e s s f u l l y  as a m e l t e r  f o r  f o u r  

The oin r a t e  du r ing  
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Tab le  V I  

Summary of O p e r a t i n g  C o n d i t i o n s  and 
R e s u l t s  for Mel t ing  O p e r a t i o n  

P e r i o d  1 

D u r a t i o n ,  hours 
O i l  R a t e ,  l b / h r  
Atomizing A i r  Flow, s c f h  
Atomizing P r e s s u r e ,  p s i g  
Primary Oxygen Flow, s c f h  
Excess  Oxygen, % 
T h e o r e t i c a l  Flame Tempera tu re ,  F 
Burden R a t i o ,  l b  c o k e / l b  s tee l  
Approximate C a s t i n g  Rate ,  l b / h r  

42  
100 
7 2 0  

- 7 0  
1 5 3 0  
- 2 0  
4 2 7 5  
0 . 2 5  

8 5  

P e r i o d  2 

2 4  
100 
7 2 0  
e 7 0  
1 5 3 0  ( 1 0 0 %  0 2 )  - 2 0  
4 2 7 5  
0 . 1 1  
160 

Metal. A n a l y s i s ,  wt % 

1 

8 7 . 0 3  Charge P r o d u c t  
1 1 . 0 9  . Fe 98 .9  /u 9 8  

/ 
0 .29  S i  0.13 (0.01 t o  0 .29  / I  

0 . 9 5  S 0 . 0 3 1  0 . 1 1  t o  0 . 1 8  
0 .59  C 0 . 3 7  0.2 t o  2 . 6  
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t h i s  o p e r a t i o n  was 100 l b / h r  ( f o r  two b u r n e r s ) ;  t h e  b u r n e r s  were 
o p e r a t e d  w i t h  a b o u t  2 0  p e r c e n t  excess oxygen, and t h e  a t o m i z i n g  a i r  
p r e s s u r e  was 70 p s i g .  The burden movement was smooth, and h o t  m e t a l  
was s u c c e s s f u l l y  removed f r o m  t h e  h e a r t h  d u r i n g  t h i s  o p e r a t i o n .  
During t h e  f i r s t  day and a h a l f  of  m e l t i n g  o p e r a t i o n ,  t h e  c o k e - t o - s t e e l  
w e i g h t  r a t i o  w a s  0 .25 and t h e  m e l t i n g  ra te  was 85 l b / h r .  During t h e  
rest o f  t n i s  p e r i o d ,  t h e  c o k e - t o - s t e e l  r a t i o  w a s  d e c r e a s e d  t o  0 . 1 1  and 
t h e  m e l t i n g  r a t e  w a s  1 6 0  l b / h r .  I n s p e c t i o n  o f  t h e  s y s t e m  a f t e r  t h e  
shutdown showed t h a t  the  r e a c t o r  and t h e  b u r n e r  guns were i n  e x c e l l e n t  
c o n d i t i o n .  

O p e r a t i o n  of P i l o t  P l a n t  as  a S m e l t e r  

The p i l o t  p l a n t  w a s  o p e r a t e d  as a smel te r  w i t h  a burden  o f  90  per-  
c e n t  s e l f - f l u x i n g  s i n t e r  and 1 0  p e r c e n t  coke.  Table  V I 1  p r e s e n t s  a 
summary o f  t h e  s t e a d y - s t a t e  o p e r a t i n g  c o n d i t i o n s  and r e s u l t s .  About 
1 2  h o u r s  a f t e r  t h e  f i r s t  c h a r g e ,  s m a l l  amounts o f  molten m e t a l  were 
t a p p e d .  The r a t e  o f  bu rden  movement g r a d u a l l y  i n c r e a s e d  f o r  t h e  n e x t  
7 h o u r s  u n t i l  it r e a c h e d  a s t e a d y  s t a t e .  For t h e  n e x t  13 h o u r s  ope ra -  
t i o n  w a s  v e r y  good. The c h a r g i n g  r a t e  a v e r a g e d  3 4 0  l b / h r  and was very 
s t e a d y .  Casts were made e v e r y  two h o u r s  and l i t t l e  d i f f i c u l t y  w a s  
e n c o u n t e r e d  i n  g e t t i n g  t h e  m a t e r i a l  t o  f low.  O p e r a t i o n  o f  t h e  b u r n e r  
was v e r y  smooth. The o p e r a t i o n  ended when t h e  burden hung a t  t h e  base 
o f  t h e  feed hopper  and t h e n  s l i p p e d  1-1/2 h o u r s  l a t e r ,  t h e r e b y  c h a r g i n g  
500 pounds o f  c o l d  material  i n t o  t h e  s t a c k .  T h i s  p lugged  t n e  stack and 
c a u s e d  a complete  shutdown. C o n s i d e r a b l e  damage was done t o  t h e  r e f r a c -  
t o r y  i n  t h e  h e a r t h  and lower s t a c k .  

As shown i n  T a b l e  V I I ,  t h e  t o t a l  ca rbon  r a t e  w a s  1300  lb/THM, 
o f  which t h e  coke s u p p l i e d  . abou t  300 lb/THM, and t h e  f u e l  o i l  1010 
lb/THM. Th i s  low t o t a l  f u e l  and c o k e  r a t i o  i s  v e r y  encourag ing  because 
o f  t h e  s m a l l  s i z e  o f  t h e  p i l o t  reactor ,  which i n h e r e n t l y  h a s  r e l a t i v e l y  
l a r g e  h e a t  losses. A l s o  e n c o u r a g i n g  was t h e  f a c t  t h a t  burden movement 
was e x c e l l e n t  i n  s p i t e  o f  t h e  l o w  coke  r a t i o ,  and t h e r e  w e r e  no i n d i -  
c a t i o n s  t h a t  an even  lower coke r a t i o  would n o t  work w e l l .  

Many s e r i o u s  p rob lems  w e r e  e n c o u n t e r e d  d u r i n g  t h e  o p e r a t i o n  of  t h e  
p i l o t  p l a n t ,  p r i m a r i l y  w i t h  t h e  c o n s t r u c t i o n  and performance o f  t h e  
r e f r a c t o r i e s  a round  t h e  b u r n e r s .  The re  were many f a i l u r e s  : however , 
i t  i s  b e l i e v e d  t h a t  t h e s e  f a i l u r e s  c a n  be  a t t r i b u t e d  t o  t h e  s m a l l  s i ze  
o f  t h e  p l a n t .  Because t h e  p l a n t  h a s  a r e l a t i v e l y  h i g h  r a t i o  of s u r f a c e  
area t o  vo lume ,hea t  losses w e r e  h i g h  and t h e  b u r n e r s  must  be o p e r a t e d  
a t  h i g h e r  t e m p e r a t u r e  ( h i g h e r  e x c e s s  oxygen) t o  compensate.  I n  a 
l a r g e r  p l a n t  t h e  o p e r a t i n g  c o n d i t i o n s  would n o t  be as s e v e r e .  I n  any 
e v e n t ,  t h e  r e s u l t s  i n d i c a t e ,  a t  l e a s t  from t h e  s t a n d p o i n t  o f  burden 
movement and p e r m e a b i l i t y ,  t h a t  v e r y  h i g h  " f u e l - i n j e c t i o n "  l e v e l s  - 
a p p r o a c h i n g  "cokeless" o p e r a t i o n  - c a n  be ach ieved  i n  s h a f t  p r o c e s s e s  
f o r  s m e l t i n g  i r o n  o r e .  

I' 
/ I  
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Table VI1 

Summary of Operating Conditions and Results 
For Smelting of Self-Fluxing Sinter 

Raw Material Analyses, Weight Percent 

No. 6 Fuel Oil Coke Sinter 

88.26 FeT C 
H 1.82 0 
N 0.96 Si02 
S 
0 2.55 CaO 

Moisture 8.53 Ti02 

0.75 A1203 

Ash 5.66 MgO 

C 
S 

Mm 
P 
FeO 
Fe203 

60.52 
24.50 
5.72 
1.02 
6.93 
0.89 
0.15 
0.15 
0.009 
0.093 
0.054 
11.91 
73.29 

2 Combustion Oxygen 99.5 percent 0 

InDut Data 

C 87.36 
H 10.92 
0 0.87 
Ash 0.012 
S 0.55 

No. 6 Fuel Oil, lb/hr 119.1 
Coke, lb/hr 37.8 
Sinter, lb/hr 340.0 
Atomizing Air, moles/hr 1.73 (11.16 scfm) 
Primary Oxygen, moles/hr 4.78 (30.82 scfm) 

output Data 

Average Off-Gas Analysis (approximate volume %,  based on 3 
samples), Dry Basis 

co 49.0 
12.7 
28.25 H2 

CO2 

N2 9.9 

Material Balance - Based on N2 
Dry Volume 14.0 moles/hr 

Total soot plus dissolved carbon 2.6 moles/hr 
2.96 moles/hr H20 
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T a b l e  V I 1  

( c o n t i n u e d )  

Summary of Opera t ing  C o n d i t i o n s  and  R e s u l t s  
For  S m e l t i n g  of S e l f - F l u x i n g  S i n t e r  

Independen t  Oxygen Balance  

I n p u t  = o u t p u t  
7 . 8 3  moles /hr  = 6 . 6 9  moles /hr  

D.  Gene ra l  Data*  

S o l i d  Carbon Consumption, l b /h r  30.5 
S o l i d  Carbon R a t i o ,  lb/THM ~ 2 9 8  
T o t a l  Carbon Consumption, l b / h r  134.5 
T o t a l  Carbon R a t i o ,  lb/THM -1312 
Metal  Rate ,  l b / h r  -205 

*Metal r a t e  based  on i n p u t  

I 

I 
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“THE REACTION OF COKE WITH CARBON D I O X I D E ”  

H. C. Hot te l ,  G .  C. W i l l i a m s  and P.C. Wu 

Chemical Engineering Department 
Massachuse t t s  I n s t i t u t e  of  Technology 

Cambridge, Massachuset ts  02139 

E a r l i e r  s t u d i e s  of  t h e  k i n e t i c s  of  t h e  CO2-C r e a c t i o n  have gener- 
a l l y  been d e f i c i e n t  for one o r  both of t w o  reasons :  e i t h e r  t h e  d a t a  
were based on i m p r e c i s e  methods o f  determining t h e  e x t e n t  of r e a c t i o n  
(e .g . ,  product  g a s  a n a l y s i s ,  r e a c t a n t  weight d e c r e a s e ,  p r e s s u r e  v a r i a -  
t i o n )  or t h e  d a t a  did n o t  y i e l d  informat ion  concerning local- or 
p o i n t - r e a c t i o n  rates,  which are t h e  kind of d a t a  r e q u i r e d  f o r  fonnu- 
l a t i n g  k i n e t i c  mechanisms. Most commonly t h e  d a t a  were on r e a c t i o n  i n  
a t u b e  of f i n i t e  l e n g t h ,  packed w i t h  carbon. 

The p r e s e n t  s t u d i e s  were of mono-layers o f ’ c a r b o n  p a r t i c l e s  rest- 
i n g  on a screen  up through which t h e  r e a c t a n t  g a s  mixtures  were passed, 
t h e  system being ma in ta ined  i so thermal .  D e t a i l s  o f  t h e  appara tus  and 
exper imenta l  t e c h n i q u e s  a r e  given by Wu (L) .  The r e a c t a n t  g a s e s  were 
COz ,  C02-N2 m i x t u r e s ,  and CO2-CO mixtures .  Before each run  t h e  system 
w a s  evacuated,  f o l l o w i n g  which r e a c t a n t  g a s  was passed through f o r  1 0  
to  15  minutes .  Because of t h e  h igh  r e a c t i v i t i e s  o f  H 2 0  and 0 2  
r e i a t i v e  t o  C62 t h e  gas mixture  was dr ied by passage through a bed of 
Drierite and  t h e n  s t r i p p e d  of  t r a c e  oxygen by c o n t a c t  wi th  reduced 
copper  t u r n i n g s  a t  415OC. A f t e r  t h e  f u r n a c e  had reached t h e  d e s i r e d  
tempera ture  l e v e l  t h e  s c r e e n  with t h e  carbon p a r t i c l e s  was introduced 
by a magnet ica l ly  o p e r a t e d  s l i d e  mechanism t h e  smooth o p e r a t i o n  of 
which prevented d i s t u r b a n c e  of  t h e  carbon bed. A f t e r  a s p e c i f i e d  time 
t h e  carbon bed w a s  q u i c k l y  removed, cooled and weighed. The decrease  
i n  weight of t h e  ca rbon  and t h e  t i m e  of r e a c t i o n  w e r e  used t o  determine 
t h e  s p e c i f i c  r e a c t i o n  rate f o r  each run.  

The s o l i d  r e a c t a n t  used was from t h e  same l o t  used by G i l l i l a n d  
e t  a1 (2) and by Graham (3)  i n  f l u i d i z e d  beds. The e f f e c t  of p a r t i c l e  
s i z e  from 80-100 mesh t o  10 mm d iameter  was determined i n  t h e  present  
s t u d i e s .  The coke c o n t a i n e d  9.5 weight per  c e n t  a s h  and a s m a l l  
percentage  o f  V.C.M. React ion r a t e s ,  R ,  mg c/g.c. min., are expressed 
on an a s h - f r e e  basis and c o r r e c t e d  f o r  loss of V.C.M. as a func t ion  of 
r e a c t i o n  time, t e m p e r a t u r e  and p a r t i c l e  s i z e  on t h e  b a s i s  of experiments 
made i n  pure N . The maximum weight loss c o r r e c t i o n  f o r  V.C.M. amounted 
to  1.5% of t h e  i n i t i a l  weight  of t h e  p a r t i c l e s .  

The v a r i o u s  r e a c t i o n  rate terms used a r e  d e f i n e d  as fol lows:  

(1) The i n s t a n t a n e o u s  s p e c i f i c  r e a c t i o n  r a t e  R i  i s  def ined  as 
t h e  r a t e  of d e c r e a s e  i n  weight of carbon based on u n i t  weight W of 
carbon a t  t h e  f r a c t i o n a l  res idua l  carbon Wo-W/Wo = F: 

- dW _ -  d I n  W = -  d I n  (1-F) 
W d8 d8 d 8  

Ri =- - 
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( 2 )  The i n i t i a l  s p e c i f i c  r e a c t i o n  rate is d e f i n e d  as t h e  rate 

of decrease  i n  weight  of carbon based on u n i t  weight  of  carbon a t  F=O: 

(3 )  The average s p e c i f i c  r e a c t i o n  rate Ra is d e f i n e d  a s  t h e  
time mean of t h e  i n s t a n t a n e o u s  s p e c i f i c  r e a c t i o x  rate R i  from F=O. 
t o  F=F; 

The experimental  r e s u l t s ,  a l l  obta ined  a t  a t o t a l  p r e s s u r e  of 

1. Experiments us ing  New England coke p a r t i c l e s  of 50-60 mesh. 

780 mmHg, can be c l a s s i f i e d  i n t o  t h e  fo l lowing  t w o  groups:  

I 

The g a s  f l o w  r a t e ,  except  i n  t h e  v e l o c i t y  r u n s ,  w a s  maintained 

(a) Ng blank runs:  Typical  r e s u l t s  are listed i n  Table  1, 
a s  f r a c t i o n a l  decrease i n  weight  of 

t h e  sample, , c a l c u l a t e d  from t h e  data on an  ash- f ree  
b a s i s  a t  FN2 d i f f e r e n t  temperatures .  

c o n s t a n t .  

\ 
, 

(b)  c 0 2 - N ~  runs:  F ive  temperatures  (1500, 1600, 1700, 1800 
and 1900OF) were i n v e s t i g a t e d .  The time 

of r e a c t i o n  was a d j u s t e d  f o r  each run t o  g i v e  approximately 
10% r e a c t i o n .  I n  F igure  1 t h e  v a l u e s  of t h e  average  
s p e c i f i c  reaction rate R are p l o t t e d  v s  t h e  p a r t i a l  p r e s s u r e  
of CO2 on semi- logari thmfe c o o r d i n a t e s .  
curves t h e  upper one shows Ra 
basis, and t h e  lower one showx tha t  c a l c u l a t e d  on an ash- f ree  
basis, after being corrected f o r  V.C.M. based on t h e  N 2  
blank runs.  

For each  p a i r  of 
c a l c u l a t e d  on an  ash- f ree  

I 

(c) C02-CO runs:  These d a t a  are shown i n  F igure  2 .  

(d) Veloc i ty  runs :  The temperatures  i n v e s t i g a t e d  were t h e  
same as i n  t h e  Cop-Np  runs.  S i n c e  t h e  

g a s  f lows were i n  t h e  laminar  r e g i o n  a l i n e a r  p l o t  o f  R versus  
t h e  r e c i p r o c a l  of  t h e  g a s  flow rate gave s t r a i g h t  l i n e s  which 
could be e x t r a p o l a t e d  on a s t r a i g h t  l i n e  through t h e  d a t a  
p o i n t s  t o  t h e  o r i g i n ,  corresponding t o  t h e  r e a c t i o n  rate i n  
pure  COP , uncontaminated by t h e  CO produced. 

TABLE 1 

Evolut ion of  VCM as a f u n c t i o n  of  t ime and temp. i n  N p  50-60 mesh p a r t i c l e s .  

TEMP. OF 1500 1600 1700 ~ 1800 1900 
FN x l o 3  8.8 7.9 10.3 8.1 15 11.6 19 14.5 11 , 9  6.7 

6, min 610 463 240 100 ,120 60 90 60 30 15 10 
2 
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2 .  Experiments us ing  New England coke p a r t i c l e s  of d i f f e r e n t  
s i z e s ,  r e a c t i n g  wi th  pure  carbon dioxide a t  1800° F. 

( a )  N2 blank runs:  The f r a c t i o n a l  g a s i f i c a t i o n  i n  N2 f o r  

time was about  60 p e r  c e n t  of  t h a t  for  t h e  50-60 mesh d a t a  
shown i n  Table  1 and t h a t  for t h e  80-100 mesh p a r t i c l e s  was 
about  50 per c e n t  g r e a t e r ,  The e f f e c t  o f  f u r t h e r  increase 
i n  p a r t i c l e  s i z e  up t o  n e a r l y  10 mm d iameter  was a very  
small, less t h a n  10 p e r  c e n t  decrease  i n  g a s i f i c a t i o n  below 
t h a t  f o r  t h e  8-10 mesh p a r t i c l e s .  

t h e  8-12 mesh p a r t i c l e s  a t  any g iven  

(b)  Time runs: React ion runs  were made wi th  samples of  
p a r t i c l e  s i z e s  between 8-100 mesh. S ix  

d i f f e r e n t  p a r t i c l e  s i z e s  were used,  namely, 8-12, 16-20, 
30-40, 50-60, 70-80, and 80-100 mesh. Each sample weighed 
about  0.1 gram. The v a l u e s  of Rav c a l c u l a t e d  
corrected d a t a  are plotted vs e i n  F i s u r e  3 
l i n e s  of c o n s t a n t  F: 

DISCUSSION OF RESULTS E f f e c t  of P a r t i c l e  S i z e  

From s l o p e s  of t h e  curves  of  R v s  i n  F igure  3 
w e r e  c a l c u l a t e d  and e x t r a p o l a t i o n  ofVthese  t o  F=O gave 
of % and t h e  maxima of R i  are shown as a f u n c t i o n  of 
p a r t i c l e  diameter i n  F igure  4 .  

From F i s u r e  3 it is clear t h a t  t h e  r e a c t i o n  r a t e  

from t h e  
t o g e t h e r  wi th  

v a l u e s  of R i  
%. Values 
n i t i a l  

s i n f l u e n c e d  
n o t  on ly  by i h e  f r a c t i o n a l  decrease i n  weight  of carbon,  F, b u t  a l s o  
by t h e  diameter  of  t h e  coke p a r t i c l e ,  D. 

maximum, and t h e n  d e c l i n e d  wi th  f u r t h e r  r e a c t i o n .  There w a s  a 
pronounced t r e n d  f o r  t h e  maximum t o  occur  a t  l a r g e r  F v a l u e s  when 
smaller p a r t i c l e s  were used. 

p a r t i c l e  s i z e  can be 8f&lained as being due t o  t h e  presence  i n  t h e  
coke of a s h ,  which amounts to  9.5%. I n  t h e  case of t h e  large p a r t i c l e s ,  
on ly  a r e l a t i v e l y  small  f r a c t i o n  of  t h e  weight of  t h e  p a r t i c l e  h a s  to 
be reacted to  form a s u b s t a n t i a l  l a y e r  of a s h  on t h e  s u r f a c e .  The 
a s h  coa t ing  t h e n  makes t h e  carbon less a c c e s s i b l e  t o  t h e  r e a c t i n g  
g a s ,  and t h e  r e a c t i o n  rate f a l l s  o f f .  However, i n  t h e  c a s e  of  t h e  
small  p a r t i c l e s ,  a l a r g e  f r a c t i o n  of t h e  weight of t h e  p a r t i c l e  must 
be burned away to  produce t h e  s u b s t a n t i a l  a s h  l a y e r  t h a t  r e t a r d s  
f u r t h e r  r e a c t i o n .  

For a l l  s i z e s  i n v e s t i g a t e d ,  R i  i n i t i a l l y  i n c r e a s e d ,  reached a 

The s h i f t  of R i (  t o  l a r g e r  v a l u e s  of F w i t h  decrease i n  

The e f f e c t  of  i n i t i a l  p a r t i c l e  s i z e  on t h e  s p e c i f i c  r e a c t i o n  
r a t e  a s  shown i n  F igure  3 may be explained a s  fo l lows:  (1) I n  
t h e  l a r g e r  s i z e  range,  2-10 mm, t h e  r e a c t i o n  occurs  i n  a t h i n  
porous coke l a y e r  dependent i n  t h i c k n e s s  on t h e  ra t io  of  t h e  r a t e  
of d i f f u s i o n  of Cop i n t o  t h e  p a r t i c l e  t o  t h e  rate of r e a c t i o n  on t h e  
s u r f a c e s  of t h e  pores  b u t  independent of p a r t i c l e  d i a m e t e r s ,  t h u s  
t h e  r a t e  is p r o p o r t i o n a l  t o  t h e  s u p e r f i c i a l  s u r f a c e  area of  t h e  
p a r t i c l e s  - a s l o p e  of minus u n i t y  i n  F igure  3. 
s i z e  i s  f u r t h e r  reduced, 1 .5  t o  0 . 5  mm, t h e  t h i c k n e s s  of t h e  

( 2 )  As t h e  p a r t i c l e .  

I 
, .  

, .  
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diffusion-reaction zone becomes comparable with the particle radius 
and all of the particle volume becomes active, specific reaction 
rate becomes nearly independent of particle size. (3) With further 
decrease in particle size it is possible that the average depth of 
the pores in which reaction occurs is also reduced thus accounting 
for the increase in specific reaction rate as the particle size is 
reduced from 0.5 to 0.17 nun. It should also be noted that the 
initial apparent density of the coke particles (1.0 g/cc for massive 
particles) increased from 2.0 g/cc to 2.8 g/cc as the particle size 
was reduced in this size range, probably due to a loss of ash in 
the grinding and sieving process. This could also be advanced as an 
explanation for the increase in specific reaction rate as size 
decreases in this size range. 

Effect of Fractional Reaction 

In other experiments (1) with ash-free electrode carbon gasified 
in C02 it was found that, presumably because of an increase in 
surface area with progress of reaction, the instantaneous specific 
reaction rate was a linear function of the weight fraction gasified: 

Ri = Ro(l + E F) , where m/Ro was 14 for 50-60 mesh particles. 
0 

In the present experiments the effect of the ash as shown in 
Figure 3 is apparently to accumulate to such an extent that the 
increase in surface area due to reaction is finally offset by the 
accumulation of ash. 

The present data on coke can be correlated by the empirical 
express ion 

in which the exponential represents the retarding effect of the ash 
and m is a function of initial particle diameter 

, D i n m m  
lO(2 + log10D) 

RO 

m =  

It is interesting to note that m for 50-60 mesh from this equation 
for coke is 13 vs the 14 reported for electrode carbon. The 
studies of Goring (41, Oshima and Fukuda (2) and of Duffy and 
Leinroth(l7) - show similar results on high-ash cokes. 

Kinetics 

1. Langmuir-Hinshelwood derivation 

Hinshelwood et al(16) presented the following derivation 
as representative of the simiiest application of the early ideas of 
Langmuir (6) - on the effect of surface adsorption on heterogeneous 
reactions. Note that Langmuir himself did not present the following 
derivation, and in fact stated in 1915 ( I )  that he did not believe 



carbon d i o x i d e  w a s  adsorbed  i n  t h e  r e a c t i o n  of carbon wi th  carbon d i -  
oxide. He  gave  i n s t e a d  t h e  f i r s t  s t e p  of t h e  mechanism of Semechkova 
and Frank-Kamenetzky. 

Hinshelwood et  a 1  made t h e  assumption t h a t  bo th  t h e  r e a c t a n t ,  C o 2 ,  
and t h e  r e t a r d i n g  p r o d u c t ,  CO, a r e  adsorbed as  such  on t h e  carbon 
s u r f a c e ,  and t h a t  t h e  r a t e  of  r e a c t i o n  is  p r o p o r t i o n a l  t o  t h e   fraction,^ 
of  t h e  s u r f a c e  covered by t h e  r e a c t a n t .  The mechanism can  then  be 
expres sed  by t h e  fo l lowing  equa t ions :  

k i  

i n  which e q u a t i o n s ,  ( . . . I  r e p r e s e n t s  g a s  i n  t h e  adsorbed s t a t e .  

The s u r f a c e  c o n s i s t s  of  e q u i v a l e n t  and independent r e a c t i o n  s i t e s ,  
each  of which can be  occupied  by one CO2 or one  CO molecule.  When a 
s t e a d y  s t a t e  on t h e  s u r f a c e  is  a t t a i n e d ,  t h e  r a t e  of r e a c t i o n  per  u n i t  
s u r f a c e  i s  then  g iven  by: 

k3 kl  
1 +  5 pco + k2/k5 pco, 

2. Der iva t ion  of Semechkova and Frank-Kamenetzky ( S )  
The assumpt ions  made are t h a t  carbon d i o x i d e  is n o t  adsorbed ' 

as such,  bu t  reacts  w i t h  t h e  carbon t o  g i v e  an atom of  oxygen which 
remains on t h e  s u r f a c e ,  and a molecule of  carbon monoxide which passes  
i n t o  t h e  gas  phase.  The adsorbed oxygen atom, t a k i n g  up a n  atom of 
carbon from t h e  s u r f a c e  forms gaseous  carbon monoxide a t  a s t eady  rate. 
Carbon monoxide p r e s e n t  i n  t h e  g a s  phase  i s  always i n  equ i l ib r ium wi th  
carbon monoxide i n  t h e  adsorbed s ta te  o n  t h e  s u r f a c e  ( t h i s  is  t h e  Sole 
p a r t  of  t h e  r e a c t i o n  scheme which is i d e n t i c a l  w i t h  t h e  p rev ious  der i -  ' 
v a t i o n ) .  There is a d i s t i n c t i o n  between t h e  adsorbed oxygen and t h e  
adsorbed carbon monoxide. The fo l lowing  e q u a t i o n s  expres s  t h e  
mechanism: 

( 8 )  
kb c + CO, c_c co + co* 

(10) 
I 



i n  which COf r e p r e s e n t s  a n  0 atom adsorbed on carbon, and (CO) r e p r e s e n t s  
CO i n  t h e  adsorbed state. 

t o  be: 
When a s t eady  s ta te  on t h e  s u r f a c e  is a t t a i n e d .  t h e  rate is found 

It i s  Seen t h a t  also t h i s  expres s ion  is of t h e  same form as equa t ion  

3. Modified Semechkova and Frank-Kamenetzky Der iva t ion  (1) 

7 

I n  t h i s  d e r i v a t i o n  t h e  assumption is a l s o  made t h a t  carbon 
d i o x i d e  is n o t  adsorbed as such,  b u t  r e a c t s  w i t h  t h e  carbon t o  form 
a gaseous  carbon monoxide molecule ,  and an adsorbed oxygen atom, 
which is nex t  transformed a t  a s t eady  rate,  no t  t o  gaseous  CO, b u t  t o  
(CO) ,  t h e  adsorbed CO, t h e  c o n c e n t r a t i o n  of  which on t h e  s u r f a c e  i s  i n  
equ i l ib r ium w i t h  the  CO i n  t h e  g a s  phase. 

The fo l lowing  equa t ions  r e p r e s e n t  t h i s  mechanism: 

k6 c + cor- co + COf (12) 

k3 - (CO) co 
-kl, 

A t  s t eady  s u r f a c e  s ta te  the fo l lowing  r e l a t i o n s  hold :  

I 

Rate = kes3 = 

(14 )  

which equa t ion  is seen  t o  be of t h e  same form as (7 )  and (11) and o f ,  
the  g e n e r a l  type  

(16) 
R l  Pco2 
1 + KzPco + K3P 

R =  

The a p p l i c a b i l i t y  of t h e  Langmuir type equa t ion  can  be t e s t e d ,  
and t h e  c o n s t a n t s  involved eva lua ted  by a p p l i c a t i o n  t o  t h e  d a t a  
ob ta ined  i n  both  CQ-Nz and C q - C O  r u n s  shown i n  Figs .  1 and 2 .  I t  
i s  e v i d e n t  t h a t  where the  s u r f a c e  is comple te ly  c h a r a c t e r i z e d  by F, 
as shown be fo re ,  the ins t an taneous  specific r e a c t i o n  rate a t  any F 
could  be used f o r  t h i s  eva lua t ion .  However, R w a s  chosen as a 
r e f e r e n c e  va lue  f o r  t e s t i n g  t h e  v a l i d i t y  of  thg proposed Langmuir equa- 
t i o n .  

c o 2  

The procedure used w a s  a s  fo l lows:  
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I n  t h e  case  of t h e  c 0 2 - N ~  r u n s ,  t h e  term K2 P i s  0 ,  i f  t h e  effect o f  
t h e  CO genera ted  d u r i n g  t h e  r e a c t i o n  can  be nsglected. 
can  hence be reduced and r ea r r anged  to: 

The equat ion  

(17) co2 K 3  1 
P 
- -  - - p  + -  

K 1  ‘02 K1 
RO 

1 
If the  proposed equa t ion  f i t s  t h e  d a t a ,  t h e n  for a s p e c i f i c  

r e a c t i o n  tempera ture  when PCo2/Ro is  p l o t t e d  vs  P, on l i n e a r  
coord ina te s  a s t r a i g h t  l i n e  
l / K 1  should r e s u l t ,  from which v a l u e s  of K 1  and K 3  c a n  be eva lua ted .  
The d a t a  f o r  1900°F are shown i n  F igu re  5;  t h e  i n t e r c e p t  g i v e s  
K1 = 28.6 and t h e  s l o p e  g i v e s  K 2  = 0.56. 

When t h e  e q u a t i o n  is a p p l i e d  t o  t h e  CO2 - CO r u n s ,  rearrangement , 
of  t h e  equa t ion  t o  a more convenient  form is  p o s s i b l e  by s u b s t i t u t i n g  
P + Pco = n ,  where n i s  t h e  t o t a l  p r e s s u r e  on t h e  r e a c t i o n  system. 

w i t h  s l o p e  K 3 / K l L o 2  and i n t e r c e p t  
i 

CO2 The r e a r r a n g e d  equa t ion  t h e n  becomes i 

Cop K g  - K 3  1 + K 3 n  P 
-I 

K 1  
pco + 

RO K 1  
(18) 

I 

is plot ted v s  P-- 4 
LU 

For  a s p e c i f i c  r e a c t i o n  tempera ture  when PCOi/Ro 
on L i i i e i i i  c o o r d i n a t e s ,  a s t r a i g h t  l i n e  wi th  s l o p e  
K 2 - K 3 / K 1  and i n t e r c e p t  1+K3n/K1 should be obta ined .  With t h e  a i d  of 
t h e  v a l u e s  for K 1  and K 3  c a l c u l a t e d  from t h e  r e s u l t s  of t h e  c 0 2 - N ~  
r u n s  a t  t h e  same tempera tu re ,  K 2  c an  then  be  eva lua ted  from t h e  s lope  , 
of t h i s  l i n e .  F i g u r e  6 shows t h e  1900°F d a t a ,  t h e  s l o p e  is 0.6 from 
which K 2  = 18. 

ove r  t h e  range of var iab les  i n v e s t i g a t e d ,  R for 50-60 mesh p a r t i c l e s  
cou ld  be  r ep resen ted  by a Langmuir t y p e  e q u s t i o n  of  t h e  fo l lowing  form: 

The d a t a  for  t h e  o t h e r  t empera tu res  were s i m i l a r l y  t r e a t e d  and 

- 
+ K 2 P ~ ~  + K 3 P ~ 0 2  

Ro - 

The v a l u e s  o f  K l ,  K2 and K 3  are l i s t e d  i n  Table  2 and shown on 
l o g a r i t h m i c - r e c i p r o c a l  t empera tu re  c o o r d i n a t e s  i n  Fig.  6 .  

TABLE 2 

Langmuir Equation Cons tan t s  

(50-60 mesh) 

Reaction Temperature, OF 
Cons tan t s  
K~ 
K ?  (am-’) 

(mg .C/gm. c .min. atm) 
1500 1600 1700 1800 1900 
0.230.93.18101228.5 
423 178 78 I36 1 8 .  
0.5 0.45 0.39 0.35 0.56 K; ( a m ” )  
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Figure 5. Test of Isotherm 
1900 F., 50-60 Mesh 
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Figure 6. Test of hngmuir Isotherm 

1900 F., 50-60 Mesh 



From t h e  s t r a i g h t  l i n e  shown on Fig.  6 t h e  va lues  o f  K and E w e r e  
c a l c u l a t e d  f o r  each  c o n s t a n t  and are l isted i n  Tab le  3' : 

TABLE 3 

Values  of E and K _  i n  K = K-e -E/RT 

(50-60 mesh) 

E1 111,000 (B tu / lb  mole) K10 5.2 x 10" (mg C/gm C min atm) 

E2- 1 2 , 5 0 0  K20 3.6 x (am-') I1 

E3- 11,000 n K30 3 x ( a m - ' )  

I t  i s  t o  be no ted  t h a t ,  i f  t h e  equa t ion  d e s c r i b e s  a r a t e  a f f e c t e d  
by s u r f a c e  a d s o r p t i o n  of CO and C02, i . e . ,  i f  t h e  Langmuir-Hinshelwood 
d e r i v a t i o n  is  s u b s t a n t i a l l y  c o r r e c t ,  t hen  t h e  s i g n s  of t h e  t h r e e  E's 
a r e  a s  expected.  E2 and E3 are a s s o c i a t e d  with adso rp t ion  phenomena 
which should become less impor tan t  a s  t h e  tempera ture  r i ses ,  whereas 
El (= E + E31 i s  the pr imary measure of e f f e c t  of temperature  on 
r eac t io i i  rate. 

4 .  The Temkin adso rp t ion  i so therm 

A major  t h e o r e t i c a l  d e f i c i e n c y  of t h e  Langmuir adso rp t ion  --" ic-+h-- -..--... i= the  L z ~ p l i z i t  ass-Liptioii of uiiifoiin heat sf chemisorption 
and hence of  s u r f a c e  a c t i v i t y .  For most r e a l  s u r f a c e s  t h e  h e a t  of 
adso rp t ion  changes w i t h  t h e  deg ree  o f  occupat ion  of t h e  su r face  ( 9 1 ,  
(E) ,  (11) and (12). A l i n e a r  decrease i n  hea t  of adso rp t ion  w i t K  
f r a c t i o n a l  s u r f a c e  coverage  l e a d s  t o  an isotherm f o r  which t h e  f r a c t i o n a  
s u r f a c e  coverage i s  p r o p o r t i o n a l  t o  t h e  logar i thm of t h e  p re s su re  of 
t h e  adsorb ing  gas .  Th i s  isotherm has  been named a f t e r  Temkin (13) 
a l though t h e  concep t  appea r s  i n  t h e  works o f  e a r l i e r  Russians (141, (15) 

I f  t h e  h e a t  of a d s o r p t i o n ,  q ,  f a l l s  l i n e a r l y  wi th  t h e  f r a c t i o n  
of s u r f a c e  occupa t ion ,  S ,  

q qo (1 - 6s) 
t h e  i so therm i s  g i v e n  by 

where,  6 = a c o n s t a n t  

qo = a c o n s t a n t  

a. = c o n s t a n t  

I f  it i s  assumed t h a t  chemisorp t ion  of C02 i s  f a s t  compared wi th  
subsequent  s u r f a c e  r e a c t i o n s  and t h a t  t h e  r a t e  o f  s u r f a c e l r e a c t i o n  1s 
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f r a c t i o n  of t h e  s u r f a c e  copered then 



. 
b 
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Ro = a ( T )  + b(T) In  Pcoz ( 2 1 )  

Thus a p l o t  of  reac t ion  ra te  versus  logarithm of  t h e  p r e s s u r e  
should  be l i n e a r .  F ig .  7 shows t h e  d a t a  f o r  50-60 mesh p a r t i c l e s  i n  
pure  COz a t  1900OF. The d a t a  f o r  o t h e r  temperatures a r e  correlated 
e q u a l l y  w e l l .  

From Eqs. 1 9 ,  20 and 2 1  

( 2 2 )  5 = 1 n a o + -  90 
b RT 

Thus a p l o t  of a/b versus  1 / T  should g i v e  a s t r a i g h t  l i n e  w i t h  s lope  
q /R.  The p resen t  d a t a  g i v e  a value of  h e a t  of  a d s o r p t i o n  of C o p  of 
2800 B t u / l b  mole and an  i n t e r c e p t  I n  a. = 1 . 4  a t  1/T = 0. 

shou ld  be exponent ia l  i n  1/T. T h i s  w a s  found t o  be  s o , g i v i n g  a 
v a l u e  b/T = 81xe-45,600/RT. 

S i n c e  qo probably  does n o t  va ry  g r e a t l y  wi th  tempera ture  b/T 

-7 -  -I*---I I--- I---- --a- e- ~ - - - t  thrr  cn--nn mivt.rra a=.+=. ..-iqrr 
L"" c&LLc't,pL A l a J  YSS., I , L c & U S  C" CLGUL b.15 -"L b" ..,*.aLU*C uucu ..-.&*Y 

t h e  l o g a r i t h m i c  a d s o r p t i o n  isotherm. 

ACKNOWLEDGEMENT / ,  

T h i s  work was suppor t ed  by funds  from Bituminous Coal Research,Inc.  

LITERATURE CITATIONS 

1. 

2 .  

3. 

4 .  

5. 

6 .  

7. 

Wu, P.  C .  "The K i n e t i c s  of t h e  Reac t ion  of Carbon w i t h  Carbon Dioxide" 
Sc.  D. Thes i s ,  Chem. Eng., MIT (1949) .  

G i l l i l a n d ,  E. R . ,  L e w i s ,  W. K . ,  McBride, G.  T . ,  Ind.  Eng. Chem.,g,  
1213 ( 1 9 4 9 ) .  

Grahan, H. S . ,  " G a s i f i c a t i o n  of Carbon by Steam and Carbon Dioxide 
i n  a F lu id i zed  Powder Bed", Sc.D. T h e s i s ,  Chem. Eng., MIT ( 1 9 4 7 ) .  

Goring, G .  E . ,  " E f f e c t  o f  P r e s s u r e  on t h e  Rate of C02  Reduction by 
High Temperature Coke i n  a F l u i d i z e d  B e d " ,  Sc.D. T h e s i s ,  Chem. 
Eng., MIT (1949) .  

Oshima, Y., and Fukuda, Y . ,  Fuel i n  Sc. and Pract. V o l .  X I ,  4, 
135 (1932) .  

Langmuir, I . ,  J. Am. Chem. S O C . ,  38, 2221 (1916) .  

Langmuir, I . ,  J.  Am. Chem. SOC., 37, 1154-1156 (1915) .  
I 



71 

Semechkova, A. F. and Frank-Kamenetzky, D. A., Acta Physicochim., 
U . R . S . S . ,  l2, 879 (1940) 

8. 

9. 

10. 

11. 

' 12. 
1 

13. 

14. 
I 

15. 

16. 
I 

b 
17. 

I 

\ 

I 

I 

i 

deboer, H. J., "Advances in Catalysis", Academic Press, Vol. VIII, 
139 (1956). 

ibid Vol. Ix, 472 (1957). 

Redmond, J. P. and Walker Jr., P. L., J. Phys. Chem., 64, 1093 (1960). 
Trapnul, B.M.W.,"Chemisorption", Academic Press, 104, 124 (1955). 

Temkin, M. and Pyzhev, J., Acta Physicochim. U.S.S.R., 12, 327 (1940). 
Frunkin, A. and Slygin, A,, Acta Physicochim., U.S.S.R., 2, 791, 
(1935). 

Zeldowitsch, J., Acta Physicochim.', U.S.S.R., 1, 961 (1934). 
Hinshelwood, C. N., Gadsby, J., and Sykes, K. W., Proc. Roy. 

Leinroth, Jr., J. P. and Duffy, Jr., B. J., "The Rate of Gasification 
of Anthracite Coke by Carbon Dioxide in a Fluidized Bed", S. M. 
Thesis, Chem. Eng., MIT (1947). 

Soc., No. 1009, Vol. 187, 129-151 (1946). 

\ 



72 
. I  

Reduct ion  of I n c e n d i v i t y  o f  Hot Gases t o  Methane and Coal Dust 

J. M. S i n g e r , l l  N. E.  Hanna,?l R. W. Van Dolah,?’ and J. Grumer i l  

Bureau o f  Mines, P i t t s b u r g h ,  Pennsylvania  

ABSTR4CT 

Hat gases  produced by  e x p l o s i v e s  a r e  known t o  c o n s t i t u t e  a p o s s i b l e  i g n i t i o n  
hazard  i n  c o a l  mines .  Exper iments  i n  t h e  l a r g e  tes t  g a l l e r y  of t h e  Bureau of Mines 
have  e s t a b l i s h e d  t h a t  sodium c h l o r i d e  r educes  t h e  i n c e n d i v i t y  o f  e x p l o s i v e s .  I n  
t h e  p r e s e n t  i n v e s t i g a t i o n  t h e  e f f e c t  of sodium n i t r a t e  w a s  exp lo red .  T h i s  s tudy  
w a s  conducted i n  two p h a s e s .  G a l l e r y  expe r imen t s  showed t h a t  sodium n i t r a t e  
reduced t h e  i n c e n d i v i t y  o f  c e r t a i n  e x p l o s i v e s  t o  8 p e r c e n t  n a t u r a l  g a s  i n  a i r ,  bu t  
i n c r e a s e d  t h e i r  i n c e n d i v i t y  t o  c o a l  d u s t  p r e d i s p e r s e d  i n  a i r .  Labora to ry  exper iments  
u s i n g  h o t  j e t s  from e x p l o s i o n s  o f  s t o i c h i o m e t r i c  m i x t u r e s  o f  methane-oxygen-nitrogen 
showed t h a t  bo th  sodium c h l o r i d e  and sodium n i t r a t e  reduced t h e  i n c e n d i v i t y  t o  
methane, t o  m i x t u r e s  o f  c o a l  d u s t  and methane, and t o  c o a l  d u s t .  The d i f f e r e n c e  
between t h e  g a l l e r y  and l a b o r a t o r y  r e s u l t s  w i t h  r e s p e c t  t o  c o a l  d u s t  i s  a t t r i b u t e d  
to  t empera tu re - t ime  e f f e c t s .  I n  t h e  g a l l e r y  expe r imen t s ,  t h e  sodium n i t r a t e  
p robab ly  forms sodium o x i d e  which a f f e c t s  t h e  i n c e n d i v i t y  o f  t h e  hot  g a s e s .  I n  
t h e  hot  j e t  c a s e ,  i t  i s  p o s s i b l e  t h a t  t h e  n i t r a t e  i s  n o t  a s  comple te ly  decomposed 
and has  a d i f f e r e n t  e f f e c t  on i n c e n d i v i t y .  

INTRODUCTION 

The hot  g a s e s  produced by e x p l o s i v e s  c o n s t i t u t e  a p o s s i b l e  i g n i t i o n  hazard i n  
c o a l  i i i i i i r s .  

sodium n i t r a t e  and sodium c h l o r i d e .  Large s c a l e  g a l l e r y  exper iments  w ‘ t h  sodium 
c h l o r i d e  had conf i rmed t h a t  i t  reduces  t h e  i n c e n d i v i t y  o f  exp los ives ,Af  b u t  t h e  
e f f e c t  o f  sodium n i t r a t e  had n o t  been s y s t e m a t i c a l l y  e x p l o r e d .  A s  sodium n i t r a t e  i s  
a n  o x i d a n t ,  i t  was c o n c e i v a b l e  t h a t  i t  might  i n c r e a s e  t h e  i n c e n d i v i t y  o f  exp los ives  
to methane o r  c o a l  d u s t  d i s p e r s e d  i n  a i r .  On t h e  o t h e r  hand i t  might have an  
i n h i b i t i n g  a c t i o n  s i m i l a r  t o  t h a t  of sodium c h l o r i d e .  The p r e s e n t  s tudy  sought t o  
de t e rmine  whether sodium n i t r a t e  i n h i b i t s  o r  promotes t h e  i g n i t i o n  of mix tu res  of 
methane, c o a l  d u s t ,  o r  b o t h  w i t h  a i r .  

Coniponen~s o f  e x p i o s i v e s  known t o  a f f e c t  i n c e n d i v i t y  of e x p l o s i v e s  a r e  

’ 

f e e t  
c o a l  

I n  one phase  of t h i s  s t u d y ,  a n  i n v e s t i g a t i o n  was conducted i n  a g a l l e r y  6-1/3 , 
i n  d i a m e t e r ,  w i t h  a 20 f o o t  long s e c t i o n  f i l l e d  w i t h  8 p e r c e n t  n a t u r a l  g a s  o r  ‘ ‘ I  

d u s t  p r e d i s p e r s e d  i n  a i r .  C o n c e n t r a t i o n s  o f  c o a l  d u s t  i n  a i r  were about  300 
m g / l i t e r .  
h i g h e r  t h a n  t h e  l e a n  f l a m m a b i l i t y  l i m i t  o f  t h e  r e s p e c t i v e  f u e l .  Exp los ives  c o n t a i n i n g  
n a t u r a l  and s y n t h e t i c  sodium n i t r a t e  were f i r e d  i n  t h e  g a l l e r y  and t h e i r  i n c e n d i v i t y  

Th i s  and t h e  8 p e r c e n t  n a t u r a l  g a s  c o n c e n t r a t i o n  i n  a i r  a r e  bo th  much 

- 1/ Research chemis t ,  E x p l o s i v e s  Research C e n t e r ,  Bureau of Mines, P i t t s b u r g h ,  Pa.  

- 2/ Research chemis t ,  H e a l t h  and S a f e t y  ResearLh and T e s t i n g  C e n t e r ,  Bureau of Mines, 
Bruce ton ,  Pa .  

- 3/  Research d i r e c t o r ,  E x p l o s i v e s  Research L e n t e r ,  Bureau of Mines, P i t t s b u r g h ,  Pa.  

- 4 /  P r o j e c t  c o o r d i n a t o r ,  Flame Dynamics, Exp los ives  Res’earch C e n t e r ,  Bureau of Mines, 
P i t t s b u r g h ,  Pa.  

- 5/ Hanna, N .  E . ,  G .  H .  Damon, and R .  W. Van Dolah. P r o b a b i l i t y  S t u d i e s  on the  
I n c c n d i v i t y  of P e r m i s s i b l e  Exp los ivcs  E f f e c t  o f  Small  Pe rcen tages  of Sodium 
( ‘ h l o r i d e ,  BuMines Rep t .  of  I n v .  5 4 6 3 ,  1(~5<,1. 2 2  pp .  I 
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was de termined  by t h e  Bureau ' s  s t a n d a r d  up-and-down method.51 Sodium n i t r a t e  
reduced t h e  i n c e n d i v i t y  t o  methane b u t  i n c r e a s e d  t h e  i n c e n d i v i t y  t o  c o a l  d u s t .  
Another  phase of  t h e  s t u d y  sought  t o  model g a l l e r y  c o n d i t i o n s  through small s c a l e  
l a b o r a t o r y  exper iments  i n  which t h e  i g n i t i o n  s o u r c e s  were small p u l s e d  h o t  g a s  je ts  
produced by e x p l o s i o n s  of  s t o i c h i o m e t r i c  m i x t u r e s  o f  methane-oxygen o r  such mixtures  
d i l u t e d  wi th  n i t r o g e n .  These s m a l l  j e t s  were " s a l t e d "  or n o t ,  so tha t  t h e  r e l a t i v e  
promoting o r  i n h i b i t i n g  e f f e c t  could  b e  de te rmined .  
t o  t h e s e  j e t s  when not  s a l t e d  were f u e l - l e a n  m i x t u r e s  o f  methane p l u s  c o a l  d u s t  
( h y b r i d  m i x t u r e s )  o r  c o a l  d u s t .  C o n c e n t r a t i o n s  o f  c o a l  d u s t  and methane i n  t h e  
h y b r i d  a i r  m i x t u r e s  were g e n e r a l l y  below c o n c e n t r a t i o n s  a t  t h e i r  l e a n  f lammabi l i ty  
l i m i t s .  
t h e  index  of  i n c e n d i v i t y .  It w a s  used t o  v a r y  t h e  tempera ture  o f  t h e  h o t  j e t  which 
i n c r e a s e d  a s  t h e  oxygen index  was i n c r e a s e d .  Temperatures  o f  t h e s e  je ts  a r e  noted 
i n  t a b l e  1 a l o n g  w i t h  o t h e r  c h a r a c t e r i s t i c s .  The a b i l i t y  o f  t h e  technique  t o  d e t e c t  
changes  i n  i n c e n d i v i t y  was confirmed by exper iments  w i t h  sodium c h l o r i d e .  
n i t r a t e  was found t o  reduce  t h e  i n c e n d i v i t y  o f  t h e  h o t  g a s e s  w i t h  r e s p e c t  t o  a l l  
t h r e e  of  t h e  f u e l  sys tems.  T h i s  e x p e r i m e n t a l  t e c h n i q u e  should  make i t  p o s s i b l e  t o  
survey  a l a r g e  number o f  i g n i t i o n  i n h i b i t o r s  t o  s e l e c t  t h e  materials which are most 
e f f e c t i v e  i n  r e d u c i n g  t h e  i g n i t i o n  hazard  of h o t  g a s e s  from d e t o n a t i n g  charges  i n  
c o a l  mines.  

The f u e l - a i r  m i x t u r e s  exposed 

The oxygen index  [oxygen/(oxygen + nit rogen)]  o f  t h e  i g n i t i o n  source  was 

Sodium 
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EXPERIMENTAL EQUIPMENT AND PROCEDURE 

G a l l e r v  E x p e r i n e n t s  

Equipment used i n  t h e s e  exper iments  were t h e  same a s  t h o s e  used  t o  e v a l u a t e  
t h e  p e r m i s s i b i l i t y  of  e x p l o s i v e s  a c c o r d i n g  t o  s c h e d u l e  l - H . L /  The f i r s t  experiment  
had a 2 x 3 f a c t o r i a l  d e s i g n  and w a s  conducted by f i r ' n g  from a stemmed cannon i n t o  
8 p e r c e n t  n a t u r a l  g a s - a i r  m i x t u r e s  ( g a l l e r y  test 7 ) . 7 j  I ts  purpose  was t o  compare 
t h e  s i x  e x p l o s i v e  f o r m u l a t i o n s  i n  t a b l e  2 ,  which are  based on t h e  composi t ion  of 
two d i f f e r e n t  p e r m i s s i b l e  e x p l o s i v e s  (A and B).  The samples  based on composi t ion  A 
c o n t a i n e d  about  4 p e r c e n t  sodium n i t r a t e ;  t h o s e  based on composi t ion  B conta ined  
10 p e r c e n t  sodium n i t r a t e .  Both s y n t h e t i c  (99.5% pure)  and n a t u r a l  (98.5% pure)  
sodium n i t r a t e  was u s e d ,  w i t h  t h e  n a t u r a l  i n  two r a n g e s  of p a r t i c l e  s i z e .  The 
a v e r a g e  p a r t i c l e  d i a m e t e r  of  t h e  c o a r s e  n a t u r a l ,  ground n a t u r a l ,  and s y n t h e t i c  
sodium n i t r a t e  was 1,170, 317, and 437 microns ,  r e s p e c t i v e l y .  Each of  t h e  s i x  
e x p l o s i v e s  was c a r r i e d  through t e up-and-down sequence,  v a r y i n g  t h e  weight of  
e x p l o s i v e  t o  o b t a i n  W5o v a l u e s . g 7  Ten p a i r s  o f  i g n i t i o n - n o n i g n i t i o n  r e s u l t s  were 
o b t a i n e d  i n  each up-and-down sequence.  

The second experiment  was a l s o  g i v e n  a 2 x 3 f a c t o r i a l  d e s i g n  t o  compare t h e  
i n c e n d i v i t y  of  t h e  same e x p l o s i v e s  t o  c o a l  d u s t  (300 m g / l i t e r )  p r e d i s p e r s e d  i n  a i r .  
The c o a l  d u s t  was of  P i t t s b u r g h  Seam c o a l ;  i t s  a v e r a g e  p a r t i c l e  d i a m e t e r  was 
80 microns  and t h e  proximate  a n a l y s i s  was 2.0 p e r c e n t  m o i s t u r e , 3 4 . 9  p e r c e n t  v o l a t i l e ,  
55.4 p e r c e n t  f i x e d  carbon,  and 7 . 6  p e r c e n t  a s h .  I n  t h i s  exper iment ,  5 .5  k i l o s  of  

- 6/  Hanna, N .  E . ,  P. A.  R ichardson ,  and R .  W. Van Dolah. An Improved Method f o r  
- 

E v a l u a t i n g  t h e  I n c e n d i v i t y  of Explos ives  t o  Coal  Dus t :  A P r e l i m i n a r y  Repor t .  
R e s t r i c t e d  I n t e r n a t i o n a l  Conference of  D i r e c t o r s  of  S a f e t y  i n  Mines Research,  
S h e f f i e l d ,  England, 1965, Paper  No.  12.  

- 7 /  F e d e r a l  R e g i s t e r ,  March 1, 1961, v .  26,  No. 39. T i t l e  30 - Minera l  Resources ,  

8 /  

Schedule  1 - H ,  p .  1761. I 

W50 i s  weight  of  e x p l o s i v e  producing  50 p e r c e n t  p r o b a b i l i t y  o f  i g n i t i n g  a 
n a t u r a l  e a s - a i r  a tmosohere : Wcn v a l u e s  i n c r e a s e  a s  i n c e n d i v i t v  d e c r e a s e s .  
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c o a l  d u s t  was d i s p e r s e d  i n  t h e  f i r s t  s e c t i o n  of  t h e  g a l l e r y  1 / 2  s e c o n i  b e f o r e  f i r i n g  
a n  e x p l o s i v e  c h a r g e  suspended i n  t h e  c e n t e r  o f  t h i s  s e c t i o n  which was i s o l a t e d  from 
t h e  r e s t  o f  t h e  g a l l e r y  b y  a paper  diaphragm. The c o a l  d u s t  was spread  e v e n l y  over  a 
l e n g t h  of  30-gra in  p e r  foot d e t o n a t i n g  c o r d  l a i d  i n  a 20-foot  long  s t e e l  Vee trough 
made from 6-inch by 6 - i n c h  a n g l e  and mounted 7 i n c h e s  above t h e  g a l l e r y  f l o  . t h e  
d e t o n a t i o n  of t h e  c o r d  d i s p e r s e s  t h e  d u s t .  With t h i s  test  ar ransement ,  W,-$kere 
de te rmined ,  a g a i n  u s i n g  up-and-down technique .  

LABORATORY EXPERIMENTS 
I 

The e f f e c t  o f  sodium n i t r a t e  on  i n c e n d i v i t y  of h o t  g a s  j e t s  was i n v e s t i g a t e d  
u s i n g  m i x t u r e s  i n  a i r  of  methane,  c o a l  d u s t ,  o r  h y b r i d  m i x t u r e s  o f  t h e  two a s  the  
a c c e p t o r  charge .  The c o a l  d u s t  was an u l t r a f i n e  g r i n d  (83 .5  p e r c e n t  less t h a n  
17 microns)  of P i t t s b u r g h  Seam, Mathies  mine c o a l .  The e l e m e n t a l  composi t ion  i n  
p e r c e n t  by weight  was : H2 = 5.3, C = 78.9,  02 = 8.0 ,  N2 = 1 . 6 ,  S = 1.3 ,  and a s h  = 4.9.  
The proximate  a n a l y s i s  i n  p e r c e n t  by weight  w a s :  Mois ture ,  0 .7 ;  v o l a t i l e  matter, 
37.0;  f i x e d  carbon,  57 .5 ;  and a s h ,  4.8. A l l  g a s e s  were o b t a i n e d  i n  c y l i n d e r s  and were 
c h e m i c a l l y  pure  g r a d e  e x c e p t  f o r  a i r .  Sodium c h l o r i d e  and sodium n i t r a t e  of chemica l ly  
pure  g r a d e  were ground t o  minus 20 micron P a r t i c l e  s i z e .  

have been d e s c r i b e d  ea r l i e r .b /  The e x p l o s i o n  v e s s e l  c o n s i s t s  of two chambers, one I 
The h o t  gas  i g n i t i o n  ap  a r a t u s  ( f i g u r e  1) and c o a l  d u s t  d i s p e r s e r  ( f i g u r e  2)  

F i g u r e  1. - Hot Gas I g n i t i o n  Appara tus .  

F i g u r e  2 .  - Coal Dust D i s p e r s e r .  

p a r t i a l l y  w i t h i n  t h e  o t h e r  ( f i g u r e  1 ) .  The s m a l l  chamber A (76  c c )  was capped and 
, communicated w i t h  t h e  l a r g e  chamber B ( 2 . 1  l i t e r s )  through a s t r a i g h t  c h a n n e l ,  0.5 cm 

i n  d i a m e t e r  and 1.0 cm l o n g .  A f t e r  purg ing  and f i l l i n g  chamber A with a s t o i c h i o m e t r i c  
methane-oxygen-ni t rogen m i x t u r e ,  t h e  cap was removed and t h e  c o n t e n t s  were spark-  
i g n i t e d  near  t h e  c h a n n e l  opening .  The e x p l o s i o n  p r o d u c t s  v e n t e d  through t h e  channel  
i n t o  t h e  flammable m i x t u r e  i n  chamber B.  These j e t s  d i f f e r e d  i n  tempera tures  as  shown 
i n  t a b l e  1, both by t h e i r  c a l c u l a t e d  t h e o r e t i c a l  t e m p e r a t u r e s  assuming a d i a b a t i c  
combust ion,  and by measured tempera tures  u s i n g  t h e  sodium D l i n e  r e v e r s a l  t echnique .  Natr 
g a s  used i n  these e x p e r i m e n t s  c o n t a i n e d  about  9 1  p e r c e n t  methane and 6 p e r c e n t  e t h a n e .  
Chamber B was equipped w i t h  t o p  p l a t e s  having  a n  a r r a y  o f  s m a l l  v e n t i n g  h o l e s ,  a 
blowout p r e s s u r e  r e l e a s e  d iaphragm a t  t h e  s i d e w a l l ,  and viewing windows. 
f a c e  of  t h e  diaphragm was i n e r t e d  with n i t r o g e n  t o  e l i m i n a t e  s p u r i o u s  l u m i n o s i t y  due 
to  secondary  combust ion i n  sur rounding  a i r  of t h e  h o t ,  p a r t i a l l y  burned explos ion  
p r o d u c t s .  The premixed c o a l  dus t -methane-a i r  m i x t u r e  t o  be i g n i t e d  flowed through 
chamber B a t  a p p r o x i m a t e l y  140 c c / s e c ,  g i v i n g  a c o n s t a n t  a v e r a g e  l i n e a r  upward speed 
of 2.2 cm/sec.  

The o u t e r  

I n  d e t e r m i n i n g  a n  i g n i t i o n  l i m i t ,  t h e  c o a l  d u s t  c o n c e n t r a t i o n  was h e l d  c o n s t a n t  
and t h e  methane c o n c e n t r a t i o n  was i n c r e a s e d  u n t i l  i g n i t i o n  o c c u r r e d .  The s a l t  being 
i n v e s t i g a t e d  f o r  i t s , i n h i b i t i n g  o r  promoting a c t i o n  w a s  added t o  chamber A p r i o r  to 
s p a r k  i g n i t i o n  by m e c h a n i c a l l y  v i b r a t i n g  t h e  d u s t e r  ( f i g u r e  1, view C)  t h a t  had 
p r e v i o u s l y  been f i l l e d  w i t h  t h e  r e q u i s i t e  amount of  a d d i t i v e .  Amounts placed i n  

- 9 /  WCD i s  t h e  weight  of  e x p l o s i v e  producing 50 p e r c e n t  p r o b a b i l i t y  of  i g n i t i n g  a 
c o a l  d u s t  a tmosphere .  WCD v a l u e s  i n c r e a s e  a s  i n c e n d i v i t y  d e c r e a s e s .  

- l o /  S i n g e r ,  J .  M .  I g n i t i o n  of  Mixtures  of Coal D u s t ,  Methane and A i r  by Hot Laminar 
Ni t rogen  Jets.  Ninth I n t e r n a t i o n a l  Symposium on Combustion, 1969, Academic 
P r e s s ,  I n c . ,  New York,  N .  Y . ,  pp. 407-414.’ 
S i n g e r ,  J. M. I g n i t i o n  o f  Coal  Dust-Methane-Air Mixtures  by Hot Turbulent  Gas. 
BuMines Rept .  o f  I n v .  6369, 1964, 2 4  pp. 
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chamber A a r e  s t a t e d  i n  f i g u r e  3 .  The a c t u a l  amount o f  a d d i t i v e  e n t r a i n e d  by t h e  

F i g u r e  3 .  - E f f e c t s  of sodium s a l t s  on i n c e n d i v i t y  of  h o t  j e t s  t o  methane-coal  d u s t -  
a i r  m i x t u r e s .  

ho t  j e t  i s  n o t  known. 
was t h e  luminos i ty  o b s e r v e d  throughout  B,  and t h e  s imul taneous  luminous flame shoot ing  
o u t  o f  t h e  r u p t u r e d  p r e s s u r e  r e l e a s e  diaphragm. 
p o i n t  showed t h a t  methane- in-a i r  c o n c e n t r a t i o n s  were r e p r o d u c i b l e  t o  0 .15  percentage  
u n i t s ,  oxygen i n d i c e s  t o  w i t h i n  0.02 u n i t s  and c o a l  d u s t  c o n c e n t r a t i o n s  t o  w i t h i n  20 
p e r c e n t .  Coal d u s t  c o n c e n t r a t i o n s  were de termined  on s e p a r a t e  r u n s  by f i l t e r i n g  t h e  
e n t i r e  mixture  a t  d i f f e r e n t  l e v e l s  of  chamber B through a 4 c m  d iameter  glass-wool  
S a r t r i d g e  and weighing a f t e r  a s e l e c t e d  t i m e  i n t e r v a l .  L o c a l  c o n c e n t r a t i o n s  of  d u s t  
were determined by f i l t e r i n g  through a paper  e x t r a c t i o n  t h i m b l e  on a 1.0 cm diameter  
i s o - k i n e t i c  sampling p r o b e .  
of  chamber B were c o n s t a n t  t o  w i t h i n  20 p e r c e n t .  C o n c e n t r a t i o n s  of f u e l  i n  chamber B 
At t h e  i g n i t i o n  l i m i t  are termed "lower i g n i t i o n  l i m i t s " ,  and cor respond t o  lower 
k l a m a b i l i t y  l i m i t s ,  e x c e p t  t h a t  i g n i t i o n  l i m i t s  a r e  dependent  on a p p a r a t u s  f a c t o r s .  

The c r i t e r i a  of i g n i t i o n  a f t e r  t h e  h o t  j e t  e n t e r e d  chamber B 

D u p l i c a t e  r u n s  made a t  each  i g n i t i o n  

1 
Local  c o n c e n t r a t i o n s  of d u s t  a t  v a r i o u s  h e i g h t s  and r a d i i  

The c o a l  d u s t  d i s p e r s e r  i n  f i g u r e  2 was c o n t i n u o u s l y  fed  by a n  e n d l e s s  beaded- 
c h a i n  c a r r i e r  t h a t  removed d u s t  from t h e  hopper  a t  a r a t e  de te rmined  by i t s  r o t a t i o n  
speed .  Methane was added through an i n l e t  to  t h e  d u s t  d i s p e r s e r .  
could  be added through t h e  a i r  j e t s ;  t h e  b a l a n c e  was added through d u c t  L. Hypodermic 
n e e d l e s ,  d u s t  c a r r i e r  t u b e s ,  and chamber B were c o n t i n u o u s l y  v i b r a t e d  t o  f a c i l i t a t e  
d u s t  movement and t o  p r e v e n t  d u s t  d e p o s i t i o n .  

Not a l l  o f  t h e  a i r  

The W50 v a l u e s  o b t a i n e d  for  t h e  s i x  samples  a r e  g i v e n  i n  t a b l e  2 .  The v a l u e s  
f o r  t h e  t h r e e  e x p l o s i v e s  c o n t a i n i n g  t h e  l o w  p e r c e n t a g e  of  sodium n i t r a t e  v a r i e d  from 
590 t o  615 grams; and t h e  v a l u e s  o f  the  t h r e e  h i g h  sodium n i t r a t e  e x p l o s i v e s  v a r i e d  
from 650 t o  670 grams.  A s t a t i s t i c a l  a n a l y s i s  of  t h e s e  d a t a  showed t h a t  t h e  type and 
f i n e n e s s  of the  sodium n i t r a t e  had no s i g n i f i c a n t  e f f e c t  on t h e  i n c e n d i v i t y  of t h e  
e x p l o s i v e s  t o  n a t u r a l  g a s  a i r  m i x t u r e s .  However, the  samples  w i t h  t h e  h i g h  sodium 
n i t r a t e  c o n t e n t  were c o n s i s t e n t l y  less  i n c e n d i v e  than  t h o s e  w i t h  l o w  sodium n i t r a t e  
c o n c e n t r a t  i o n s .  

The WCD v a l u e s  f o r  t h e  low sodium n i t r a t e  e x p l o s i v e s  ( a )  f o r m u l a t i o n  v a r i e d  
from 290 t o  490 grams;  t h e  WcD v a l u e s  f o r  t h e  h i g h  sodium n i t r a t e  e x p l o s i v e s  (b)  formu- 
l a t i o n s  v a r i e d  from 80 t o  9 0  grams. A s  i n  t h e  p r e v i o u s  exper iment  t h e  type  and f i n e n e s s  
o f  t h e  sodium n i t r a t e  d o e s  n o t  a p p e a r  t o  have any s i g n i f i c a n t  e f f e c t  on t h e  i n c e n d i v i t y  
t o  c o a l  d u s t .  The 1 0  p e r c e n t  sodium n i t r a t e  e x p l o s i v e s  were more i n c e n d i v e  i n  c o a l  
d u s t - a i r  a tmospheres  t h a n  t h e  4 p e r c e n t  sodium n i t r a t e  e x p l o s i v e s .  The r e v e r s e  was 
t h e  c a s e  f o r  n a t u r a l  g a s - a i r ,  b u t  d i f f e r e n c e s  were much s m a l l e r .  

The c o n c e n t r a t i o n  of o t h e r  c o n s t i t u e n t s  of  t h e  e x p l o s i v e s  were changed; n i t r o -  
g l y c e r i n  i n c r e a s e d  about  1 7  p e r c e n t  between A end B f o r m u l a t i o n s ,  ammonium n i t r a t e  
d e c r e a s e d  by 18 p e r c e n t ,  sodium c h l o r i d e  i n c r e a s e d  by 10 p e r c e n t  and t h e  combust ible  
carbonaceous  m a t t e r  i n c r e a s e d  by 19 p e r c e n t .  
g r e a t e r ,  being about  155  p e r c e n t .  The n e t  r e s u l t  of t h e s e  changes i n  chemical  com- 
p o s i t i o n  i s  t h a t  t h e  oxygen b a l a n c e  i s  m3re n e g a t i v e  f o r  t h e  B f o r m u l a t i o n s  than f o r  
t h e  A group o f  e x p l o s i v e s .  (The oxygen b a l a n c e  i s  t h e  d e f i c i e n c y  o r  e x c e s s  of  oxygen 
r e q u i r e d  f o r  s t o i c h i o s e t r i c  e x p l o s i o n ,  i n  u n i t s  of grams of  oxygen p e r  100 grams of  
e x p l o s i v e . )  
i n  sodium n i t r a t e  c o n c e n t r a t i o n  w i l l  be d i s c u s s e d  l a t e r .  

The sodium n i t r a t e  i n c r e a s e  was much 

Problems of i n t e r p r e t a t i o n  due t o  changes  i n  c o m p o s i t i o n l o t h e r  than changes 
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Figure 3 .  - Effects  of Sodium S a l t s  on Incendivity of H s t  Jets  to  Methane- 
Coal Dust-Air Mixtures. 
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\ 



L a b o r a t o r y  Experiments  

Lower i g n i t i o n  l i m i t s  w i t h  and w i t h o u t  sodium n i t r a t e  i n  t h e  h o t  g a s  j e t  which 
s e r v e d  a s  a n  i g n i t i o n  s o u r c e  are  shown i n  f i g u r e  3 ;  no i g n i t i o n  i s  o b t a i n a b l e  t o  t h e  
l e f t  o f  any c u r v e  w i t h  t h e  j e t  used .  Each je t  i s  c h a r a c t e r i z e d  by i t s  oxygen index.  
The f u e l - a i r  m i x t u r e s  s u b j e c t e d  to  t h e s e  j e t s  r ange  from methane -a i r  ( l e a n  l i m i t  of 
f l a m m a b i l i t y  f o r  methane,  35 mz / l i t e r )  t o  h y b r i d  m i x t u r e s  o f  methane-coal  d u s t - a i r  t o  
c o a l  d u s t - a i r  m i x t u r e s  ( s t o i c h i o m e t r i c  c o n c e n t r a t i o n  o f  c o a l  d u s t  u sed ,  109 m g / l i t e r ) .  
A s  t h e  i n c e n d i v i t y  o f  t h e  hot j e t  i s  d e c r e a s e d  by d e c r e a s i n g  t h e  oxygen index  o r  adding 
sodium s a l t s ,  t h e  lower i g n i t i o n  l i m i t s  a r e  d i s p l a c e d  upward f o r  c o n s t a n t  methan. 
c o n c e n t r a t i o n  and t o  t h e  r i g h t  f o r  c o n s t a n t  c o a l  d u s t  c o n c e n t r a t i o n .  T a b l e  3 g i v e s  
t h e  r e d u c t i o n  i n  i n c e n d i v i t y  a s  measured by a n  i n c r e a s e  i n  oxygen i n d e x  o f  t h e  j e t  
r e q u i r e d  t o  i g n i t e  a g i v e n  f u e l  m i x t u r e ;  t h e  compos i t ion  o f  t h e  f u e l  m i x t u r e  i s  g i v e n  
i n  terms o f  c o n c e n t r a t i o n s  o f  methane and c o a l  d u s t .  T a b l e  4 summarizes i n  a n o t h e r  
way, t h e  chanae i n  i n c e n d i v i t y  due  t o  t h e  sodium s a l t s .  As the  i n c e n d i v i t y  o f  t h e  
j e t  d e c r e a s e s  due  t o  t h e  s a l t s  (comparisons f o r  c o n s t a n t  oxygen i n d e x  and c o a l  
c o n c e n t r a t i o n s )  more methane must be  added t o  t h e  f u e l  m i x t u r e  t o  keep i t  i g n i t i b l e .  
The i n c r e a s e  i n  methane i s  i n d i c a t e d  i n  t a b l e  4 by t h e  i n c r e a s e  i n  t o t a l  f u e l  
con c e n t r a  t i o n  . 

The d a t a  f o r  sodium c h l o r i d e  shows t h a t  t h e  h o t  j e t  t e c h n i q u e - i s  c a p a b l e  of  
d e m o n s t r a t i n g  t h e  known e f f e c t i v e n e s s  of sodium c h l o r i d e  i n  r educ ing  incend iv i ty .A/  
The d a t a  f o r  sodium n i t r a t e  p a r a l l e l  t h e  t r e n d  o f  t h e  sodium c h l o r i d e  d a t a ,  bu t  a t  
a lesser l e v e l  o f  e f f e c t i v e n e s s .  Both s a l t s  r educe  i n c e n d i v i t y  o f  t h e  h o t  j e t  toward 
methane,  a hybr id  m i x t u r e  o f  methane and c o a l  d u s t  o r  c o a l  d u s t  on ly .  T h i s  r e s u l t  
was n o t  t h e  c a s e  i n  t h e  g a l l e r y  expe r imen t s  i n  which sodium c h l o r i d e  reduced i n c e n d i v i t y  
t o  g a s  and t o  c o a l  d u s t ,  b u t  sodium n i t r a t e  o n l y  reduced i n c e n d i v i t y  t o  g a s  wh i l e  
i n c r e a s i n g  i n c e n d i v i t y  t o  c o a l  d u s t .  

I t  i s  d i f f i c u l t ,  w i thDut  f u r t h e r  i n v e s t i g a t i o n ,  t o  p i n p o i n t  t h e  r e a s o n  f o r  t h e  
d i f f e r e n c e  i n  t h e  two se t s  of r e s u l t s .  The g a l l e r y  d e t e r m i n a t i o n s  were done w i t h  
c o a l  d u s t  c o n c e n t r a t i o n s  o f  300 r n g / l i t e r  i n  a i r ,  and t h e  a v e r a g e  p a r t i c l e  d i ame te r  o f  
t h e  c o a l  d u s t  was 80 m i c r o n s .  
a much f i n e r  g r i n d ;  c o n c e n t r a t i o n s  used were below 80 m g / l i t e r .  I t  i s  n o t  known whether 
t h e s e  d i f f e r e n c e s  would l e a d  t o  any s p e c i f i c  chemical  e f f e c t  between c o a l  d u s t  and 
sodium n i t r a t e .  The re  a r e  a l s o  d i f f e r e n c e s  between t h e  t w o  se ts  of f o r m u l a t i o n s  of  
t h e  e x p l o s i v e s  ( t a b l e  2 ) .  The o v e r a l l  changes i n  s t o i c h i o m e t r y  between fo rmula t ions  
A and B r e s u l t e d  i n  more c o m b u s t i b l e  m a t e r i a l s  b e i n g  p r e s e n t  i n  t h e  prod,ucts  o f  exp los ion i  
o f  t h e  B fo rmula t ion  t h a n  i n  t h o s e  of t h e  o t h e r .  Perhaps secondary bu rn ing  i n  a i r  
may have c o n t r i b u t e d  t o  t h e  g r e a t e r  i n c e n d i v i t y  o f  t h e  B f o r m u l a t i o n s ,  r a t h e r  than t h e  
g r e a t e r  c o n c e n t r a t i o n  o f  sodium n i t r a t e .  However, a f t e r b u r n i n g  o f  t h e  r i c h e r  f u e l  
c o n c e n t r a t i o n  i n  t h e  e x p l o s i o n  p r o d u c t s  shou ld  i n c r e a s e  i n c e n d i v i t y  t o  n a t u r a l  gas  a s  
w e l l  a s  t o  c o a l  d u s t  u n l e s s  t h e  i g n i t i b i l i t y  o f  c o a l  d u s t  i s  f a r  more dependent  than 
g a s  on t h e  t empera tu re  o f  ' t hc  i g n i t i o n  s o u r c e . g /  

The c o a l  d u s t  used i n  t h e  h o t  j e t  d e t e r m i n a t i o n s  was o f  1' 

, 

The s t r i k i n g  d i f f e r c n z c  i n  t h e  t w o  e x p e r i m e n t s  may be due  t o  t h e  c o n d i t i o n  o f  t h e  
sodium n i t r a t e  when t h e  h o t  g a s e s  a r e  i n j e c t e d  i n t o  t h e  f u e l - a i r  m i x t u r e .  I n  the  c a s e  
o f  t h e  g a l l e r y  e x p e r i m e n t s ,  t h e  n i t r a t e  may be comple t e ly  r e a c t e d  w i t h  f u e l  me te r i a l s  
i n  t h e  d e t o n a t i o n  f r o n t  or s h o r t l y  t h e r e a f t e r .  A u s u a l l y  assumed p roduc t  o f  i t s  r e a c t i o n )  
i s  sodium ox ide .  In t h e  h o t  j e t  expe r imen t  i t  i s  p o s s i b l e  t h a t  less sodium oxide is  
formed i n  t h c  t ime a v a i l a b l e .  
e i t h e r  from sodium L,hloride o r  sodium n i t r a t e  i n  t h 2  d e t o n a t i o n  g a s e s  may be  a s p e c i f i c  
i n h i b i t o r  f o r  t h e  i g n i t i o n  o f  methane,  and t h a t  sodium o x i d e  may have a s p e c i f i c  i g n i t i o n  
promoting mcchanism f o r  c o a l  d u s t .  I n  t h c  ho t  j e t  c a s c , '  sodium c h l o r i d e  and sodium 
n i t r a t e  may p lay  r s s e n t i a l l y  equa l  r o l e s .  

Thus t h e  p o s s i b i l i t y  e x i s t s  t h a t  sodium compounds d e r i v e d  
,, 

- 111 S i n g e r ,  J .  M .  and J. Grumer.  Equ iva lences  o f  Coal Dust and Methane a t  t h e  L 3 w e r  
I g n i t i o n  L i m i t s  o f  T h e i r  Mix tu res .  
D i r e c t o r s  o f  S a f e t y  i n  !lincs Kcbscarch, S h e f f i e l d ,  England, 1965, Papcr  13, 2 2  PP. 

R e s t r i c t e d  I n t e r n a t i o n a l  Con'ferencc of 
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Table 3.  - I n c e n d i v i t y  of h o t  g a s  j e t s : '  minimum oxygen i n d i c e s  of 

j e t s  r e q u i r e d  t o  i g n i t e  c o a l  dus t -me thane -a i r  m i x t u r e s .  

I Fuel  
1: Composi t ions A d d i t i v e s  i n  i g n i t i o n  jet&/ . 

Zoal d u s t  Methane 
Foncentra-  Concen- No a d d i -  0 . 1  gm 0.1 gm 0.05 gm 0.05 gm 0.025 gm 0.025 gm 
t i o n ,  t r a  t i o n ,  t i v e  NaCl NaNO3 NaCl NaNO3 , NaCl NaNO3 
I%/ l i t e r  mg/ l i t e r  

I 

0 
1 

I 

1 

30 

50 

\ 

75 , 

35 0.54 
40 .23 
45 .21 
50 .21 

0 .75 
10 .60 
20 .50 
30 .21 
40 .21 

0 .65 
10 .55 
20 .30 
30 .21 
40 . 2 1  

0 .60 
10 .45 
20 .21  
30 .21  
40 ' .21 

2 /  rr 
n 

0.86 

n 
n 
n 
0.90 
.65 

rl 

n 
n 
n -  
0.80 

.55 

n 
n 
1.0 

.70 

.45 

n 
n 
1.0 

.81 

n 
n 
0.80 

. .60 
.38 

n 
n 
0.80 

.60 

.26 

n 
n 
0.73 

.45 

. 2 1  

n 
n 
0.88 - 

.30 

n 
n 
1 .o 

.70 

.35 

n 
n 
1 .0  

.55 

.26 

n 
n 
0.88 

.45 

. 2 1  

0.95 0.94 
.80 .80 
.65 .44 
.50 . 2 1  

n . n  
1 .o n 

.75 0.70 

.65 .50 

.30 .2 t i '  

n n 
0.9 1 .0  

.73 ' -65 

.53 .40 

.30 . 2 1  

n n .  
0.85 0.85 

.70 .70 

.30 ' .35 

. 2 1  . . 2 1  

0.94 
.77 

I .55 
.40 

n 
0.9 
.70 
.50 
.30 

n 
0.85 

.65 

.35 

.21 

n 
0.80 

.65 

.30 

. 2 1  

- 1/ 
- 2 /  

Weight of a d d i t i v e  i n  pr imary 
n = Not i g n i t i b l e  w i th  oxygen 

I '  

chamber b e f o r e  i g n i t i o n .  
i ndex  of u n i t y .  :-  . 
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The e f f e c t  o f  a d d i t i v e s  on i g n i t i o n  h a s  been examined r e c e n t l y  by se 

The exper iments  of  S i n g e r  u s i n g  h o t  laminar  n i t r o g e n  j e t s y : n d  h o t  i n v e s t i g a t o r s  
pu lsed  jet&] a s  i g n i t i o n  s o u r c e s  i n d i c a t e d  t h a t  (1) gaseous  i n h i b i t o r s  were more 
e f f e c t i v e  when added t o  h o t  laminar  n i t r o g e n  je ts  t h a n  t o  t h e  f u e l  m i x t u r e s  t o  be 
i g n i t e d ,  and ( 2 )  i n h i b i t o r s  suppressed  i g n i t i o n  by h o t  pu lsed  t u r b u l e n t  j e t s  less 
e f f i c i e n t l y  t h a n  i g n i t i o n  by hot  cont inuous  laminar  jets. In i g n i t i o n  by h o t  p u l s e d  
t u r b u l e n t  j e t s ,  h i g h e r  t e m p e r a t u r e s  and h i g h  rates o f  h e a t  and mass t r a n s f e r  to  t h e  
d u s t  m i x t u r e s  n u l l i f i e d  t h e  e f f e c t  of t h e  v o l a t i l e  i n h i b i t o r s .  In h o t  cont inuous  
laminar  j e t s ,  t h e  same compounds were powerful  i g n i t i o n  s u p p r e s s o r s ,  a p p a r e n t l y  
because they i n h i b i t e d  s low chemica l  r e a c t i o n s  coupled t o  t h e  s low d i f f u s i o n  o f  
oxygen and f u e l  i n t o  t h e  s lower  moving h o t  g a s e s .  

Most of t h e  work r e p o r t e d  by o t h e r  i n v e s t i g a t o r & /  c o n c e r n s  s u p p r e s s i o n  o f  f lames  
o f  g a s  m i x t u r e s  by well-known i n h i b i t o r s  such a s  ha logenated  hydrocarbons  and a l k a l i  
m e t a l  compounds. Flame i n h i b i t i o n  mechanisms sugges ted  f o r  g a s  m i x t u r e s  u s u a l l y  r e l a t e  
t h e  c o n d i t i o n  t h a t  c h a i n  branching  of t h e  a c t i v e  s p e c i e s  w i l l  e q u a l  c h a i n  b r e a k i n g  in 
f lames  o f  m i x t u r e s  w i t h  a minimum (or  z e r o )  f lame v e l o c i t y  o r  i n  f lames  a t  t h e  upper  
and lower f lammabi l i ty  l i m i t s .  Dust  i n h i b i t o r s  a r e  presumed t o  a c t  e i t h e r  a s  c o o l a n t s  
o r  a s  chemical  i n h i b i t o r s  a t t a c k i n g  f r e e  r a d i c a l s  r e s p o n s i b l e  f o r  c h a i n  r e a c t i o n .  One 
e x p l a n a t i o n  i s  t h a t  t h e  e f f i c i e n c y  of  a chemical  i n h i b i t o r  i s  r e l a t e d  t o  t h e  e a s e  o f  
removal of a f r e e  v a l e n c e  e l e c t r o n  5y a c o l l i d i n g  r a d i c a l .  Sodium n i t r a t e  and sodium 
c h l o r i d e  a r e  c l a s s e d  a s  b o t h  thermal  and chemical  i n h i b i t o r s .  
- 1 2 /  
13/  Second work c i t e d  i n  f o o t n o t e  10.  
- 14,’ Abrams, M. C .  Chemical F lame  Quenching Theory. Pyrodynamics, v. 1, 1964, 

F i r s t  work c i t e d  in f o o t n o t e  1 0 .  

pp.  131-141. 

D e w i t t e ,  M . ,  J. Vrebosch, and A .  Van T i g g e l e n .  
Premixed Flames by Dust  P a r t i c l e s .  Combustion and Flame, v .  8,  No. 4 ,  Dec. 1964, 
pp .  257-266. 

Dolan, J .  E .  The Suppress ion  of  Methane/Air I g n i t i o n s  by F i n e  Powders. S i x t h  
Symposium ( I n t e r n a t i o n a l )  on Combustion, Reinhold P u b l i s h i n g  Co., New York, 

I n h i b i t i o n  and E x t i n c t i o n  o f  

pp .  787-794. 

Dolan, J .  E .  and J. B. Dempster. The Suppress ion  o f  Methane-Air I g n i t i o n s  
by F i n e  Powers, J. Appl. Chem. v .  5 ,  1958; pp. 510-517. 

Rosser ,  W .  A . ,  S .  H. Inami,  and H. Wise. The E f f e c t  of  Metal S a l t s  on 
Premixed Hydrocarbon-Air Flames,  Combustion and Flame, v .  7 ,  June  1963, 
p p .  107-119. 

Van T i g g e l e n ,  A .  
DA-91-591-EUC-1072, March 1960. 

U n i v e r s i t y  of  Louvian,  F i n a l  T e c h n i c a l  Repor t  on C o n t r a c t  

CONCLUSIONS 

1. The i n c e n d i v i t y  t o  methane 3r n a t u r a l  g a s - a i r  m i x t u r e s  was reduced by t h e  presence  
of sodium n i t r a t e  in e x p l o s i v e s  or  i n  hot  j e t s  from methane-oxygen-ni t rogen e x p l o s i o n s .  

2 .  The i n c e n d i v i t y  t o  methane-coal  d u s t - a i r  m i x t u r e s  was reduced by sodium n i c r a t e  
i n  t h e  h o t  j e t s .  

3 .  T h e  i n c e n d i v i t y  t o  c o a l  d u s t  was i n c r e a s e d  by s o d i u n  n i t r a t e  i n  e x p l o s i v e s  and 
d e c r e a s e d  by sodium n i t r a t e  i n  t h e  hot j e t s .  
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AN ANALYSIS OF POROUS-PLATE COMBUSTION SYSTEMS 

by 

S. A. Weil 
W. R. S taa ts  

R. B. Rosenberg  

Ins t i tu te  of Gas Technology 
Chicago, I l l inois 

INTRODUCTION 

In the porous -p la te  combust ion  s y s t e m ,  a n  unburned gaseous  fuel-'oxidant 

The  va r i e ty  of poss ib le  po re  s t r u c -  
mix tu re  i s  fed into the u p s t r e a m  s ide  of a porous  solid.  
ac t ion  zone i s  nea r  the d o w n s t r e a m  su r face .  
t u r e s  and so l id  m a t e r i a l s  o f f e r s  a va r i e ty  of r eac t ion  a r e a s .  
bus t ion  in the gas phase  above  the solid (a  f l ame) ,  in po res  l a rge  enough to p e r m i t  
e s sen t i a l ly  o rd ina ry  f l a m e s ,  in po res  too s m a l l  to p e r m i t  o r d i n a r y  f l a m e s ,  on the 
p o r e  s u r f a c e s  within a ca ta ly t ic  porous  med ium,  and combinations of these.  

The combustion o r  r e -  

They include c o m -  

Th i s  paper  p r e s e n t s  a theo re t i ca l  ana lys i s  of combustion in and above a non- 
ca t a ly t i c  so l id  with fine p o r e s .  
ope ra t ion  of such  a s y s t e m ,  and the opera t ing  cha rac t e r i s t i c s  a s  they depend on 

Its pu rpose  is to  ind ica te  the l imi t s  of s t eady- s t a t e  

. f l o w  r a t e .  

The location of the  combust ion  zone is deduced f r o m  the mode l ,  r a t h e r  than 
inc iuded  iii t k ~ s  assiirr,p:icr.s. 
p r e h e a t e r  o r  a s  a r e a c t o r .  
p la te  and m o s t  of the  combust ion  o c c u r s  above it. 
combust ion  occur s  in the  plate.  
t e r e s t  h e r e .  The  quant i ta t ive  r e s u l t s  a r e  n e c e s s a r i l y  in sepa rab le  f r o m  the a s sumed  
c h e m i c a l  kinetics and phys ica l  p rope r t i e s .  
to  , reasonably  r ea l  s y s t e m s ,  but in any  c a s e ,  they demons t r a t e  the types of operating 
houndar ies  to be encountered  in such  s y s t e m s .  

Pc ten t i a l ly ;  the poroiis plate can  opera te  e i the r  a s  a 
In  the f i r s t  c a s e ,  the incoming gases  a r e  heated in the 

In the o ther  c a s e ,  m o s t  of the 
The c h a r a c t e r i s t i c s  of both mechan i sms  a r e  of in-  

These  have been chosen to cor respond 

THE HYPOTHETICAL MODEL' 

The  s y s t e m  i s  defined to be unid imens iona l ,  with a semi- inf in i te  porous solid.  
Within the porous p h a s e ,  the gas and so l id  t e m p e r a t u r e s  a r e  equivalent,  and the 
p o r e s  a r e  sufficiently fine tha t  the equations appl icable  to a homogeneous phase  can  
be used. 
ou ts ide  the solid.  

based  on those  p re sen ted  by Spalding.' T o  so lve  the equat ions ,  even numer i ca l ly ,  a 
r e l a t ionsh ip  between the loca l  t e m p e r a t u r e  and composition i s  e x t r e m e l y  convenient. 
In the porous phase ,  the a s sumpt ion  of no  m a s s  diffusion gene ra t e s  this relationship.  
In the gas reg ion ,  the a s sumpt ion  of a Lewis number  of 1 ,  a s  originally suggested by 
Semenov ,* s e rve s this pu rpose .  

conveniently se t  in t e r m s  of m a s s  f r ac t ion  of the fue l  (.for a lean  sys t em)  and the 
t e m p e r a t u r e ,  in thc m a n n e r  used by Spalding.. The r e su l t i ng  s t eady- s t a t e  equations,  
in t e r m s  of reduced va . r iab les ,  a r e :  

F o r  the region outside the so l id  

The chemica l  k ine t ics  a r e  the  s a m e  within the p o r e s  a s  in the gas phase .  

The  equations to d e s c r i b e  the ene rgy  and m a s s  t r a n s f e r  in this s y s t e m  a r e  

F u r t h e r m o r e ,  thc formula t ion  of the ove ra l l  kinetics of the reac t ion  is m o s t  
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,J F o r  the porous region 

r d2T/d?-ddT/dy + anT?fgak’ = 0 k 

Q = 1- T t rk d r  f d y  

(3 )  ’ -  

’ where  

T = t e m p e r a t u r e  above the feed g a s  t e m p e r a t u r e  re la t ive  to  the 8 

adiabat ic  t e m p e r a t u r e  r i s e  

= distance X gas  spec i f ic  h e a t X  gas m a s s  veloci ty  f gas  y 
l t h e r m a l  conductivity 

a = fuel  m a s s  f rac t ion  re la t ive  to inlet  fue l  m a s s  f rac t ion  

rk  

g m a s s  veloci ty  re la t ive  to the ad iaba t ic  burning veloci ty  

= mean  sol id  t h e r m a l  conductivity re la t ive  to tha t  of the  gas 

n = overa l l  o r d e r  of reac t ion  in terms of fue l  f rac t ion  

Tm = 

P = poros i ty  of the sol id  

k z  = cons tan t  

The in te rac t ion  of the s y s t e m  with the surroundings o c c u r s  only by r ad ia -  
tion to and f r o m  the porous-p la te  sur face .  With th i s ,  the conditions at  the bound- 

t e m p e r a t u r e  dependence of reac t ion  r a t e  

\ a r i e s  a r e :  

y = - m :  T = 0, d T f d y  = 0 ( 5) 

( 6) 

( 7 )  

y = cu : 

y = 0 : 

T = r f ,  d T / d y  = 0 

E T S  = g ( 1  - T f )  t 6 T b S  

T~ = 1 + rk(dT/dy)  - ( d r / d y ) y  ,o ( 8) Y<O 

i f  y i s  z e r o  a t  the s u r f a c e ,  T i s  the f ina l  gas  t e m p e r a t u r e ,  Tb is the t e m p e r a t u r e  
of the sur roundings ,  and ETS is the radiat ion law fo r  the solld. f 

L 

The solution of Equat ions 1 through 8 f o r  a specif ied g and Tb cons is t s  of 
finding a t e m p e r a t u r e  dis t r ibut ion in the porous  phase f r o m  3 and 5 ,  and one in the 
g a s  phase  f r o m  1 and 6 ,  tha t  can  b e  l inked up at the s u r f a c e  in accordance  with 7 
and 8. 
t e m p e r a t u r e ,  depending on the opera t ing  p a r a m e t e r s .  

’ 
Two, one ,  o r  n o  solut ions m a y  exist, f o r  a given flow r a t e  and  surrounding 

Although reac t ion  o c c u r s  in both p h a s e s ,  the solutions c o r r e s p o n d  to the 
i porous  phase act ing p r i m a r i l y  a s  a h e a t e r ,  with the m a j o r  combust ion in the gas 

p h a s e ,  o r  to the m a j o r  combust ion occurr ing  in the porous phase.  In this  p a p e r ,  
t h e s e  r e g i m e s  a r e  r e f e r r e d  to  a s  p r e h e a t e r  and r e a c t o r ,  respec t ive ly ,  to empha-  
s i z e  the ro le  of the p ~ r o u s  sol id .  

I 
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The lack of a s t e a d y - s t a t e  solut ion m u s t  i m p l y  the imposs ib i l i ty  of s table  
opera t ion  for  the p a r t i c u l a r  input  and sur rounding  t e m p e r a t u r e .  Also ,  m o r e  than 
one  s teady-s ta te  solut ion m a y  e x i s t  f o r  a n y  given s e t  of conditions.  On the other  
hand , the  ex is tence  of a s t e a d y - s t a t e  solut ion does  not n e c e s s i t a t e  s t a b l e  operation, 
s i n c e  o t h e r  f a c t o r s  m a y  b e  involved. 

1 
~ 

RESULTS 

In the p r i m a r y  example u s e d  for a n a l y s i s ,  values  of the p a r a m e t e r s  a r e  
n.2, m= 1 0 ,  ~ ~ 1 . 1 7 ,  S = 3  and P z 0 . 3 .  As shown in previous  work ,3  m= 10 is appro-  
p r i a t e  for  m e t h a n e - a i r  s y s t e m s .  
f l a m e  t e m p e r a t u r e  of 2190"K,  the values  f o r  E and S c o r r e s p o n d  to a bla'ck-body 
radiation.1aw. Two va lues  of r w e r e  s tud ied ,  5 and 2 0 ,  corresponding  to insulating , 
and high-conduct ivi ty  p o r o u s  sokids,  respec t ive ly .  

F o r  a 105 p e r c e n t  a e r a t e d  flame with a n  adiabatic 

' 

In F i g u r e  1 ,  a typ ica l  s e t  of t e m p e r a t u r e  d is t r ibu t ion  c u r v e s  is presented.  
Kote tha t  Equat ions 3 ,  4 ,  and 5 define the t e m p e r a t u r e  d is t r ibu t ion  in  the porous 
phase  with the flow r a t e  as  t h e  only opera t ing  p a r a m e t e r .  
monotonical ly  with flow r a t e .  
s t a t e  solution. 
a s u r f a c e  cons is ten t  with Equat ions 6 ,  7 ,  and 8 ex is t s .  
with r e s p e c t  to the t e m p e r a t u r e  dis t r ibut ion of the porous  phase  depends on the s u r -  
rounding t e m p e r a t u r e  a n d  on the solut ion f o r  the gas  phase.  

The  max imum T increases  
Any finite flow r a t e  wil l  yield a porous  phase  steady- 

However ,  the whole s y s t e m  has a val id  s t e a d y - s t a t e  solution only if 
The  locat ion of the surface 

In F i g u r e  2,  the s t e a d y  s t a t e s  for  a sur roundings  t e m p e r a t u r e  (Tb) of 0.4 a r e  

The  lower  input l i m i t  i s  the s a m e  for  the 
shown f o r  r k =  5 i n  t e r m s  of the s u r f a c e  and f inal  gas  t e m p e r a t u r e s .  
behavior  of these  s y s t e m s  when TG is low. 
sol id  behaving a s  a r e a c t o r  o r  a s  a p r e h e a t e r .  
z e r o .  The  upper  input l i m i t  of the p r e h e a t e r  reg ion  c o r r e s p o n d s  to the situation 
when all the incoming rad ia t ion  goes into preheat ing the gas .  
t e r i s t i c  is the m a x i m u m  in  the  s u r f a c e  t e m p e r a t u r e  vs. feed r a t e  c u r v e  f o r  p r e -  
h e a t e r  operat ion.  
of operat ion.  

p re sumab ly  is de t e rmined  by the path to the s t e a d y  s ta te .  
cold a t  a flow r a t e  within the prehea t  r e g i o n ,  it will  behave  as  a prehea ter .  
s t a r t e d  a t  a h igher  r a t e  w h e r e  the sol id  is a r e a c t o r ,  a reduct ion in flow r a t e  would 
keep the s y s t e m  in tha t  r e g i m e .  The  type of instabi l i ty  which  r e s u l t s  f r o m  a r e -  
duction of the flow r a t e  beyond the lower  input l imi t  i s . n o t  known f r o m  this analysis .  
However ,  the ex ten t  of r e a c t i o n  is 16 p e r c e n t  within the sol id  a t  the lower l imi t ,  
which woiild indicate  tha t  the s y s t e m  would go into f lashback.  

In Fig( i rc  3 ,  the c h a r a c t e r i s t i c s  of the s a m e  s y s t e m  ( r k =  5) a t  high sur round-  
ing t e m p e r a t u r e s  a r e  i l l u s t r a t e d  w-ith ~ \ , = . 6 .  At low f lows,  no  s teady  s t a t e s  a r e  pOS- 
s ihle .  The  r e g i m e s !  in  o r d e r  o t  increas ing  f l o w ' r a t e ,  then c o n s i s t  of one in which 
only p r e h e a t e r  hchavior  i s  poss i I ) lc ,  one in which Imth p r e h e a t e r  and r e a c t o r  b e -  
havior  i s  poss ih lc ,  and one in  u.]lich only r e a c t o r  behavior  is possible .  
i n i p l y  thc cxistencc! o f  two lower  l i n i i t s ,  depending o n  opera t ion  a s  a prehea ter  or  as 
:I r e a c t o r .  
in par t i r i i l a r  whe the r  the lo\vcr l imi t  f o r  the r e a c t o r  c o r r e s p o n d s  to a discontinuous 
t r a n s i t i o n  to  p r c h e a t c r  hchavior  o r  d i r e c t l y  to f lashback.  

This  i s  the 

It is  not  z e r o  i f  Tb is g r e a t e r  than 

Another notable c h a r a c -  

T h u s ,  a m a x i m u m  yie ld  of rad ia t ion  e n e r g y  e x i s t s  for this type , 
T h e  choice when  t h e r e  a r e  two poss ib le  s t e a d y  s t a t e s  a t  a given flow ra te  

If the b u r n e r  is s ta r ted  
If i t  is  

, 
These  resu l t s  

Again ,  this  type o f  a n a l y s i s  cannot  ant ic ipate  the behavior  a t  these bounds, 

The equivalent  s y s t e m ,  biit with a h i g h e r  r e l a t i j e  t h e r m a l  conductivity fo r  the 
porous  p h a s e ,  r = L O ,  i s  s i m i l a r  t o  the r k =  5 s y s t e m  in m o s t  a s p e c t s .  The separa t ion  
(if  the lower hounds for p r e h e a t e r  and r e a c t o r  o c c u r s  a t  lower  sur rounding  t e m p e r a -  
t u r c s ,  a s  sh0u.n in F ig i i rc  4. 
p e a r s .  
and  too low for  r e a c t o r  behavior .  

k 

A t  higher  t e m p e r a t u r e s ,  another  type of behavior aP-  
F o r  T \ , = 0 . 6 ,  ( F i g u r e  5 )  t h e r e  is a flow reg ion  too h igh  for p r e h e a t e r  activity 
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Flg.  1.-TEMPERATURE DISTRIBUTIONS IN POROUS SOLID AND GAS PHASES 
WITH POROUS PHASE ACTING AS PREHEATER AND AS REACTOR, 

T b =  0.4, r k =  5. 
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Fig .  2.-FINAL GAS TEMPERATURE +ND TEMPERATURE O F  THE SURFACE 
O F  THE POROUS SOLID AS FUNCTIONS O F  GAS FLOW R A T E ,  

T~ 0 .4 ,  rk = 5. 
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F 1 2 .  3.-FISAL GAS TEMPERATURE AND TEMPERATURE O F  THE SURFACE 
O F  T H E  POROUS SOLID AS FUIL'CTIONS O F  F L O W  R A T E ,  

Tb = 0 . 6 ,  r k =  5. 
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1 1 2 .  -i.-FISAL (;AS TEiMPERATURE AKD TEMPERATURE O F  THE SURFACE 
O F  TIIE PORO1:S SOLID AS FIJNCTIONS OF GAS FLOW RATE,  

T,, 0 . 4 ,  rk = 20.  I 
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Fig.  5.-FINAL GAS TEMPERATURE AND TEMPERATURE O F  THE SURFACE 
O F  THE POROUS SOLID AS FUNCTIONS OF GAS FLOW RATE,  

T~ = 0 . 6 ,  rk = 20. 



SUMMARY 1 

The theo re t i ca l  ana lys i s  demons t r a t e s  the ex is tence  of h e a t  input l imi t s  
( l i m i t s  of s t eady- s t a t e  opera t ion)  for  a noncatalytic porous-p la te  b u r n e r .  I t  in- 
d i ca t e s  the re la t ive  location of t hese  l imi t s  and the e f fec t  of the t empera tu re  of 
the sur roundings .  T h e  ana lys i s  a l s o  shows the s u r f a c e  t e m p e r a t u r e s  a s  a function 
of input and su r round ing  t e m p e r a t u r e .  

, 

The porous  p l a t e  can  ope ra t e  in two ways :  

1)  As a p rehea te r  - T h e  incoming g a s e s  a r e  p rehea ted  a s  they p a s s  through the 
p l a t e ,  with mos t  of the combustion o c c u r r i n g  above the plate.  

2) As a r eac to r  - The  f u e l - a i r  mix tu re  r e a c t s  p r i m a r i l y  in the p la te  r a t h e r  than 
above i t .  

T h r e e  d i f fe ren t  input 1 imi t s . fo r  s t eady- s t a t e  opera t ion  a r e  shown to exis t :  

1 )  An upper l imi t  fo r  ope ra t ion  a s  a p r e h e a t e r .  

2) A lower l imi t  for p r e h e a t e r  opera t ion .  

3 )  A lower l imi t  f o r  r e a c t o r  operation. 

L imi t s  2 and 3 can  be  iden t i ca l  under s o m e  conditions. 

The porous  p l a t e  can  s o m e t i m e s  a c t  e i the r  a s  a p rehea te r  o r  a s  a reac tor  
a t  a given input. 
the two mechan i sms  s i n c e  the  plate s u r f a c e  t e m p e r a t u r e s  a r e  often s imi l a r .  The 
appropr i a t e  m e c h a n i s m  c a n  be de t e rmined  m o s t  r ead i ly  by de termining  the effect 
of var ia t ions  in the input r a t e  on the  s u r f a c e  t e m p e r a t u r e .  

In such  a c a s e ,  i t  m a y  be difficii l t  t o  vlu+!ly differe-tiate b e t - ~ e e i i  

I 
<I I 
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FORMATION O F  NITROGEN OXIDES I N  AERATED METHANE FLAMES 

R. B. Rosenberg and D. S. Hacker  

Institute of Gas Technology, 'Chicago, Illinois 

INTRODUCTION 

An investigation to determine the kinetics of the formation of the oxides of 
ni t rogen produced in  a'erated methane f l a m e s  is cur ren t ly  in p r o g r e s s  at IGT. Un-  
d e r  controlled flow conditions, the location and concentration of the oxides of n i t ro-  
gen - ni t r ic  oxide,  NO, and ni t rogen dioxide,  NOz - were  experimental ly  measured  
in a premixed bunsen-t  e f lame and on a premixed f la t  f lame.  The compositions 
of the p r i m a r y  s t r e a m  g e l - o x i d a n t )  and the secondary  stream w e r e  var ied.  This  
paper  s u m m a r i z e s  the highlights of the work to  date. The study i s  sponsored by 
the Amer ican  Gas Association under i ts  PAR (Promotion-Advert is ing-Research)  
Plan.  

' 
; 

EXPERIMENTAL TECHNIQUE . . 

The data on NO2 w e r e  obtained with a M a s t  nitrogen dioxide analyzer .  
. .  

I\ 
The 

concentrations of NO were  initially de te rmined  by use  of a catalytic probe which 
converted the N O  to NO, for  l a t e r  analysis  with the Mast. The NO concentrations 
a r e  cur ren t ly  being obtained by homogeneously oxidizing the NO to NO2 with oxygen 
a t  high p r e s s u r e  pr ior  to analysis .  Spot checks by. the. phenyldisulfonic ac id  tech- 
nique a r e  made on.the concentration of ,oxides of ni t rogen in the water  condensed 
f r o m  the flue g a s  sample s t ream.  These  have not shown significant quantit ies of 
ni t rogen oxides in m o s t  cases .  

The reproducibil i ty of the data  is very  good for  runs made on the s a m e  day. 
Most The w o r s t  var ia t ions observed for runs on different  days w e r e  about * 2  ppm. 

of the data showed s m a l l e r  var ia t ions than this .  

6 
EXPERIMENTAL RESULTS . 

F i g u r e  1 shows a bunsen f lame which had a p r i m a r y  feed s t r e a m  c o n s i s t h g  

F igure  2 shows the concentrations of 'NO 
It can  be seen  that NO f o r m s  
It then diffuses both toward 

the burning gas .  

; 

it 

of methane with 67 percent  of the. s toichiometr ic  a i r  requi red  fo r  complete  combus-  
t ion,  and a secondary feed s t r e a m  of air. 
and NO2 measured  a t  var ious posit ions in  this f lame.  
in a nar row region n e a r  the outside edge of the f lame.  
the center  of the burner  and into the secondary  a i r  s t r e a m .  
NOz . in  the secondary a i r  s t r e a m .  

' It oxidizes rapidly to 
Very l i t t le  NO, i s  found 

Table 1 shows the average concentration of N O  t NO, (NO ) at each  height. 
above the burner .  
which would have to be uniformly dis t r ibuted over the cyl indrical  c r o s s - s e c t i o s  to 
yield the s a m e  total concentration shown a t  each  height in Figure  2. Table 1 shows 
that  the formation of N O  Above the t ip  of 
the f l a m e ,  i.e. , ' a t  heightr  g r e a t e r  than 7 . 2  c m ,  the concentration is s e e n  to remain  
constant  within experimental  uncertainty.  This  suggests  that the f lame is acting a s  
m o r e  than.a  source  of hea t ,  and may be participating chemical ly  in the  formation of 

X 0 ,  

This average  value cor responds  to the concentrat ion of NO 

' occurs  only where  the f lame is present .  

, 

' NOx. 
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Table  1 .-AVERAGE NO CONCENTRATION AT VARIOUS HEIGHTS ABOVE 

FLAMEHOLDER WITH A CONICAL FLAME O F  67+ PRIMARY AERATION 
,x 

( P r i m a r y  Flow Rate 15.6 C F / h r )  

ITcieht Above 
F lameho lde r ,  

c m  

0. i 
1.8  
3.7 
7.7 
9.7 

1 5  

Average NO Concentration, p p m  
Correc ted  fo!: 

Tempera tu re  Profile 

- -  
3.6 
4.8 
- -  

4.5 

Uncorrected 

1.3 
1.7 
2.9 
4.5 
3.9 
4.2 

F i g u r e  3 shows the r e s u l t s  obtained when a r g o n  was  substi tuted for nitrogen 
i n  rhe p r i m a r y  s t r e a m ,  with a i r  re ta ined a s  the secondary  s t r e a m .  The concent ra -  
t ion of a rgon  was var ied  so  that  the difference between the heat  capacit ies of a rgon  
2 n d  ni t rogen would not be  a factor .  
\ V I I C I I  a rgon  i s  substi tuted fo r  nitrogen. Thus,  it is seen  that  the nitrogen whichxre- 
. , . - i s  to f o r m  NO 
\>. hat m o r e  beingXsupplied by the secondary. 

The  data show a lower concentration of NO 

is  supplied by  both the p r imary  and secondary s t r e a m s ,  with some-  

Tables  2 and 3 show the effect  of p r imary  mixture  flow r a t e  (heat input) and 
o,' p r i m a r y  aera t ion  on NO concentrat ion a t  a height of 1 5  c m  above the burner .  The 

, ( 3  !)le 2.-EFFECT O F  PRIh4ARY MIXTURE FLOW RATE ( 6 7 %  PRIMARY AIR) 
O S  THE CONCENTRATION O F  NOY 15 cm ABOVE FLAMEHOLDER 

x 
. .  

_ _  
NO at  V'arious Radial  Pos i t ions ,  ppm PI- 11 ,la ry  Mixture  

F l o w  Rate ,  X 

CF,!hr 0.0 c m  1.2 c m  2.4 c m  
.- 

12.1 2.7 4.1 3.7 
13.6:: ' 3.1 f 1.0 4.5 f 0.9 3.5 f 0.5 
' 0 . 0  3.5 4.2 3. h 
25.0+ 1.2 f 0.5 5.7 f 0.3 4.8 f 0.1 

::: Averageof  4 r u n s  t Average  of 2 runs 

i.al>l<: 3.-EFFECT O F  PRIMARY AERATION ON THE CONCENTRATION O F  NOx 
15 cm Above Flameholder  

P r i m a r y  
Mixture  NO a t  Various Radial  Pos i t ions ,  ppm 

._ 
L Y L : - , i i ~  r y 

.'. I :_.. t i(an,  Flow R a t e ,  X 

C F / h r  

15.6 
20.0 
18.2 

25.0 
30.0 
29.1 
26.3 

::: Average o f  4 runs 

0 . 0  c m  

3.1 f 1.0 
3.5 
1.9. 

1.2 f 0.5 
4 .8  f 1.1 ~- 
3.1 f 0.1 

1 .2  

1.2 c m  

4 . 5 . f  0.9 
4.2 
4.4 

5.7 f 0 . 3  
5.1 f 0.5 
2.-8 f 0.2 

1.7 

t Average of 2 runs 

2.4 r m  

3 . 5 f  0.5 
3.6 
3.4 

4.8 f 0.1 
5.4 f 0.4 
3 .0  f 0.2 

1.9 

I 
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Figure l.-QUARTZ P R O B E  AND 67% A E R A T E D  FLAME 
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p r i m a r y  mixture  flow ra t e  h a s  no apparent  effect over  the range  of 12  to 20  CF/hr .  
T h e r e  a p p e a r s  to b e  a small change in tbe 
c r e a s e d  to 2 5  C F / h r .  The flow ra t e  of the s t r e a m  h%s no  effect over  the 
s a m e  range.  

ion of NO a s  the input is in- 

The effect of p r i m a r y  ae ra t io  
p r i m a r y  a i r .  
when the p r i m a r y  mucture i s  m a d e  fuel-lean. F igure  4 shows the N$and NO, con- 
cent ra t ion  prof i les  of a f lame with 110 percent  p r i m a r y  aerat ion.  In cont ras t  to the 
fue l - r i ch  p r i m a r y  mixture  ( F i g u r e  2))the p r i m a r y  oxide of ni t rogen that is present  
i s  NO,, r a the r  than NO. 
s m a l l  combustion zone a s  opposed to the two l a r g e r  combustion zones with the fuel- 
r i ch  p r i m a r y .  This m a y  account  f o r  the decreased  NO with the fuel- lean pr imary .  

The shape and posi t ion of the react ion zone fo r  the formation of N O  f r o m  a 
bunsen o r  conical f lame made  a kinetic analysis  difficult. 
m e n t a l  work was changed f r o m  a bunsen to a f la t  f lame s tabi l ized by a flameholder 
co:is,isting of a collection of s t a m l e s s  s t ee l  capi l lary tubes. 
of data  a r e  being obtamed with this burner .  

s not l a rge  over  the range of 67 to 90 percent  
However,  a s t rong  d e c r e a s e  in  the concentration of NO is observed 

The f lame with the fuel- lean p r i m a r y  has  only a s ingle ,  

X 

Consequently,  thxe experi-  

A m o r e  detailed s e r i e s  

One of the m o s t  in te res t ing  observat ions i l lustrated i s  i n  F igure  5 ,  where the 
concentrat ion of NO, along the center l ine i s  shown a s  a function of height above the 
b u r n e r .  
about 0.1 c m ) ,  and then rapidly decompose. 
with the fuel-r ich and s toichiometr ic  p r i m a r y  mixtures .  
found a t  a l l  heights above the burner  with the fuel- lean p r i m a r y  mixtures .  
data  w e r e  obtained with ni t rogen a s  the secondary gas. A s i m i l a r  effect is observed 
when argon i s  the secondary,  
c r e a s e d  when a i r  is the secondary .  

The NO, i s  seen  to  f o r m  v e r y  close to  the f lame (which is at a height of 

However,  some NO, is 
The NO, concentration d e c r e a s e s  to zero  

These 

However,  the decomposition of NO, i s  great ly  de -  

F igure  6 shows the e f fec t  of this decomposition on the relat ive concentrations 
of NO and NO, when an  a rgon  o r  a i r  secondary is used with a p r i m a r y  mixture  of 
100 .5  percent  aerat ion.  

i s  NO n e a r  the burner  center l ine ,  but it i s  NO, near  the secondary. F i g u r e  7 shows 
that a l m o s t  no NO is p r e s e n t  a t  0.1 c m  above the burner .  NO, i s  the p r i m a r y  oxide 
of ni t rogen a t  a l l  r ad ia l  posi t ions.  

I t  is seen  that there  i s  m o r e  NO, present  a t  a height of 1.1 
c m  with a i r  than with argon.  However ,  in e i ther  c a s e ,  the p r i m a r y  oxide of nitrogen f 

T h e r e  a r e  th ree  significant observat ions to be drawn f r o m  this s toichiometr ic  

1 )  NO, is the oxide of ni t rogen which is formed UI the f lame.  

2 )  Some of this NO, decomposes to NO. 

3)  KO a lso  f o r m s  by another  mechanism in the combustion 
products above the flame. 

f l a m e .  

' 

These  observat ions do not n e c e s s a r l l y  contra'dict the data f r o m  the bunsen f lame,  
s ince  there  a r e  a cons iderable  number of differences between the two sys tems.  

. <  
T h e r e  a r e  two regions of formation of NO b y  a f la t  f lame. F igure  8 shows 

that NO, is formed f r o m  a methane-a i r  p r i m a r y  &earn with a n  a rgon  secondary.  
This  NO, which must  have formed in the flame, is seen to decompose. F igure  9 
shows that NO, is formed f r o m  a methane-argon-oxygen p r i m a r y  s t r e a m  with an  air 
secondary.  
mixing,  does not appear  to  decompose to  any significant extent. 
fe rences  between these two regions may explain the 
s e r v e d ,  s ince the s a m e  re la t ive  e f fec t  i s  noted when NO, is added to the p r i m a r y  
mixture  of a methane-argon-oxygen f l a m e  with a n  a rgon  secondary.  ,The decom- 
posit ion 1s much g r e a t e r  n e a r  the center  of the b u r n e r  than n e a r  the secondary.  

This NO,, which f o r m s  where the p r i m a r y  and secondary s t r e a m  a r e  
Tempera ture  d i f -  

different decompositions ob- 

We 
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a r e  aware  that the re  is s o m e  oxidation of N O  to NO, in our sampl ing  sys tem.  At 
p re sen t ,  the f rac t ion  oxidized appea r s  to be small. We a r e  in te rpre t ing  the m e a s -  
ured  NO2 as being p r imar i ly  f r o m  the flame. 

Theore t ica l  equilibrium and kinetic studies a r e  cur ren t ly  in process .  F ig -  
lire 10 shows the calculated concentration of NO in equilibrium1 with the combus- 
tion products f r o m  f lames  of var ious  compo.sitio%s and various tempera tures .  At 
these t empera tu res ,  (above 1500"K), the ra t io  of the concentration of N O  to that of 
NO, is m o r e  than 300:l .  This ra t io  inc reases  a s  the tempera ture  inc reases  o r  the 
oxygen concentration dec reases .  

The region where  NO f o r m s  in the bunsen f lame has  relatively steep ax ia l  
X and rad ia l  t empera ture  gradients.  range is f r o m  2200" 

to 3100"R. The flat flame provides a rad ia l  region of m o r e  than 2.4 c m  of ve ry  uni- 
f o r m  tempera ture .  The. ax ia l  t empera tu re  grad ien t  i s  only about 25 "C/cm.  The tem- 
pe ra tu re  above the flat  f lame has  been es t imated ,  with cor rec ted  thermocouple r ead -  
i n g s  and published co r re l a t ions ,~ - '  to be about 1500" * 100°C (2700"R). 

The es t imated  tempera ture  

Thus ,  there  a r e  no indications that to ta l  concentrations in excess  of equilib- 
riiim a r e  being formed f r o m  stoichiometric o r  fuel-lean f lames .  However,  the ra t io  
c.11 NO to NO, is not cha rac t e r i s t i c  of the h igh- tempera ture  equilibrium. 
he due to the oxidation in the sampling sys tem.  

This may 

The kinetics of this sys t em a r e  ex t remely  complex because of the flame r e -  
. I #  lions. 
\ \ i l l 1  the amount of NO that would be  formed in a i r  heated to the s a m e  tempera ture  
it.,r the s a m e  length of time. 

However, it is  possible to compare  the values measured  in  this sys t em 

The kinetic model ( in  which M rep resen t s  any other 
I,a.c:ies) used f o r  this calculation is : 

N , t  M z  2N t M 

N, t O =  NO t N 

0,t  N Z  N O +  0 

N, t O,= 2 N 0  

o,+ M =  2 0 +  M 

Table 4 gives the calculated r a t e s  at various tempera tures .  
tJl;it the ra tes  of the bimolecular reaction and the a tomic  reactions to fo rm N O  a r c  
comparable a t  these tempera tures .  
\bill predominate. 

It i s  of in te res t  10 note 

At  higher t empera tu res ,  the a tomic  reactions 

Table 4.-RATES O F  FORMATION OF NITRIC OXIDE IN AIR 
AT VARIOUS TEMPERATURES 

.1 cmpera tu re ,  "K 

1600 
1800 
2000 

Rate  of Format ion  of Nitric Oxide, ppm/sec  
NO = 100 ppm NO = 1 0  pprn 

0.90 
69 

2150 

1.02 
7 3  

221 0 

The time required f a r  the combustion products to pass  f r o m  0.1 to 1 . 1  cm 
.rl,t,ve the burner  i s  about 0.026 second. 
Ii.istion products a r e  observed to f o r m  a 10 ppm inc rease  in NO . 

During this t ime,  the stoichiometric C O ~ -  

X 

If the s a m e  t ime  fac tor  i s  applied to the kinetics of heated a i r ,  the c a l c ~ i l a 1 c ~ l  
It shoiild he  notcd 111;11 

The ra te  constants for this kinetic model a r e  not well es tab l i shed ,  and t h c  \ . a l11~ .<  

. . ,ncentrations a r e  1.8 ppm a t  1800"K, and 57 ppm a t  2000°K. 

I )  
I 
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I 
used in this calculation a r e  among the highest  that were  found.5 

2) 
combustion products by about 2 o r d e r s  of magnitude. 

3)  

T h u s ,  i t  appears  likely that ,  upon completion of the theoret ical  analysis  and with 
a c c u r a t e  tempera ture  and composition m e a s u r e m e n t s ,  it will be found that ni t rogen 
oxides f o r m  in a f lame fa s t e r  than in heated a i r .  

The oxygen concentrat ion of air i s  much l a r g e r  than that  of the s toichiometr ic  

The est imated temperat i i re  of the s y s t e m  is  c lose  to 1800°K. 
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FLAME CHARACTERISTICS CAUSING AIR POWTION I. EMISSION 
OF OXIDES OF NITROCEN AND CARBON MONOXIDE 

Joseph M. Singer 
Eden B. Cook 
Joseph Grumer 

U.S. Bureau of Mines, 4800 Forbes Avenue, 
Pittsburgh, Pennsylvania 

ABSTRACT 

This investigation is part of a program by the Bureau of Mines, spon- 
sored by the Public Health Senrice, to determine the factors that govern 
emission of air pollutants by domestic and industrial gas combustors. 
Methods based on kinetic and thermodynamic theory are proposed for predicting 
concentrations of nitrogen oxides and carbon monoxide in the combustion 
gases of flames, specifically of lean, stoichiometric, and rich propane- 
air flames. These theoretical data are compared with concentrations observed 
experimentally downstream of flat grid-type burner flames (approximately 
25,000 Btu/hr) that were used to sirmiLate gas appliances such as water and 
space heaters. 
chemicslly perturbed by recycling flue gases into the primary fiel-air 
mixtures; (2) flames thermally perturbed by cooling the burned gases at 
U L . L I C A C 1 1 b  I U C F D ,  a1u \J) L.LcAuCD p C L C l u U C u  uy ~ U I I W l l I a b I U 1 1 0  VI bllCDF b W U  

effects. In general, experimental and computed concentrations agreed to 
with in  a factor of 2 to 4 with the experimental values always being higher 
than the theoretical. 
( w i t h  and without excess air) reduced the relative amount of nitric oxides. 
Carbon monoxide concentrations were substantially reduced by recycling flue 
gases only w-hen the cooling rates were less than about 5000-10000"R per 
second. 

Air pollutant concentrations were computed for (1) flames 

=,ran _ _ _ _  L _ _ L _ _ _  _ _ >  I - \  *- _ _ _ _  _ _ A _ _ - L _ A  L__ _ _ _ L : _ _ L < _ _ -  -a LL__-_ L_- 

Cooling the burned gases and recycling cold flue gases 
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TRACE ORGANIC COMPOUNDS I N  NATURAL GAS COMBUSTION 

bY 

J. A .  Chisholm, Jr. and D. L. Klass 

I n s t i t u t e  of  Gas Technology 
Chicago, I l l i n o i s  60616 

INTRODUCTION 

Complete combustion i s  decidedly easier t o  obtain with j ,  

;' n a t u r a l  gas than with any o the r  f o s s i l  Under normal operat ing , condi t ions,  the f l u e  products of natural-gas-burning equipment are 
r e l a t i v e l y  f r e e  of unburned hydrocarbons and p a r t i a l  combustion pro- 
ducts .  However, under fue l - r i ch  condi t ions,  small q u a n t i t i e s  of or- 
ganic de r iva t ives  a r e  produced. The i n v e s t i g a t i o n  reported i n  t h i s  
paper t o  i d e n t i f y  and determine the q u a n t i t i a s  of these t r a c e  com- 
pounds, p a r t i c u l a r l y  when combustion occurs under low-aeration con- 
d i t i o n s ,  was c a r r i e d  out a t  the I n s t i t u t e  of Gas Technology, with 
f i n a n c i a l  support of t he  American Gas Association. 

s e l e c t i v i t y  f o r  analyses of these t r a c e  organic compounds. 
quently,  highly s e n s i t i v e  instrumental  methods were used, with modifi- 
cat ions whenever necessary.  

t 

Class i ca l  wet chemical procedures l ack  the  s e n s i t i v i t y  and 
Conse- i 

I 
EQUIPMENT 

shown i n  Fig.  1. It c o n s i s t s  of a burner,  t r a n s i t e  base, and glass 
zhimney. When t h e  burner i s  operated a t  the  low flow r a t e s  employed 
i n  t h i s  study, a bunsen-type flame i s  obtained. Disturbance of t h e  
? l ~ r e  by a i r  cu r ren t s ,  and d i l u t i o n  of t he  exhaust gases by surrounding 
k i r ,  .]ere prevented by enclosing the burner i n  a pyrex g l a s s  chimney. 
Sziples  of f l u e  products were withdrawn either from the t o p  of the chim- 
ney or through the probe. 

rodir 'ied a2 shown i n  F ig .  2 ;  a secondary a i r  chamber, with 1/8-in. s t e e l  
spheres i n  it t o  f a c i l i t a t e  d i f fus ion ,  was installed.  

The source of combustion products was the  burner system 4 

I 

'1, 

1 

Early i n  the  inves t iga t ion ,  the base of t he  burner system was 

The burner was operated on 1000 Btu n a t u r a l  gas similar i n  
3osposit ion t o  t h a t  shown i n  Table 1, and numerous experiments were 
c e r r i e d  out under a v a r i e t y  of condi t ions.  Since space does not per- 
-.it E d e t a i l e d  desc r ip t ion  of t he  experimental techniques, only a few 
J 4  .... ,.,nfs ztln be rrade here . r . r x x 3  

' Combustion conditions va r i ed  from f u e l - r i c h  t o  s toichiometr ic  
aperzt ion.  
or" 2 CF/hr of n a t u r a l  gas, no pr-imary a i r ,  and 10  C F h r  of secondary a i r .  
S to i ch ioxe t r i c  c o n d i t i m s  corresponded t o  flow r a t e s  of 2 CFfhr of'nat- 
ur.;l gas 2nd 17.5 C F b r  of p r i m r y  a i r .  Secondary a i r  was employed i n  
seler,Eed s toichiometr ic  experiments. S u f f i c i e n t  experiments were car- 
pied out  t o  insure  the r e p r o d u c i b i l i t y  of the a n a l y t i c a l  determinations 
under t h e  s p e c i f i c  operat ing conditions.  A l l  determinations I of s p e c i f i c  

The extreme f u e l - r i c h  va r i ab le  corresponded t o  flow r a t e s  
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r l u e  pmducts  were normalized t o  percentages of  t he  t o t a l  f l ue  products1 

RESULTS 

During t h i s  inves t iga t ion ,  a l a r g e  number of sa tura ted  and UT- 
sa tura ted  a l i p h a t i c ,  polynuclear aromatic,  and oxygenated hydrocarbons 
:.:er? i z e n t i f i e d .  Many were determined q u a n t i t a t i v e l y  i n  t h e  ppb ( p r t z  
€ 3 ~  i? ) concentrat ion range. Table 2 gives  a partial l ist  of the orgac 
i: expounds found i n  t h e  combustion products under stoichiometric and '  
%el-r ioh opera t ing  condi t ions.  

Gas chromatography with a fiame ioniza t ion  detector  was em- 
--,--,rc4 y A _ I  -u t o  ~ 5 s u r e  C1 t o  Cs sa tura ted  and unsaturated a l i p h a t i c  hydro- 
czr2ccs .  Under e s s e n t i a l l y  complete combustion condi t ions,  t h e  C1 t o  ,$ 
i -ydrxsrbons were 'present  i n  the  f l u e  products i n  the ppb range, and se 
e r - l  Cq 2nd C s  compounds were below l i m i t s  of d e t e c t a b i l i t y ,  as  shown j', 
T z c i e s  3 and 4. When primary a i r  was absent ,  concentrations of the C1 
t c  Cg hydrocarbons varied inverse ly  i j i th  the secondary air flow. Totai 
C s  + kydrocarbons vere determined by revers ing  c a r r i e r  gas flow in t h e  
cmoxatographic coiumn and backflushing a f t e r  the emergence of ;-butane: 
&:sin, the inverse  r e l a t i o n s h i p  of concentration t o  secondary a i r  flow 
:.:zs s:sser'ded, 5 s  shown i n  Table 5. 

ser.:eq t o  separate the C1 to C3 f r a c t i o n .  The C 4  t o  C g  f r a c t i o n  was se  
2?2:22 3n E 1/e i n .  x 15 't column of 28% dimethylsulfolane on Chroma. 
3350 P .  Separat ion of t o t a l  C,+ hydrocarbons was e f f e c t e d  on a 1/8 i n  
:.: s f t  alunina column operat ing at ~ o o O S .  

Polynuclear aromatic hydrocarbons were co l lec ted  i n  a l o w -  
terr.l;erature t r a p p i n g  system, and separated by means of l i q u i d  ex t r ac t i c  
prscedures and column, 'paper, and gas chromatography. Ultraviolet  ab -  
sorpt ion and fluorescence spectrophotometry were t h e n  employed t o  iden. 

the s e p r e t e d  f r a c t i o n s .  By these  techniques, f i f t e e n  polynucleafi 
,zro-atic cocpounds ver? i d e n t i f i e d ;  seven of these  were determined quan 

c17.n chrxetography,  and i d e n t i f i c a t i o n  and measurement were accomplishc 
S L i  u l t r a v i o l e t  f lucrescence spectrophotometry. Table 6 shows that  t h e  
:oncentrations ranged "on less than 0 . 1  ppb f o r  2-phenylenepyrene unde 
conditions of e s s e n t i a l l y  c m p l e t e  cornbustton, t o  1040  ppb f o r  pyrene 
uridzr %el - r izh  conditTons. I 

Pa alumina column operated a t  8OoC with argon c a r r i e r  gas 

i 2 C r  L l ~ ~ t i v e l y .  Q u a n t i t a t i v e  determination was based on separat ion v i a  ~ 0 3 '  

Several  c l a s s e s  ~f oxygenated hydrmarbons were investigated, ,  
inzlLding aldehydes,  phenols, and ketones.  Because aldehydes a re  alwa? 
croduced 2uring inzornplete corxbustion,16 these compounds were studied '1' 
sor-e d e t a i l .  The spec t rophAozet r ic  Lethods used a r e  s p e c i f i c  f o r  forti 
dehjide, a c r s l e i n ,  t o t a l  a l i p h a t i c  aldehydes and t o t a l  a.ldehydes. Tab16 
sh2::s :hat when c n P j  sec3nda-y a i r  was present ,  t he  concentration of t c  
t i l  ilckhycies was in ie rse ly  r e l a t e d  t o  the flow of secondary a i r .  I n  t 
ebsence of  secondary e r r ,  but with s i ; f f ic ient  primary a i r  t o  ensure es- 
s s n t i r l l y  complete znzbustion, aldehydes were produced i n  snly ppb Con- 
zentret ions . Fore ldehgde  :.!es p r e d x i n e n t ,  and pers i s ted  under a l l  but! 
s toi=hi .o?etr ic  z3rhustiDn condi t ions.  With increased secondzry ai?.', a 
g?nnrE l ly  i n z r e a s i n g  reti3 of f'ormldehyde t o  other aldehydes was ob- 
s s P ~ / e d .  These r'1ncl:ng-s 21-3 zonsis tent  !.Jlth the reported s t a b i l i t y  Of 
fnr-.zld?hpde. l e  
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Table 1.-Typical Analysis of Chicago Natural  Gas 

Component Mole $ Component Mole $ 

Air 3 . 2 1  Propane 1 . 2 1  
H e l i u m  0.08 n-Butane 0.17 
Nitrogen 1.79* -But ane 0.08 ' 
Carbon dioxide 0.63 Pentanes 0.04 
Methane 88.21 Hexanes 0.03 
Ethane 4.51 Heptanes 0.04 

100.00 
Heating Value - 1001 Btu/SCF, Saturated gas a t  6 0 ' ~ ~  30 i n .  Hg. 

*Nitrogen i n  excess of t h a t  included i n  air .  

. Table  2.-TYPES AND QUANTITIES O F  ORGANIC COMPOUNDS FOUND IN 
T H E  COMBUSTION PRODUCTS O F  A NATURAL GAS F L A M E  

. 

Concent ra t ion  Found a f t e r  

Type of Compound 

Aldehydes:  

Formaldehyde  
O t h e r  Aliphat ic  Aldehydes 
Nonaliphatic Aldehydes 

Tota l  Aldehydes 

Polynuclear  A r o m a t i c s :  

Anthanthrene 
Anthracene  
Benzo [a] pyrene  
F lu0  r anthene 
1-Methylpyrene 
- o-Phenylenepyrene  
P y r e n e  

Other  Hydrocarbons:  

Methane 
Ethane  
P r o p a n e  
i -Butane 
n-Butane  
Pentane  plus  
Acetylene 
Ethylene 
Propylene  

- 
-_ 

Stoich iometr ic  
Combus t ion 

< 0.02 p p m  
< 0.02 
< 0.02 
< 0.02 

C 3 . 0  ppb 
< 0 .4  

0 .4  
6 .0  
0.6 
0.1 

14.0 

0.00 ppm 
0.13 
0.10 

< 0.01 
< 0.01 
< 5.00 
< 0 . 0 1  

0.06 
<0.01 

F u e l  - Rich  
Combus tion 

20 PPm 
13 
6 

39 

275 ppb 
46 
09 

460 
70 
04 

1040 

60,000 pprn 
3,500 

900 
50 
7 0  

120 
2,500 
4,000 

260 
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Table 4. - AIR FTOW E'. c4-F~ COI?CENTRATIONS 

41b - 40a - 40b - 41a - 42a - Run NO. 
Flow Rates, CF/hr 

primars Jur 0 0 0 0 17.5 
Secondary Air 10 15 20 25 0 
Natural Gas 2 2 2 2 2 

Butene-1 182 0 550 165 17 <0*05 
- i -Butene <Os05 e0.05 <On05 <On05 <0.05 

Concentration, ppm+ 

- trans-Butene-2 50 8 2 <0.05 eO.05 
- i -Pentane <0.05 .C0.05 <0.05 cO.05 <0.05 
&&-But ene-2 e0.05 e0.05 <0.05 e0.05 <Os05 
Pentane <Om05 C0.05 <Os05 <0.05 CO.05 
3-Methylbutene-1 <0.05 e0.05 e0.05 e0.05 e0.05 
L3-Butadlene 40 9 1 <0.05 <0.05 
Pent ene -1 118 43 7 <0.05 <0.05 

* Chromatograph c a l m r a t e d  on basis of response t o  "-butane 

Tab le  5. -Cs + HYDROCARBONS 

+ A i r  Input ,  CF/hr, 
h,Primarg Secondary 

: 5  10 
5 ', 5 

2 .5  10 

2 .5  7 . 5  
2 .5  ' 5 

,' 2 '5  7 . 5  

* Natural  Gas Input ,  

Total  C,+ 
&drocarbons, A i r  Input ,  CF/hr 

2EE Primary 2e condary 

< 5  0 25 
30 0 20 

0 15 
0 12.5 

<5 0 12.5 
20 0 10 
1 4  0 7 .5  
85 0 7 .5  

1 CF/hr 

Tota l  Cst 
Hydrocarbons, 

m?! 
< 5  
<5 
<5 

80 
100 
90 
110 
144 

/ /  
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Table 6. -POLYNUCLEAR AROMATIC mOCARBONS 
DETERMINED I N  NATURAL GAS COMBUSTION PRODUCTS 

Aeration Conditions 

~ Primary air 
I 

Secondary a i r  

Natural gas 

Component 

Ant hanthrene 

Anthracene 

Benz o [ a]  pyrene 

Fluoranthene 

1-Me thylpyrene 

- 0- Phenylene pyrene 

Pyrene 

Flow Rate, CF/hr 
R u n  No. -- 

- 9 5R L 8 .- l o  
0 0 0 0 17.5 

10 15 2.0 25 0 

2 2 2 -  2 2 

Concentration, ppb 

240 275 11 c3-  c3 

26 46 6 6 <O. 4 
89 78 40 11 0.4 

434 468 256 117 6 

78 48 11 4 0.6 

75 75 84 43 co. 1 

1040 454 155 103 1 4  

R W  
No. - 

Table 7.-AIR F L O W  s. ALDEHYDE PRODJCTION 

Flow Rates, CF/hr Aldehyde Concentration, ppm 
Total 

I 

Primary Secondary Natural  Aliphat ic  
A i r  A i r  Gas - Formaldehyde Aldehydes Aldehydes 

I 

C 10 2 19.4 32.9 39.3 

0 15 2 18.4 25.6 34.6 

0 20 2 13.4 13.1 18.5 

0 25 2 2.4 1.9 6.0 

17 5 0 2 co. 02 co. 0 1  c0.02 
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The unsaturated &ldehxde a c r o l e i n  occurs i n  t h e  exhaust gases 

from most combustion processes.  J 7 1 8 9 1 2  Under fue l - r i ch  combustion con- 
d i t i o n s ,  ac ro le in  concentrat ions ranging from less than  0.03 ppm (parts 
Per mi l l ion)  t o  about 6 ppm (Table 8) were determined by a spectropho- 
tometr ic  method. 

Phenols a r e  another  group of oxygenated organic  der iva t ives  
that  i s  known t o  be present  i n  combustion pr3ducts from n a t u r a l  gas 

Tota l  phenol concentrat ions va r i ed  from 0.007 ppm t o  about 
4 ppm (Table 9). 

Several  spectrophotometric procedures were inves t iga ted  
for determination of ketones,  but  i n t e r f e rence  from water and formal- 
dehyde introduced excessive e r r o r .  Gas chromatography, however, re- 
s u l t e d  i n  accurate  determinat ions of several ketones,  as shown i n  
Table 10 .  

sence of methyl and e t h y l  a lcohols  i n  the f l u e  products.  
measurement s were not made, but methyl a lcohol  peak a reas  ind ica ted  
concentrat ions of about 3 ppm. 

Chromatographic s tud ie s  gave t e n t a t i v e  evidence of the  pre- 
Quan t i t a t ive  

DISCUSSION 

f l u e  products from f u e l - r i c h  flames might be in t e rp re t ed  i n  terms of 
numerous hypothe t ica l  r eac t ion  mechanisms t h a t  have no real  meaning. 
Ins tead ,  l e t  us consider how the formation of t r a c e  components D r o -  
ducsd under oor combustion condi t i sns  can be r a t iona l i zed  and qua l i -  
t a t i v e l y  expyained i n  terms of a few r e a c t i o n  mechanisms which are 
knom t o  be operat ive i n  fue l - r i ch  flames. 
methyne a r e  very l i k e l y  involved i n  t h e  formation of f lue-gas  combus- 
t i o n  products,  bu$ they are not considered i n  t h i s  t rea tment . )  

reasonably wel l  understood, but the organic chemistry os fue l - r i ch  
flertes presents  a considerably more complex s i t u a t i o n .  The i n i t i a l  
r eac t ions  i n  a fue l - r i ch  methane-oxygen flame have been shown t o  in -  
volve formation of methyl gadica ls ,  which a r e  probably produced by 
hydrogen atom abs t r ac t ion :  

The experimental  data co l l ec t ed  i n  our inves t iga t ion  of the  ' 

(Carbenes and perhaps 

Many of t he  major mechanisms o p r a t i v e  i n  l ean  flames a r e  

CH+ + H -., CH3 + Ha 

The methyl r a d i c a l s  might be c a l l e d  the "key intermediates"  
i n  the combustion of methane i n  fue l - r i ch  systems because the i r  con- 
cen t r a t ion  i s  s u f f i c i e n t  t o  produce o the r  s t r u c t u r e s  by conversion 
t o  higher  molecular weight intermediates .  Subsequent chemical reac- 
t i o n s  of methyl r a d i c a l s  i n  f u e l - r i c h  flames therefore  determine, t o  
a l a rge  ex ten t ,  t he  s t r u c t u r e s  of the p a r t i a l  combustion products.  
We should t h u s  be a b l e  t o  r e l a t e  our experimental  r e s u l t s  t o  these  
methyl r a d i c a l  reac t ions ,  e s p c i a l l y  those t h a t  occur with smll  o r  
e s s e n t i a l l y  zero a c t i v a t i o n  energ ies .  

F i r s t ,  the r eac t ion  of methyl r a d i c a l s  w i t h  oxygen would 
not be expected t o  be the dominant one i n  a n  oxygen-deficient flame, 
but  the r eac t ion  should occur t o  some degree with formation of p r o x y  
r a d i c a l s  : 

I CHa + 02 - CH300 - H-8-H + OH 



Run 
21  
22 
2 3  
24 
25 

- 

3x1 Nc. 
4 

5 
J 
- 
E 
7 

Tsble  8 .  - A I R  FLOW VS. ACROLEIN PRODUCTION 
Natural  
Gas, A i r ,  CF/hr 
CF/hr Primary Secondary Acrolein,  ppm 

0 <o. 0 3  
0 6 . 3  

5.6 

2 
2 
2 0 1 5  
2 0 20 5 .3  
2 0 25 , 2.9 

17.5 10 

Table 3.  -AIR FLQWE. PWOL PRODUCTION 

Flow. ,Rates C F h  
Pr imary  Secondary Natural 

A i r  A i r  Gas Phenol Concentration, ppm* 
0 10  2 4.0 
0 15 2 4 . 1  
0 20 2 i. 0 
0 25 2 0.5 

17.5 0 2 0.026 
25.0 0 2 0.007 

* .  Cklltratizn curves were prepared with phenol so lu t ions  as standards.  

r-r ; L G . , L E  - 0 .  -AIR F W  VS.  CARBONYL PRODUCTION 

is12 tu r a 1 Carbonyl Production, ppn 
Gas, Air, CF/hr Acetal-  Acrolein- Propion- 2-Bu- 
CF/hr dehyde Acetone aldehyde tanone - 

7, ..il - 
P 0.07 1.6 ;':;;-I 2 

(3 15 3.4 0.8 0.03 1.0 ;'>; - 2  2 

. ,-,; .. ' - 3  2 3 20 2 . 9  ' 1.2 0.05 1.8 
- -!I 2 0 25 5 -  0 1.5 0.01 2.8 

10 6.2 1.5 - - -. 
.- - - ... 
- --_ 
- . .. - 
/ /  
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These r a d i c a l s  are known t o  decompose rap id ly  t o  y i e l d  formaldehyde -14r17 
Fur ther  oxidat ion of formaldehyde would be expected, even i n  an oxygen- 
de f i c i en t  flame, because of the  high r e a c t i v i t y  of aldehyde groups. 

Since the  rate of formation of formaldehyde should be g rea t e r  
than the r a t e s  of formation of the  higher  aldehydes from t h e  methgl- 
radical-der ived in t e rned ia t e s  that  w i l l  be discussed later,  w e  would 
expect formldehyde t o  be present  i n  highep concentrat ions than  the  
a the r  aldehydes i n  the  f l u e  gases. As a l ready  shown i n  Tables 2 and 
7, o v z r  ha l f  of t he  t o t a l  aldehydes in  almost a l l  of our experiments 
was formaldehyde when t h e  f l u e  products were produced under oxygen- 
de f i c i en t  conditions. 

I 

1. 

I 

1 m b i d  be favored over methyl radical-oxygen r eac t ions ,  s o  l a r g e r  con- 
cent ra t ions  of ethane r e l a t i v e  t o  formaldehyde would be expeoted i n  
t h e  f l u e  gases.  The formation of ethane in t h i s  type o f  recombination 
r eac t ion ,  however, is not as simple as i t  appears. When the new carbon- 

’%\ to-carbon bond i s  formed, a la rge  amount of energy is l ibe ra t ed .  This 
energy, along w i t h  the o r i g i n a l  thermal energy carried by the  methyl 

l r a d i c a l s ,  can d isdocia te  ethane back t o  methyl r ad ica l s ,  o r  the  r e s u l t -  
ing v ib ra t iona l ly  exc i ted  ethane molecules can be deact ivated by a three- 
body c o l l i s i o n  process.  I n  the presence of a t h i r d  body, such as another 
molecule with which the  energy-rich ethane molecules c o l l i d e ,  t he  ex- 
cess  energy can be t r ans fe r r ed  with concurrent formation of s u b s t a n t i a l  i anounts of ethane without homolytic d i s soc ia t ion  t o  methyl r ad ica l s .  
ever ,  according t o  Xistiakowsky,’ the energy-r ich ethane molecules i n i -  

) t i a l l y  produced do not necessar i ly  requi re  a three-body process t o  pre- 
vent d i ssoc ia t ion .  

Since methyl r a d i c a l  recombination i s  a d i r e c t  one-step path 
t o  a stable paraf f in ,  one would expect l a r g e r  concentrat ions of ethane 
than t h e  higher pa ra f f in s  i n  the f l u e  gases. T h i s  conclusion i s  sup- 
ported by t h e  resul ts  s u m r i z e d  i n  Table 2 .  S ign i f i can t ly  higher con- . I cent ra t ions  of ethane than propane were detected i n  t h e  f l u e  products 
under oxygen-deficient condi t ions.  The concentrations of propane were 
i n  t u r n  higher than the  t o t a l  C 4 +  pa ra f f in  concentrat ions.  

1 )  gases s tudied i n  t h i s  inves t iga t ion  contained a few percent ethane and 
propane, but the r e l a t i v e  r a t i o s  of these  hydrocarbons i n  the  f l u e  gases 
should s t i l l  be ind ica t ive  of the combustion mechanism. 

methans-rich flame has not been f u l l y  established, but  the general  
1 23urs8  of the  reac t ions  i s  believed t o  proceed through C.2 radical 
1 i n t e r m d i a t e s . ”  Successive dehydrogenation of ethane y ie lds  e thy-  
1 lene and acetylene.  The de ta i l ed  mechanism of the  dehydrogenation i s  
1 not  known. Homolytic C-H bond rupture  by unimolecular decomposition or’ 
1 hydrogen atom abs t r ac t ion  should be f a c i l i t a t e d  i n  methane-rich flames,, 

because msthyl  r a d i c a l  recombination a f fo rds  energy-rfch ethane mole- 
cu les .  We therefore  expect that stepwise dehydrogenation of ethane pro- 
ceeds j i a  an  e t h y l  r a d i c a l  intermediate:  

t o  y ie ld  subs t an t i a l  amounts o r  ethylene and acetylene r e l a t i v e  t o  the 

Recombination of excess methyl r a d i c a l s  i n  oxygen-def i c i e n t  
ylamss: 

I 

2CH3 -. C H 3 m  

How- 

The na tu ra l  

The mechanism of formation of  e thylene and acetylene i n  a b 

C&CH3 CH3m2 + H 
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other  unsaturates, Formation of e t h y l  r a d i c a l s  subsequently provides 1-1 

d i r e c t  routes  t o  propane and t h e  butanes, but dehydrogenation should , 
be t h e  preferred r g a c t i o n  path because of t he  favorable k i n e t i c s  at 
high temperatures. I 

Thus , the  formation and relative concentration of the major 
oxygenated and saturated and unsaturated a l i p h a t i c  compounds detected 
as t r a c e  components i n  t h e  f l u e  gases of methane-rich flames have been 
r a t iona l i zed  on t h e  b a s i s  of a few known r a d i c a l  react ions.  It should ’ 
be emphasized t h a t  these r eac t ions  are by no means the only paths t o  
the observed compounds, but their  r e l a t i o n s h i p  t o  the experimental re- 
s u l t s  i nd ica t e s  t h a t  they a r e  important.  

polynuclear aromatics l isted i n  Table 2 .  Grossly empirical  r eac t ion  . 
Tezhanisrns must be postulated because of the complexity of polynuclear 
a roxa t i c  s t r u c t u r e s  .15 Nevertheless, w e  believe that a few important 
conclusions can be drawn from the data co l l ec t ed  i n  our work. 

Most i n v e s t i g a t o r s  who have s tudied the formation of poly- 
nuclear aromatics found t h a t  t hese  compounds general ly  form under fue l -  
r i c h  conditions .eJ150ur da ta ,  which include 
a l i p h a t i c  and aromatic compounds, show that f u e l - r i c h  conditions pro- 
mote polynuclear aromatics formation , but a t  very low l eve l s  r e l a t i v e  
t o  the concentrations of the a l i p h a t i c  compounds. It I s  therefore  
d i f f i c u l t  t o  s e l e c t  a p a r t i c u l a r  a l i p h a t i c  compound, or group of com- 
pounds, a s  key intermediates  i n  the mechanism of formation of the aro- 
% t i c  compounds. 

Aliphatic intermediates are, however, c l e a r l y  the precursors 
of the aromatic compounds because the natural gases used i n  our experi- 
ments containsd zero polynuclear aromatics.  Various invest igators  have “ 
s u g e s t e d  that  methyne and unsaturates such as ethylens and acetylene 
play a n  important role as intermediates Empirical react ion 11 
paths have a l s o  been postulated toaccount f o r  the f o r E t i o n  of poly- 
nu21ear a r o m t i c s  from t hese  and other intermediates.  

\ 

It i s  much more d i f f i c u l t  t o  explain the formation of the 

determinations of both 

I n  s e v e r a l  experiments, our determinations of the polynuclear 
a rona t i c s  formed i n  fue l - r i ch  flames tend t o  f a l l  i n t o  a pa r t i cu la r  
pz t t e rn .  The higher  molecular weight polynuclear aromatics i n  the f l u e  
gas iiere c o n s i s t e n t l y  present i n  lower concentrations than those of 
lmer  molecular weight. Although other  i nves t iga to r s  have reported 
similar r e s u l t s , ”  t h i s  information i s  i n s u f f i c i e n t  f o r  v a l i d  conclu- 
sions regarding t h e  mechanisms of f o r m t i o n .  

However, s i g n i f i c a n t  observations can be made. The d i s t r i -  
bution of the aromatics was about t he  same i n  each of our  experiments, 
as Shawn i n  Table 6 .  Furthermore, t h i s  d i s t r i b u t i o n  corresponds essen- 
t i a l l y  t o  t h a t  reported by  other^.^''^'^^ F ina l ly ,  we observed tha t  the 
r e l a t i v e  concentrat ions of a few s p e c i f i c  polynuclear a r o m t i c s  a r e  Con 

. s i s t e n t l y  higher  than the concentrations of the other  aromatics. 

These observat ions suggest that the ove ra l l  scheme shown i n  
Fig. 3 i s  a p l aus ib l e  rou te  t o  the var ious aromatic compounds iden- 
t i f i e d  i n  our s t u d i e s .  The r eac t ive  species and fragments involved i n  
the many r eac t ions  required t o  produce the polynuclear aromatics are, 
of course, not known. But our resu l t s  and t h e i r  apparent re la t ionship 
t o  the scheme i n  F i g .  3 support a stepwise buildup of the higher 8110- 
matics through cornon intermediates .  
oped with Lindsey’s  data.” 

A similar scheme canlalso be devel 
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C"4 + 
INTERMEDIATES 

I 

NUMBERS IN PARENTHESES ARE RELATIVE A--56493 

CONCENTRATIONS. 
(D) INDICATES DETECTION ONLY 

F i g .  3.-POSSIBLE ROUTES TO POLYNUCLEAR AROMATIC COMPOUNDS 
I 
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Other i n t e r p r e t a t i o n s  of the d i s t r i b u t i o n  of the aromatics I 
(Table 2 ) ,  such as cons idera t ion  of t h e i r  r e l a t i v e  s t a b i l i t i e s ,  can 
be employed t o  r a t i o n a l i z e  the r e s u l t s .  For example, l i n e a r l y  annel- 
l a t e d  acenes a r e  know? t o  be more r e a c t i v e  than  phenes containing the 
same number of r i n g s .  
of acenes r e l a t i v e  t o  the  angular ly  anne l l a t ed  phenes i n  the  f l u e  pro- 
duc ts .  O u r  experimental  data show tha t  only one a c m e ,  anthracene, 
was detected.  Most of the  polynuclear aromatics determined i n  t h i s  
i nves t iga t ion  contain the  phenanthrene nucleus.  

Quan t i t a t ive  treatment of  the d i s t r i b u t i o n  of polynuclear 
aromatics i n  terms of e l e c t r o n  d e n s i t i e s  and bond l o c a l i z a t i o n  ener- 
g i e s  w i l l  be attempted when a d d i t i o n a l  data have been compiled. 

,Y. 

Thus, one would not expect a la rge  concentration 
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(ZIEMICAL CCMPOSITION OF PROGRESSIVE PYRIDINE EXTRACTS FRCM COAL 
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U.S. Department of the I n t e r i o r ,  Bureau of Mines, 
P i t t s b u r g h  Coal Research Center, P i t t sburgh ,  Pa. 

S W R Y  

Progressive e x t r a c t i o n  of c o a l  wi th  pyridine f o r  d i f f e r e n t  per iods of time has 

Alkylbenzenes and phenols predominate 
s h a m ,  by mass s p e c t r a l  and o t h e r  analyses ,  t h a t  c e r t a i n  types of const i tuents  a r e  
prominent i n  the  e a r l y  s t a g e s  of ex t rac t ion .  
i n  the f i r s t  e x t r a c t ;  polynuclear  aromatics a r e  found t o  be ex t rac ted  later.  The 
order  of e x t r a c t i o n  is  important i n  t h e  mechanism of e x t r a c t i o n  of coals .  

INTRODUCTION 

Solvent e x t r a c t i o n  of coal  has been used f o r  many years  i n  studying t h e  cons t i -  ! 
t u t i o n  of coa l .  With pyr id ine ,  one of the  b e s t  coal  so lvents ,  an appreciable f rac-  
t i o n  of the  o r i g i n a l  can be ex t rac ted  from high  v o l a t i l e  and medium v o l a t i l e  b i -  
t m i n o u s  coa ls .  For these  coa ls  the e x t r a c t  is considered f a i r l y  representat ive 
of t h e  whole coa l ,  and experiments c a r r i e d  out  on t h e  e x t r a c t s  a r e  therefore  reason- ’ 
ably representa t ive  of  the whole coal .  The pyridine e x t r a c t  i t s e l f  i s  generally 
considered t o  y i e l d  but  l i t t l e  more i n f o r y t i o n  than does the parent  coal; i t  is 
q u a l i t a t i v e l y  q u i t e  similar t o  t h e  coa1. l  
t r a c t a b l e  sample than t h e  coa l  and makes poss ib le  f u r t h e r  processing i n  solut ion.  
And, as f h u n  before ,  t h e r e  are q u a n t i t a t i v e  d i f f e r e n c e s  between e x t r a c t  and 
residue.- The p r i n c i p a l  p r a c t i c e  in  solvent  e x t r a c t i o n  is  exhaustive ex t rac t ion  
V I  LIE sruupie i n  o r d e r  co obcain tne n ighes t  y i e l d  poss ib le .  
c lose ly  a t  t h e  e f f e c t  of t i m e  of e x t r a c t i o n  on the  y i e l d  of extract . -  

But the e x t r a c t  does present  a more 

- e  _.~. Dryden31fas looked 

1) 

I n  ex t rac t ing  coa ls  under var ious condi t ions f o r  mass spectrometr ic  invest iga-  
t i o n s ,  quest ions a r o s e  concerning a poss ib le  order  of components coming out of the  
coal. Are a l l  chemical e n t i t i e s  ex t rac ted  simultaneously? A r e  the  following p a i r s  
ex t rac ted  together  o r  i n  succession: A l i p h a t i c s  and aromatics ,  alkylbenzenes and 
alkylnaphthalenes,  c y c l i c  hydrocarbons and he terocycl ics ,  a c i d s  and bases ,  e tc .?  
Dormans and van K r e v e l e d j  found t h a t  molecula weights  of t h e  f r a c t i o n s  increase 
with increasing e x t r a c t i o n  t i m e ;  van KreveledT has used such e x t r a c t i o n  da ta  and 
polymer theory t o  f i n d  the i n t e r e s t i n g  r e s u l t  t h a t  the e x t r a c t a b i l i t y  of coal  sol- 
vents  can be ca lcu la ted .  

e x t r a c t i o n s ,  a method introduced by Rybicka,- 67 has been c a r r i e d  out ;  the  compari- 
son of  in f ra red  s p e c t r a  by Brow& is c i t e d  above. W e  have inves t iga ted  possible  
e f f e c t s  of e x t r a c t i o n  t i m e  on composition of  t h e  e x t r a c t s  by u t i l i z i n g  pro ress ive  

t h a t  only one so lvent  is used and e x t r a c t i o n  times a r e  var ied from a few minutes 
t o  many hours. 
Previously w e  have shown t h a t  low ionizing vol tage mass s p e c t r a  of coal  e x t r a c t s  
can determine q u a n t i t a t i v e l y  fami l ies  of  
t h a t  are v o l a t i l e  a t  300° C i n  a vacuum.z9 Prel iminary experiments on the  ex- 
t r a c t i o n  process quick ly  showed t h a t  a f t e r  many minutes of e x t r a c t i o n  there  was no 
longer  any d i f f e r e n c e ,  d e t e c t a b l e  by mass spectrometry, i n  t h e  compositions of the  
e x t r a c t s .  
i l l u s t r a t e d  b e s t  i f  samples were co l lec ted  a f t e r  5 minutes, a f t e r  30 minutes, and 
a f t e r  many hours of e x t r a c t i o n .  

[I 

r 

To our knowledge no d e t a i l e d  charac te r iz  t i o n  of the  products from successive 

e x t r a c t i o n ,  which d i f f e r s  from t h e  successive e x t r a c t i o n  method of R y b i c k d  i? i n  

Mass spectrometry was used  as t h e  p r i n c i p a l  t o o l  of  invest igat ion.  

e r i v a t i v e s  of var ious aromatic nuclei  

It  w a s  concluded t h a t  t h e  e f f e c t s  of progressive e x t r a c t i o n  would be 

I 



EXPERIMENTAL PROCEDURE 

The procedure f o r  progressive e x t r a c t i o n  w a s :  One gram of P i t t sburgh  coal  of 
< 200 mesh was combined with 2 cc  of  pyridine.  
f o r  5 minutes, a f t e r  which time the  sample w a s  opened and the  s o l u t i o n  immediately 
f i l t e r e d  t o  remove t h e  e x t r a c t  and solvent  from f u r t h e r  contact  wi th  t h e  coa l .  
The e x t r a c t  so lu t ion  was immediately centr i fuged i n  order  t o  remove t h e  e x t r a c t  
from any minute amounts of coa l  remaining. The coal  thus  separated from the  ex- 
t r a c t i o n  process w a s  subjected t o  a f u r t h e r  e x t r a c t i o n  with a new sample of added 
pyridine and the e x t r a c t i o n  was c a r r i e d  out  f o r  30 minutes. A t  the  end of 30 
minutes the i s o l a t i o n  of the  e x t r a c t  was repeated a s  before. The process w a s  then 
c a r r i e d  out again a f t e r  17 hours of e x t r a c t i o n  and an e x t r a c t  was aga in  separated.  

The mixture was shaken mechanically 

The mass spectrometer was a Consolidated Electrodynamics Corp. 21-103C with a 
heated i n l e t  system fabr ica ted  i n  our labora tory  and usua l ly  operated f o r  t h i s  
work a t  290" C. Data on aromatics were obtained from low-ionizing vol tage spec t ra .  

The mater ia l  analyzed by t h e  mass spectrometer i s  t h a t  m a t e r i a l  t h a t  is  s u f f i -  
c i e n t l y  v o l a t i l e  t o  be observable. The remainder of each e x t r a c t  is  unknown. The 
s igni f icance  of the d a t a  obtained l i e s  i n  the comparison of fami l ies  of aroplatics 
observed f o r  the var ious e x t r a c t s .  Comparison of weight-average molecular weights 
with those published is not  meaningful. It was determined t h a t  90 percent  of the  
material v o l a t i l i z e d  a t  300' C from Pi t tsburgh coal  is  removed from coal  by pyr i -  
d ine  ex t rac t ion .  For t h i s  reason i t  is believed t h a t  the mass s p e c t r a  of pyridine 
e x t r a c t s  a r e  representa t ive  of t h e  e x t r a c t  and of he coal. Good r e p r o d u c i b i l i t y  
of mass spec t ra  of e x t r a c t s  has been establ ished.-  7F 

RESULTS AND DISCUSSION OF RESULTS 

Mass Spectra. The mass s p e c t r a l  analyses  and t h e  amounts of e x t r a c t  obtained 
i n  terms of percent of t h e  o r i g i n a l  coal  are indicated i n  t a b l e  1. Resul ts  of the  
mass s p e c t r a l  analyses  i n d i c a t e  t h e  following: (1) One- and 2-r ing aromatics  pre-  
dominate i n  the  5-minute e x t r a c t ;  higher  aromatics predominate wi th  longer  ex t rac-  
t i o n  times. 
would be present  i n  t h i s  e x t r a c t . g /  
naphthaleneswere much g r e a t e r  f o r  the  5-minute e x t r a c t  than f o r  t h e  o ther  two ex- 
t r a c t s .  
minute e x t r a c t  a r e  a l l  less than those i n  the  longer-time e x t r a c t s .  (4)  The l a r g -  
es t  components found i n  the  5-minute e x t r a c t  a r e  4-ring, c a t a -  and peri-condensed 
aromatics;  the 30-minute and 17-hour e x t r a c t s  show components up through 6 r ings  
peri-condensed. 
of  3-r ing and smaller aromatics;  t h e  17-hour e x t r a c t  contains  s l i g h t l y  g r e a t e r  
amounts of 4-r ing and l a r g e r  components. 
QHg, C7H8, CgH10, e t c . )  t h e  d i s t r i b u t i o n  maximizes a t  the lowest molecular weight 
f o r  the  5-minute e x t r a c t .  This  i s  observed f o r  benzenoids and phenols. Maxima f o r  
t h e  o ther  two e x t r a c t s  occur a t  higher  molecular weights. 

This is expected on the  b a s i s  t h a t  lower molecular weight mater ia l s  
( 2 )  Percentages of benzenes, phenols, and 

(3) Yields of phenanthrenes-anthracenes and higher  aromatics  i n  t h e  5- 

(5) The 301ninute e x t r a c t  contains  s l i g h t l y  higher  concentrat ions 

( 6 )  Within a family of aromatics  (e.g., 

The l a r g e r  concentrat ion of phenols i n  t h e  i n i t i a l  51ninute e x t r a c t  i s  a s i g -  
n i f i c a n t  f inding.  
important f a c t o r  i n  coal  e x t r a c t i o n .  
i n  s o l u b i l i t y  parameters,6, f o r  coa ls  and so lvents  a r e  apparent ly  of g r e a t  import- 
ance i n  the e x t r a c t a b i l i t y  of coal  solvents ;  h acknmle  ged t h a t  chemical pro- 
p e r t i e s  a r e  a l s o  l i k e l y  t o  b e  very important.>j Drydexd and Halleux and Tschamlerl' 
have shown t h a t  t h e  a v a i l a b i l i t y  of f r e e  e l e c t r o n  p a i r s  i n  hvdrogen bonding sol- 
vents  such a s  pyridine is  important i n  i n t e r a c t i o n s  with a c i d i c  m a t e r i a l s .  

It is  a d i r e c t  ind ica t ion  t h a t  the  b a s i c i t y  of pyr id ine  i s  an 
Van Krevelen has  shown t h a t  t h e  d i f fe rences  

\ 



The beginning of t h e  pyridine e x t r a c t i o n  process may be the  "unlocking" of I- 

t h e  coal  s t r u c t u r e  through d i s s o l u t i o n  of phenol ic  s t r u c t u r e s ,  which are apparently ?- 
hydrogen bonded ( i n f r a r e d  s p e c t r a  of coa ls  i n d i c a t e  only hydrogen bonded OH, no '- 
f r e e  OH). Hpwever, it has  not  been es tab l i shed  whether the  "unlocking" process 
a c t u a l l y  involves the  breaking of hydrogen bonded s t r u c t u r e s .  t' 

Infrared Spectra .  The spec t ra  of e x t r a c t s  and res idues  were compared. As 
described by Brown, t h e r e  are no q u a l i t a t i v e  d i f f e r e n c e s ,  but  t h e r e  a r e  semi- 
q u a n t i  a t i v e  i n d i c a t i o n s  of changes i n  inf ra red  absorpt ion wi th  ex ten t  of extrac-  
tion.&? Q u a n t i t a t i v e  f fe rences  a r e  appreciable  as we found on comparing spectra  
of e x t r a c t s  and c o a l s . j f  On t h e  quest ion of "unlocking" of  hydrogen bonded s t ruc-  
t u r e s  i n  coal  t h e  i n f r a r e d  spectrum of the  5-minute e x t r a c t  ind ica tes  a s l i g h t l y  
higher  absorpt ion a t  1260 cm-l. This absorpt ion is a t t r i b u t a b l e  t o  phenolic s t ruc-  
t u r e s ,  so a s l i g h t l y  g r e a t e r  concentrat ion of phenolic s t r u c t u r e s  i s  indicated for  
t h e  i n i t i a l ,  5-minute e x t r a c t .  This r e s u l t  is a t  least  some corroborat ion f o r  the 
mass s p e c t r a l  i n d i c a t i o n  of a higher  phenol concentrat ion i n  the  5-minute ex t rac t .  
The OH s t r e t c h i n g  band at  3300 an-1 is not  a r e l i a b l e  ind ica t ion  of phenolics i n  
coa l .  

Al ipha t ic  CH absorp t ion  i n  res idues  and e x t r a c t s  a r e  compared i n  table  2 .  
The residue from t h e  30-minute e x t r a c t  shows an absorbance decrease of 46 percent 
r e l a t i v e  t o  the e x t r a c t .  Also it  is i n t e r e s t i n g  t o  note  t h a t  t h e  h ighes t  a l i p h a t i c  
C-H concentrat ion occurs  i n  t h e  30-minute e x t r a c t ;  the  a l i p h a t i c  C-H content of 
t h e  5-minute e x t r a c t  is somewhat lower. 

The GI content  of  t h e  res idues  are a l l  smaller  than t h e  corresponding ex t rac ts .  
Also, res idues show decreas ing  C-H contents  with increase  i n  e x t r a c t i o n ,  whic 
expected i n  view of t h e  g r e a t e r  (31 absorpt ion bands found i n  the extracts.- 1 27 is 

A l l  absorp t ion  bands in the resid~es are  slightly veakei 61-11.i iess weii-ae- 
f ined  than the corresponding bands i n  the e x t r a c t s .  The spectrum of a coal is 
m o s t  influenced by t h e  sharper  absorpt ion spec t ra  of t h e  e x t r a c t  which a r e  
a t t r i b u t a b l e  to components high i n  hydrogen, both aromatic  and sa tura ted .  

f Aliphatic/Aromatic Rat ios .  Determination of the  a l ipha t ic /a romat ic  r a t i o s  of 
t h e  various e x t r a c t s  were attempted by comparison of  t o t a l  ion iza t ion  from mass 
s p e c t r a  a t  low and h igh  ion iz ing  voltage. This  comparison indicated t h a t  the 
5-minute e x t r a c t  was s l i g h t l y  lmer i n  a l i p h a t i c  content .  This  r e s u l t  w a s  con- 
s idered  dubious, but  t h e  inf ra red  r e s u l t  apparent ly  confirms i t  as the  a l i p h a t i c  
CH content of t h e  5-minute e x t r a c t  is indeed s l i g h t l y  lower than t h a t  of the 30- 
minute e x t r a c t  ( t a b l e  2) .  
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f Table 1.- Frac t ions  from the progress ive  e x t r a c t i o n  o 
Pi t t sburgh  seam (hvab) coa l  wi th  p y r i d i n s  

Ext rac t ion  t i m e ,  hours 
Ex t rac t ,  weight percent of coa l  

0.08 0.5 17  
2.4 4.6 12.3 

Aromatic compound types ,  
including 

a l k y l  de r iva t ives  Weight percent  

Mass s p e c t r a l  analyses:b/  

Benzenes 
Phenols 
Dihydr i c  and/ o r  alkoxyphenol s 

Naphthalenes 

Indans 
Indanols 

, Indenes; naphthols 

Acenaphthenes 
Acenaphthylenes; f luorenes 
Anthracenes; phenanthrenes 
Naphthalenes, phenyl subs t i t u t ed  

4- r ing ,  cata-condensed 
O-ring, peri-condensed 
3- r ing ,  phenyl subs t i t u t ed  

5- r ing ,  cata-condensed 
5- r ing ,  peri-condensed 
6- r ing ,  peri-condensed 

29.2 
10.8 

25.4 

1.8 

6.0 
10.8 
3.0 
5 -5 

2.5 ' 

4.5 
.5 

1.9 
3 .1  

.5 

13.5 
1.1 
1.5 
2.2 

6.6 
6.8 

10.6 
7.8 

1.9 
3.2 

.5 

12 .2  
.7  

1.0 
2.1 

6.2 
6.4 
9.9 
7.6 

7.9 8.6 
11.2 11.9 

7.2 7.9 

8.0 8.9 
7.0 7.6 
3.1 3.4 

a/ One.of two complete runs. 
- b/ Compounds containing N ,  S, and non-phenolic 0 a r e  probably a l s o  present .  

Table 2.-  Inf ra red  spec t r a  of coa l  e x t r a c t s .  Absorbance va lues  
a t  2920 crn-l, a l i p h a t i c  C-H absorp t ion  band 

Ext rac t ion  time, hours Absorbance a t  2920 
Ext rac t  Res idue 

0.08 .22 .15 

0.5 .26 .14 

17.0 .16 .ll 
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INTRODUCTION 

O i l  s h a l e ,  a major p o t e n t i a l  source  of bo th  l i q u i d  f u e l s  and chemica ls ,  i s  a 
s t r a t i f i e d  o r  varved,  h i g h l y  c o n s o l i d a t e d ,  and n e a r l y  impervious organic- inorganic  
complex. 
s t i t i a l  pores  of t h e  v a r v e ' s  m i n e r a l  mat r ix .  
o s i t i o n  c o n s i s t s  of two laminae,  one of which is  r i c h e r  i n  organic  matter than  the  
o t h e r .  Bradley (1) r e p o r t s  t h a t  t h e  t h i c k n e s s  of  t h e  varves  d i f f e r s  c o n s i d e r a b l y ,  
0.014 m i l l i m e t e r s  i n  t h e  r i c h e s t  o i l  s h a l e  t o  9.8 m i l l i m e t e r s  i n  the  f i n e - g r a i n e d  
sands tone ,  and t h a t  t h e  ave rage  t h i c k n e s s  of t h e  v a r v e s ,  weighted a c c o r d i n g  t o  t h e  
q u a n t i t y  of each type of rock i n  t h e  format ion ,  i s  about  0.18 m i l l i m e t e r s .  The pro-  
p o r t i o n  of o rganic  t o  m i n e r a l  m a t t e r  i s  not  uniform throughout  t h e  formation;  but  
t h e  composi t ion of each phase i s  r e l a t i v e l y  uniform. 
between varves  may be g r a d u a l  o r  i t  may be q u i t e  abrupt .  When numerous laminae of 
comparable organic  c o n t e n t  occur  t o g e t h e r ,  they  form l a y e r s  o r  beds of o i l  s h a l e s ,  
t h e i r  t h i c k n e s s  depends on t h e  number of t i m e s  t h e s e  comparable laminae reoccur .  
Large v a r i a t i o n s  i n  organic  c o n t e n t  f r e q u e n t l y  occur  between con t iguous  beds o r  
t h o s e  near  t o  each o t h e r .  Within the  Mahogany Zone (5 ) ,  f o r  example, t h e r e  e x i s t s  
1 - f o o t  beds which vary  i n  o i l  y i e l d  from about  6 t o  77 g a l l o n s  of o i l  p e r  ton  a s  
shown i n  f i g u r e  1. The Mahogany Marker i n  t h i s  zone i s  a bed of a n a l c i t i z e d  t u f f  
approx ima te ly  6- inches  t h i c k  and i t  is  used a s  a r e f e r e n c e  bed f o r  c o r r e l a t i n g  o i l  
s h a l e s  from d i f f e r e n t  l o c a t i o n s .  
o r g a n i c  m a t t e r  a r e  r e l a t e d .  In s e v e r a l  i n s t a n c e s  beds of comparable o i l  y i e l d  o r  
o r g a n i c  c o n t e n t  occur  numerous t imes ,  each a t  a d i f f e r e n t  depth  w i t h i n  t h e  formation.  

The p r a c t i c a l l y  i n s o l u b l e  organic  m a t t e r  i s  d i s t r i b u t e d  w i t h i n  t h e  i n t e r -  
Each v a r v e  r e p r e s e n t i n g  s e a s o n a l  dep- 

The changes i n  organic  m a t t e r  

F igure  1 a l s o  shows how o i l  y i e l d  and weight-percent  

Because t h e  organic  matter i s  n o t  uniformly d i s t r i b u t e d ,  t h e  Green River forma- 
t i o n ,  i n  e f f e c t ,  encompasses many o i l - s h a l e  beds.  Each of t h e s e  o i l - s h a l e  beds i s  
c h a r a c t e r i z e d  with i t s  i n h e r e n t  r a t i o  of o r g a n i c  t o  i n o r g a n i c  matter, p h y s i c a l  s t r u c -  
t u r e ,  and p h y s i c a l  p r o p e r t i e s .  The complexi ty  of t h e  o i l  s h a l e s  w i t h i n  these  beds 
w i l l  impose d i f f i c u l t  Opera t iOMl  ,engineer ing  problems i n  s h a l e - o i l  p roduc t ion  by 
e i t h e r  i n  s i t u  or o t h e r  r e t o r t i n g  o r  conve r s ion  methods.  
and chemical  n a t u r e  of o i l  s h a l e s  and of t h e i r  r e a c t i o n  i n  a p y r o l y t i c  environment 
should h e l p  t o  r e s o l v e  t h e s e  problems. 

Knowledge of t h e  p h y s i c a l  

Research i s  being d i r e c t e d  toward t h e  s tudy  of the  p h y s i c a l  n a t u r e  and behavior  
i n  a thermal  environment of t h e  complex o r g a n i c - i n o r g a n i c  system. Some c h a r a c t e r i s -  
t i c s  o f  the  o i l  s h a l e ' s  p h y s i c a l  s t r u c t u r e  have been e v a l u a t e d  by T i s o t  and Murphy 
( 6 , 7 , 8 )  on a 28.6- and a 75.0-gal lon-per- ton o i l  s h a l e .  These i n c l u d e  p a r t i c l e  s i z e  
and p a r t i c l e - s i z e  d i s t r i b u t i o n  of  t h e  minera l  c o n s t i t u e n t s ;  s u r f a c e  a r e a ,  pore s t r u c -  
t u r e ,  and pore volume of t h e  raw o i l  s h a l e s  and of t h e i r  r e s p e c t i v e  minera l  m a t r i c e s ;  
and a n  e s t i m a t e  of  the  amount of o r g a n i c  m a t t e r  bonded e i t h e r  c h e m i c a l l y  o r  p h y s i c a l l y  
t o  t h e  minera l  phase. 

The p r e s e n t  s t u d y  e v a l u a t e s  changes i n  p h y s i c a l  p r o p e r t i e s  and a , l t e r a t i o n s  i n  
s t r u c t u r e  which occur  when o i l  s h a l e s  of w ide ly  d i f f e r e n t  organic  c o n t e n t  a r e  heated 
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under  c o n t r o l l e d  c o n d i t i o n s  t o  950°F. and t o  1,500"F. i n  a s t r e s s - f r e e  environment. 
A s t r e s s - f r e e  environment was s e l e c t e d  because i t  was envis ioned  t h a t  mass f r a g -  
menta t ion  t o  induce  p e r m e a b i l i t y  i n  o i l  s h a l e  would l i k e l y  r e s u l t  i n  a fragmented 
mass wi th  a h igh  percentage  of s t r e s s - f r e e  s u r f a c e s .  
which assayed  from 1 t o  about  60 g a l l o n s  of o i l  p e r  ton. 
y i e l d  approximates  t h e  o i l  s h a l e s  i n  t h e  Mahogany Zone. 
a t e d  were compressive s t r e n g t h ,  p o r o s i t y ,  p e r m e a b i l i t y ,  b u l k  d e n s i t y ,  weight  loss ,  
and s t r u c t u r a l  alteration. 

Seven o i l  s h a l e s  w e r e  s e l e c t e d  
T h i s  wide spectrum of o i l  

P h y s i c a l  p r o p e r t i e s  eva lu-  

EXPERIMENTAL 

P r e p a r a t i o n  of Samples 

Seven o i l  s h a l e s  were s e l e c t e d  from t h e  Bureau of  Mines exper imenta l  mine near  
R i f l e ,  Colorado. T h e i r  F i s c h e r  a s s a y s ,  t o  t h e  n e a r e s t  one-half  g a l l o n ,  were 1.0,  
6.5, 13 .5 ,  25.0, 30.0, 39.5, and 58.5 g a l l o n s  p e r  ton .  Each sample, 2- inches t h i c k ,  
was c a r e f u l l y  s e l e c t e d  t o  ensure  t h a t  i t  was e s s e n t i a l l y  homogenous wi th  r e s p e c t  t o  
d i s t r i b u t i o n  of both t h e  o r g a n i c  and m i n e r a l  phases  and t h a t  no induced f r a c t u r e s  o r  
s t r u c t u r a l  f a u l t s  were observed a t  12X m a g n i f i c a t i o n .  Small  c o r e s ,  3 /4- inch  d iameter  
by l -1 /4- inch  long and 3 /4- inch  d i a m e t e r  by l -1 /2- inch  long,  were prepared  from each 
o i l  s h a l e .  Some c o r e s  were c u t  w i t h  t h e i r  axes  p e r p e n d i c u l a r  t o  t h e  o i l - s h a l e ' s  
bedding p l a n e  and o t h e r s  w i t h  t h e i r  a x e s  p a r a l l e l  t o  t h e  bedding p lane .  Cores  were 
prepared  i n  s u f f i c i e n t  number t o  provide  f o u r  t o  s i x  samples  f o r  each  p h y s i c a l  
measurement determined on b o t h  t h e  r a w  o i l  s h a l e s  and t h e i r  r e s p e c t i v e  m i n e r a l  
m a t r i c e s  fo l lowing  thermal  t r e a t m e n t .  

Removal of Organic  Matter  

Ten t o  1 5  o i l - s h a l e  c o r e s ,  d r i e d  a t  220"F., c o o l e d ,  weighed, and covered wi th  a 
p o r c e l a i n  d i s h ,  were p laced  i n  an e l e c t r i c  m u f f l e  a t  room tempera ture  wi th  a thermo- 
couple  placed n e a r  t h e  c e n t e r  of t h e  group. The tempera ture  was r a i s e d  i n  50-degree 
increments  e v e r y  2 h o u r s  t o  700°F. where d e g r a d a t i o n  of  t h e  o r g a n i c  matter became 
a p p r e c i a b l e .  Four hours  l a t e r  t h e  tempera ture  was r a i s e d  t o  750°F. and maintained 
f o r  12  hours .  Degradat ion of t h e  organic  m a t t e r  appeared complete;  however, wi th  
most o i l  s h a l e s  t h e  c o r e s  under  t h e s e  c o n d i t i o n s  w e r e  e n c r u s t e d  w i t h  carbonaceous 
matter. With t h e  c o v e r  removed h e a t i n g  w a s  cont inued  by i n c r e a s i n g  t h e  tempera ture  
i n  50-degree increments  every  2 hours  t o  950°F. 
3 hours .  Carbonaceous matter t h a t  remained a f t e r  p y r o l y s i s  was o x i d i z e d  and com- 
p l e t e l y  removed throughout  t h e  o i l - s h a l e  c o r e s  wi thout  s i g n i f i c a n t  loss  of minera l  
c a r b o n a t e s .  According t o  Jukkola  and o t h e r s  (2) t h e  dolomi te  i n  o i l  s h a l e  begins  t o  
decompose somewhat below 1,050'F. while t h e  c a l c i t e  b e g i n s  t o  decompose from 1,150" 
t o  1 ,200"F.  

T h i s  tempera ture  w a s  main ta ined  f o r  

The thermal  t r e a t m e n t  a t  950°F. r e s u l t e d  i n  o r g a n i c - f r e e  c o r e s .  

Decomposition of  Minera l  Carbonates  

Some o r g a n i c - f r e e  c o r e s  were r e t u r n e d  t o  t h e  e l e c t r i c  m u f f l e  t o  t h e r m a l l y  decom- 
pose t h e  m i n e r a l  c a r b o n a t e s .  They were hea ted  t o  1 ,000"F.  i n  approximate ly  6 hours  
and then  f u r t h e r  hea ted  i n  100-degree increments  e v e r y  3 hours  t o  1,500'F and main- 
t a i n e d  a t  t h i s  tempera ture  f o r  3 hours .  T h i s  t r e a t m e n t  conver ted  t h e  m i n e r a l  
c a r b o n a t e s  in t h e  o r g a n i c - f r e e  c o r e s  t o  t h e i r  r e s p e c t i v e  m i n e r a l  ox ides .  Fus ion  
among t h e  minera l  p a r t i c l e s  was n o t  e v i d e n t .  

Chemical Removal of Carbonates  

The minera l  c a r b o n a t e s  were c h e m i c a l l y  removed from some of t h e  o r g a n i c - f r e e  
c o r e s  of  the  1.0-, 6.5-, and 13 .5-ga l lon-per - ton  o i l  s h a l e s  h e a t e d  t o  950'F. In 
t h e s e  o i l  s h a l e s  i n o r g a n i c  cementa t ion  between t h e  m i n e r a l  p a r t i c l e s  a f t e r  removing 
t h e  o r g a n i c  matter was s u f f i c i e n t  t o  prevent  s i g n i f i c a n t  s t r u c t u r a l  breakdown of t h e  
m i n e r a l  m a t r i c e s .  The o r g a n i c - f r e e  c o r e s  were c o n t a c t e d  wi th  d i l u t e  m i n e r a l  a c i d  

I 
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u n t i l  t h e  'mineral  c a r b o n a t e s  were comple t e ly  removed. Pe rmeab i l i t y ,  p o r o s i t y ,  and 
weight loss were compared w i t h  those  o f  t h e  c o r e s  t h a t  had t h e  m i n e r a l  ca rbona te s  
decomposed a t  1,500"F. 

P h y s i c a l  P rope r ty  Measurements 

Compressive S t r e n g t h  

Compressive s t r e n g t h ,  i n  pounds p e r  squa re  inch ,  was determined i n  accordance 
w i t h  ASTM Des igna t ion :  C170-50. O i l - s h a l e  c o r e s  3/4- inch diameter  by 1-1/2-inch 
long were used f o r  t h i s  t e s t .  Using a Tinus Olsedd h y d r a u l i c  compression tester,  
f o r c e  w a s  a p p l i e d  t o  t h e  c o r e  a t  a uniform r a t e  u n t i l  s t r u c t u r a l  f a i l u r e  occurred.  

Bulk Volume 

Bulk volume i n  c u b i c  c e n t i m e t e r s  was determined by mercury displacement  i n  a 
U-type pychnometer c a l i b r a t e d  t o  g i v e  d i r e c t  r e a d i n g s  (4).  P r i o r  t o  measuring bulk 
volume, t he  s u r f a c e  roughness  l e f t  by t h e  co re  d r i l l  was removed t o  ensu re  mercury 
c o n t a c t  with t h e  c o r e ' s  s u r f a c e .  

Gas P e r m e a b i l i t y  

P e r m e a b i l i t y  was measured a c r o s s  t h e  c o r e  w i t h  a gas  permeameter acco rd ing  to 
the  method of K l inkenbe rg  (3) u s i n g  he l ium a t  a p r e s s u r e  of  3 atmospheres f o r  1 
minute .  

P o r o s i t y  

Sand-grain volume o f  t h e  c o r e ,  i n  cub ic  c e n t i m e t e r s ,  was measured wi th  a Boyle 's-  
l a w  type po ros ime te r .  The c o r e ' s  p o r o s i t y  w a s  c a l c u l a t e d  from bulk-volume and sand- 
grain-volume d a t a .  

Y RESULTS AND DISCUSSION 

S t r u c t u r a l  A l t e r a t i o n s  

S t r u c t u r a l  a l t e r a t i o n s  i n c u r r e d  by t h e  seven o i l  s h a l e s  hea ted  t o  950" and 1,500' 
i n  a s t r e s s - f r e e  environment  are  i l l u s t r a t e d  i n  f i g u r e  2. F igu re  2-A shows t h e  raw 
o i l  s h a l e s ,  f i g u r e s  2-B and 2-C t h e  o i l  s h a l e s  h e a t e d  t o  950°F., and f i g u r e s  2-D and 
2-E t h o s e  heated t o  1,500"F. 

The mine ra l  m a t r i c e s  from t h e  two low-yis ld  o i l  s h a l e s  d i d  n o t  undergo no t i ce -  
a b l e  s t r u c t u r a l  breakdown a t  e i t h e r  t empera tu re .  
f r a c t u r e s ,  and t h e y  ma in ta ined  d imens iona l  s t a b i l i t y  and a high degree  of i no rgan ic  
cementat ion between b o t h  t h e  i n d i v i d u a l  m i n e r a l  p a r t i c l e s  and between laminae. 

They were c h a r a c t e r i z e d  as f r e e  o f  

S t r u c t u r a l  breakdown o f  t h e  m i n e r a l  phase began i n  o i l  s h a l e s  of  r e l a t i v e l y  low 
organ ic  c o n t e n t .  
a t  400°F. i n  t he  13 .5 -ga l lon -pe r - ton  o i l  s h a l e ,  a temperature  much below t h a t  neces- 
s a r y  f o r  r ap id  d e g r a d a t i o n ,  800" t o  900"F., of t h e  o rgan ic  matter. A t  950°F. some 
f r a c t u r e s ,  a l l  p a r a l l e l  t o  t he  bedding p l a n e ,  completely severed the co res .  These 
were c l e a n  s e p a r a t i o n s  between laminae i n d i c a t i n g  t h a t  t h e  mine ra l  p a r t i c l e s  c o n s t i -  
t u t i n g  each lamina were more h i g h l y  cemented t o  each o t h e r  than they  were t o  t h e  
m i n e r a l  p a r t i c l e s  of a d j a c e n t  laminae.  Some of  t h e  mine ra l  laminae were less than 
100 microns t h i c k .  I n  some s e c t i o n s  of  t h e  o r g a n i c - f r e e  c o r e s ,  s u c c e s s i v e  laminae 
cou ld  be cleaved by a p p l i c a t i o n  of p r e s s u r e  pe rpend icu la r  t o  the bedding plane.  

- 1/ Reference 

A few minute f r a c t u r e s ,  pa ra l l e l  t o  the  bedding p l ane ,  were observedl 

t o  s p e c i f i c  nakes o r  models o f  equipment is  made t o  f a F i l i t a t e  under- 
s t a n d i n g  and does  n o t  imply endorsement of such brands by t h e  Bureau of Mines. 
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OIL YIELD, gallons per ton (Fischer Assay) 

FIGURE 2. - St ruc tu ra l  a l t e r a t i o n s  of o i l  shales i n  a thermally 
control led and s t r e s s - f r e e  environment. A, Raw o i l  
shales;  B-C, O i l  shales  heated t o  950°F; D-E, O i l  
shales heated t o  1,500'F. 
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However, t he  m i n e r a l  matrix was s t i l l  cons ide red  as be ing  h i g h l y  conso l ida t ed ,  and 
no ev idence  o f  f r i a b l e  m a t e r i a l  w a s  observed.  

The c o r e s  from the  25 .0 -ga l lon -pe r - ton .o i1  s h a l e  developed a few small f r a c t u r e s ,  
. p a r a l l e l  t o  t h e  bedding p l ane  a t  400" t o  450°F. Apparen t ly  i n o r g a n i c  cementat ion 

ibetween some laminae was i n s u f f i c i e n t  t o  overcome i n t e r n a l  f o r c e s  probably due t o  
' , r e l i e f  of i n t e r n a l  stress, swe l l ing ,  o r  p r e s s u r e  c r e a t e d  by low-molecular-weight 
'ma te r i a l s  vapor i z ing .  \: A t  400'F. a p l e a s a n t  odor w a s  no ted  , i n d i c a t i n g  escape of 

o r g a n i c  compounds. W i t h  temperature  rise, t o  abou t  700"F., t h e  e x i s t i n g  f r a c t u r e s  
' 

en la rged  and a d d i t i o n a l  ones developed,  i n c l u d i n g  some minute  f r a c t u r e s  perpendiculaE 
t o  the  bedding p l ane .  Low-tem- 
p e r a t u r e  f r a c t u r i n g  pe rmi t t ed  a c c e s s  by gases  t o  the c o r e ' s  i n t e r i o r  p r i o r  t o  pyrol-  
y s i s .  The o r g a n i c - f r e e  c o r e s  con ta ined  some f r i a b l e  segments i n d i c a t i n g  t h a t  
d i s i n t e g r a t i o n  o f  t h e  m i n e r a l  phase had begun. Decomposition of  t h e  mine ra l  carbon- 
a t e s  a t  1,500-F. d i d  n o t  s i g n i f i c a n t l y  change t h e  outward appearance of t h e  co res  . 
from t h a t  a t  950°F. though t h e  loss i n  weight amounted t o  21.2 pe rcen t .  

No e x t e n s i v e  new f r a c t u r e s  developed above 700°F. 

Behavior of t h e  30.0-gal lon-per- ton o i l  s h a l e  w a s  q u i t e  similar t o  the preceed- 
i n g  o i l  s h a l e  under co r re spond ing  thermal  c o n d i t i o n s .  
be,dding p l ane  were observed a t  350°F. 
l a r g e r  and more numerous i n c l u d i n g  some small f r a c t u r e s  p e r p e n d i c u l a r  t o  the  bedding 
plane.  E s s e n t i a l l y  a l l  f r a c t u r e s  occurred b e f o r e  any a p p r e c i a b l e  p y r o l y s i s  of the 
o r g a n i c  matter. D i s i n t e g r a t i o n  o f  t h e  c o r e s  was more e x t e n s i v e  than  t h e  ones from 
t h e  p rev ious  o i l  s h a l e s  a long  wi th  a g r e a t e r  amount of f r i a b l e  material. The e x t e n t  
of  f r a c t u r i n g  d i d  n o t  n o t i c e a b l y  change i n  h e a t i n g  t h e  c o r e s  from 950" t o  1,500"F. 

F r a c t u r e s  p a r a l l e l  t o  t h e  
A s  t empera tu re  inc reased  the  f r a c t u r e s  became ' 

Many f r a c t u r e s ,  predominant ly  p a r a l l e l  t o  t h e  bedding p l ane ,  were noted a t  350" ' 
t o  450°F. i n  t h e  39.5- and 58.5-gal lon-per- ton o i l  s h a l e s .  The r i c h e s t  o i l  sha l e  as 
noted i n  f i g u r e  2 a l s o  e x h i b i t e d  e x t e n s i v e  swe l l ing .  
Some o i l  s h a l e s  y i e l d i n g  less t h a n  58.5 g a l l o n s  p e r  t o n  w i l l  a l s o  show cons ide rab ie  
s w e l l i n g  i f  hea t ed  r a p i d l y .  
i c a l  s t r e n g t h  r e s u l t e d  a t  p r e r e t o r t i n g  t empera tu res .  
cementat ion e x i s t e d  between t h e  mine ra l  p a r t i c l e s  of  t h e s e  o i l  s h a l e s .  Among many 
o f  t h e  mine ra l  p a r t i c l e s  i n o r g a n i c  cementat ion may have been comple t e ly  absen t  as  
t h e s e  mine ra l  p a r t i c l e s  l i k e l y  were encapsu la t ed  by o rgan ic  matter. The carbonaceoue 
mat te r  t h a t  remained a f t e r  r e t o r t i n g  served as  a bonding a g e n t  f o r  many of t he  f i n e  
m i n e r a l  p a r t i c l e s  and i t  a l s o  imparted some mechanical  s t r e n g t h  t o  t h e  mineral  matri :  
However, a f t e r  t h e  carbonaceous m a t t e r  w a s  removed by o x i d a t i o n ,  t he  remaining miner- 
phase was h i g h l y  f r i a b l e .  

T h i s  occur red  below 700'F. 

Because of f r a c t u r i n g  and s w e l l i n g  g r e a t  l o s s  of mechan- 
A low. l e v e l  of  i no rgan ic  

r 

The combinat ion of f r a c t u r i n g  and s w e i i i n g  char: occu r s  as pra icca~ iLng  t C G = r " -  

Frac tu r , i ng  and s w e l l i n g  p rov ide  e a s y  a c c e s s  f o r  h o t  gases  to t h e  i n t e r i o r  of 

(1) Obstruf 

, t u r e s  should be an  asset  i n  o i l  p roduc t ion  from a n  i n  s i t u  fragmented mass of O i l  

( s h a l e .  
a n  o i l - s h a l e  f ragment ,  a more e f f i c i e n t  method f o r  h e a t  t r a n s f e r  t h a n  conduction. 
Conversely,  f r a c t u r i n g  and s w e l l i n g  appea r  t o  have u n d e s i r a b l e  f e a t u r e s :  
t i o n  o r  b lock ing  of  t h e  i n i t i a l  induced p e r m e a b i l i t y  of a f r a c t u r e d  o i l - s h a l e  mass, 
(2) i n s u f f i c i e n t  mechanical  s t r e n g t h  i n  t h e  o r g a n i c - f r e e  m i n e r a l  matrix from r i c h  
o i l  s h a l e s  to  s u s t a i n  h igh  overburden p r e s s u r e s ,  (3) f i l t e r i n g  a c t i o n  of the  Porous 
o r g a n i c - f r e e  mineral m a t r i x  t o  moving s o l i d  p a r t i c l e s  could a d v e r s e l y  e f f e c t  Perme- 
a b i l i t y ,  and ( 4 )  en t r a inmen t  of t he  f i n e  s o l i d  p a r t i c l e s  i n  t h e  o i l .  

'I 

Weight Loss 

Weight Loss  a t  950°F. 

The l o s s  i n  weight  of each o i l  s h a l e  a f t e r  h e a t i n g  t o  950'F. as  a func t ion  of 
i t s  o i l  y i e l d  is shown i n  f i g u r e  3. These l o s s e s  were due mainly t o  v o l a t i l i z a t i o n  
of o rgan ic  matter and subsequent  o x i d a t i o n  of t he  carbonaceous m a t t e r , t h a t  remained 
a f t e r  p y r o l y s i s .  From F i s c h e r  a s s a y  a n a l y s e s ,  i n  g a l l o n s  of o i l  p e r  t on ,  the weight 



? 
I 

1 

I 

OIL YIELD, ga l lons  per i o n  IF ischer  assay) 

FIGURE 3.-Weight Loss in  O i l  Shales Heated to 950°F. 
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l o s s  f o r  o i l  s h a l e s  from t h e  Green River format ion  may be determined from t h e  graph 
o r  c a l c u l a t e d  by t h e  least  s q u a r e  e q u a t i o n  

Y = 0.95 + 0.58X 5 0.90 

w i t h  a n  e r r o r  of  estimate o f  0.90 weight  p e r c e n t  a t  the 95 p e r c e n t  conf idence  l e v e l .  
I( 

Weight Loss a t  1,500"F. 

Weight l o s s  o f  e a c h  o i l  s h a l e  a f t e r  h e a t i n g  t o  1,500"F. is presented  i n  t a b l e  11 
For  purpose of  comparison t h e  weight  loss  a t  950°F. i s  inc luded .  A t  1,500"F. t h e  

TABLE 1. - Weight l o s s  i n  o i l  s h a l e s  hea ted  t o  950" and 1,500'F. 

1' 
O i l  y i e l d ,  Weight p e r c e n t  l o s s  Weight percent  loss ,  

g a l l t o n  a t  1,500'F. a t  950°F. 

1.0 
6 . 5  

13.5 
25.0 
30.0 
39.5 
58.5 

9.39 
18.78 
20.28 
37.39 
33.56 
43.92 
45.62 

1.85 
4.83 
8.11 

15.64' 
17.81 
24.03 
34.93 

weight  loss  i s  a t t r i b u t e d  main ly  t o  t h e  l o s s  of  t h e  organic  m a t t e r  combined with the  
l o s s  r e s u l t i n g  from c o n v e r t i n g  t h e  m i n e r a l  c a r b o n a t e s  t o  t h e i r  o x i d e s .  A s  noted i n  
C i i r  Labit., t h e  weignt  i o s s  a c  i , 500rF .  in oii shaies exceeding  13.5 g a l l o n s  of o i l  
per  t o n  r e p r e s e n t e d  a h i g h  percentage  of each o i l  s h a l e ' s  i n i t i a l  weight .  The weight 
loss a t  ,1,500"F. d i d  n o t  p l o t . a s  a s t r a i g h t  l i n e  because t h e r e  w a s  no d i r e c t  c o r r e l a  
t i o n  i n  t h e s e  o i l  s h a l e s  between t h e  c o n t e n t  o f  o r g a n i c  matter and t h a t  of the miner- 
c a r b o n a t e s .  E 

P o r o s i t y  

P o r o s i t y  of Raw O i l  S h a l e s  

Measured p o r o s i t i e s  of  t h e  raw o i l  s h a l e s  are  shown i n  f i g u r e  4. A s  noted,  t h e  
-..- *.,- J L - - . Y  U L L - I ~ Y  ,tau a p p ~ c c ~ a v ~ e  iiLi.i.21 p r u s i t y .  - Assuming t h a t  che  weighi: 
l o s s  a f t e r  h e a t i n g  t o  950°F. was due t o  organic  matter, t h e  volume t h a t  t h i s  amount' 
o f  organic  matter would occupy w a s  c a l c u l a t e d  from i t s  s p e c i f i c  d e n s i t y .  
t h i s  volume from t h e  t o t a l  p o r o s i t y  measured a t  950°F. i n d i c a t e d  t h a t  e s s e n t i a l l y  a l '  
o f  t h e  i n t e r n a l  p o r o s i t y  i n  each of t h e s e  two o i l  s h a l e s  w a s  a c c e s s i b l e  through 
i n t e r c o n n e c t i n g  pores .  

c ...- 1 -..-.. i 1 A -2 1 -L- 1 - -. L - _1 - ..l - 1 . 1  - 

Deducting 

I n  o i l  s h a l e s  y i e l d i n g  over  13.5 g a l l o n s  of o i l  p e r  t o n  the  p o r o s i t i e s  were low, 
less t h a n  0.03 p e r c e n t .  P r e v i o u s  work (6) on two o i l  s h a l e s  h a s  shown t h e  absence 
o f  s i g n i f i c a n t  micropore  volume even though t h e y  were f i n e l y  d i v i d e d ,  44- t o  7 7 -  
microns ,  t o  permi t  exposure  of i n t e r n a l  pores .  Except  f o r  t h e  two low-yield o i l  
s h a l e s ,  n a t u r a l - o c c u r r i n g  p o r o s i t i e s  i n  t h e  raw o i l  s h a l e s  are  n e g l i g i b l e  and thus  
do n o t  a f f o r d  a c c e s s i b i l i t y  t o  gases .  
s h a l e  format ion  where f r a c t u r e s ,  f a u l t s ,  o r  o t h e r  s t r u c t u r a l  d e f e c t s  occur .  

, 
P o r o s i t y  may e x i s t  t o  some degree  i n  the O i l -  

- P o r o s i t y  A f t e r  Heat ing  t o  950°F. 

I n c r e a s e  i n  p o r o s i t y  f o r  each  o i l  s h a l e  h e a t e d  t o  950°F. is  shown i n  f i g u r e  5 -  
The p o r o s i t i e s  are p l o t t e d  as  a f u n c t i o n  of bo th  o i l  y i e l d  and weight  bercent  organic '  

# 
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matter. 
bu lk  volume r e p r e s e n t e d  e s s e n t i a l l y  t h e  volumes occupied by t h e  o r g a n i c  matter. 
t h e  f i r s t  t h r e e  o i l  s h a l e s  s t r u c t u r a l  breakdown of t h e  c o r e s  was i n s i g n i f i c a n t  and 
t h e  p o r o s i t i e s  are  those  of  i n t a c t  porous s t r u c t u r e s .  
s h a l e s  t h i s  i s  n o t  t h e  c a s e  because  s t r u c t u r a l  breakdown and d i s a g g r e g a t i o n  became s o  
e x t e n s i v e ,  e s p e c i a l l y  i n  t h e  r i c h e r  o i l  s h a l e s ,  t h a t  t h e  m i n e r a l  matrices no longer  
remained i n t a c t .  

These p o r o s i t i e s  which v a r i e d  from 3 t o  6 1  volume percent  of t h e  o i l  s h a l e s '  
I n  

However, i n  t h e  remaining o i l  
I 

I 
I From a n  o i l  s h a l e ' s  o i l  y i e l d  o r  weight  p e r c e n t  organic  mat te r ,  i t s  p o r o s i t y  

may be read from t h e  graph.  Based on o i l  y i e l d ,  p o r o s i t y  may be c a l c u l a t e d  from the  
least  s q u a r e  e q u a t i o n  

Y = 3.70 + 1.02X 2 3.74 

, 
x 

w i t h  an e r r o r  of estimate of 3.74 p e r c e n t  p o r o s i t y  a t  the  95 p e r c e n t  conf idence  l i m i t .  

P o r o s i t y  of Acid-Leached Cores 

I The p o r o s i t i e s  of  t h e  o r g a n i c - f r e e  c o r e s  from t h e  1.0-, 6.5-, and 13 .5-ga l lon-  
per - ton  o i l  s h a l e s  were g r e a t l y  i n c r e a s e d  a f t e r  chemica l ly  removing t h e  m i n e r a l  carbon- 
a t e s .  The r e s p e c t i v e  p o r o s i t i e s  were 13.36, 14.70, and 19.09 p r i o r  t o  l e a c h i n g ,  and 
they  i n c r e a s e d  t o  30.50, 39.39, and 42.90 p e r c e n t  a f t e r  l e a c h i n g .  Even a f te r  t h e s e  
h igh  i n c r e a s e s  i n  p o r o s i t y  t h e i r  gas  p e n n e a b i l i t i e s  p e r p e n d i c u l a r  t o  t h e  o i l  s h a l e ' s  
bedding p l a n e  were l e s s  than  3 m i l l i d a r c i e s .  The r e s p e c t i v e  weight  l o s s e s  p r i o r  t o  
a c i d  l e a c h i n g  were 1.85, 4 .83,  and 8.11, and they  i n c r e a s e d  t o  24.65, 36.52, and 
38.10 p e r c e n t  a f t e r  l e a c h i n g .  A f t e r  a c i d  l e a c h i n g  t h e  m i n e r a l  m a t r i c e s  from t h e  
f i r s t  two o i l  s h a l e s  s t i l l  r e t a i n e d  t h e i r  geometr ic  c o n f i g u r a t i o n  and c o n s i d e r a b l e  
mechanical  s t r e n g t h .  T h i s  i n d i c a t e d  t h a t  o t h e r  i n o r g a n i c  compounds b e s i d e s  t h e  c a r -  
bonates  c o n t r i b u t e d  t o  cementa t ion  between m i n e r a l  p a r t i c l e s  and between laminae. 
I n  the 13.5-ga l lon-per - ton  o i l  s h a l e ,  a c i d  l e a c h i n g  gr:atly d iminished  t h e  degree  of 
cementa t ion  between laminae. I n  many i n s t a n c e s  complete  s e p a r a t i o n  of i n d i v i d u a l  
t h i n  m i n e r a l  laminae occurred ;  however, t h e  m i n e r a l  p a r t i c l e s  c o n s t i t u t i n g  each 
lamina were not  c o n s i d e r e d  f r i a b l e .  

7> P o r o s i t y  Due t o  Thermal Decomposition of M i n e r a l  Carbonates  

Thermal decomposi t ion of t h e  m i n e r a l  c a r b o n a t e s  a t  1,500"F. r e s u l t e d  i n  a n  
i n c r e a s e  i n  p o r o s i t y  as  shown i n  f i g u r e  6. The amount of m i n e r a l  c a r b o n a t e s  i n  t h e  
raw o i l  s h a l e s  was determined by wet chemica l  a n a l y s i s .  A s  noted from t h e  graph a n  
a p p r e c i a b l e  i n c r e a s e  i n  p o r o s i t y  r e s u l t e d  a f t e r  decomposing t h e  m i n e r a l  carbonates .  
From t h e  minera l  c a r b o n a t e  c o n t e n t  of a n  o i l  s h a l e ,  t h e  i n c r e a s e  i n  i t s  p o r o s i t y  over  
t h a t  a t  950°F. may be read  from t h e  graph o r  c a l c u l a t e d  by t h e  l e a s t , s q u a r e  e q u a t i o n  ~ 

11 

I Y = 2 . 2 1  + 0.65X 5 1.20 

' with  a n  e r r o r  of e s t i m a t e  of 1.20 p e r c e n t  p o r o s i t y  a t  the  95 p e r c e n t  conf idence  l i m i t .  

P o r o s i t y  A f t e r  Heat ing  t o  1,500"F. 

T o t a l  i n c r e a s e  i n  p o r o s i t y  a f t e r  h e a t i n g  t h e  o i l  s h a l e s  t o  1,500'F. a r e  shown 
The i n c r e a s e s  i n  p o r o s i t y  v a r i e d  from 2.82 t o  70.54 p e r c e n t  of  t h e i r  i n  f i g u r e  7 .  

i n i t i a l  bu lk  volumes. 
spaces  r e p r e s e n t e d  by t h e  loss of t h e  o r g a n i c  m a t t e r  and t h e  decomposi t ion of t h e  
minera l  c a r b o n a t e s .  
from t h e  graph o r  c a l c u l a t e d  from the  l ea s t  s q u a r e  e q u a t i o n  

These p o r o s i t l e s  c o n s t i t u t e  e s s e n t i a l l y  t h e  combined void  
J 

From weight  l o s s  a t  1,50O0F., t h e  r e s u l t i n g  p o r o s i t y  may be read 

Y = - 0.35 + 1 . 4 9 ~  2 4.88 

w i t h  a n  e r r o r  of e s t i m a t e  of  4.88 p e r c e n t  p o r o s i t y  a t  t h e  95 p e r c e n t  conf idence  I l e v e l .  



FIGURE 4 -Ycasuroble Porosily in Smoll Oil-Shale Cores  
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Compressive S t r e n g t h  

I 

I 

s 

Compressive s t r e n g t h s  of  t h e  seven o i l  shales and of t h e i r  r e s p e c t i v e  m i n e r a l  
m a t r i c e s  hea ted  t o  950" and t o  1,500"F. are  shown i n  f i g u r e  8. 
a r e  shown f o r  t h e  c o r e s  c u t  w i t h  t h e i r  a x e s  p e r p e n d i c u l a r  and those  w i t h  t h e i r  a x e s  
p a r a l l e l  t o  t h e  o i l  s h a l e ' s  bedding  p l a n e s .  Each p o i n t  on t h e  graph r e p r e s e n t s  t h e  
average  compressive s t r e n g t h  of f o u r  t o  s i x  samples .  

Compressive s t r e n g t h s  

Compressive S t r e n g t h  of Raw O i l  S h a l e s  

The r a w  o i l  s h a l e s  had h i g h  compressive s t r e n g t h s  both p e r p e n d i c u l a r  and p a r a l l e l  
t o  t h e  bedding p l a n e .  They v a r i e d  from 9,000 t o  31,000 and 9,000 t o  28,400 pounds 
p e r  s q u a r e  inch  i n  t h e  r e s p e c t i v e  p l a n e s .  These v a l u e s  were much h i g h e r  than  expected 
However, t h e  d i f f e r e n c e  between t h e  two p l a n e s  i n  any one o i l  s h a l e  was smaller than  
expec ted .  The g r e a t e s t  d i f f e r e n c e  between p l a n e s  was 3,200 pounds p e r  s q u a r e  inch  
i n  t h e  13 .5-ga l lon-per - ton  o i l  s h a l e .  Two of t h e  o i l  s h a l e s  e x h i b i t e d  h i g h e r  com- 
p r e s s i v e  s t r e n g t h  p a r a l l e l  t o  t h e  bedding p l a n e  which was a l s o  n o t  expec ted .  

A p p l i c a t i o n  of  f o r c e  a t  a uni form rate  on t h e  o i l  s h a l e s  y i e l d i n g  l e s s  t h a n  30 
g a l l o n s  of o i l  per  ton  r e s u l t e d  i n  cor responding  uniform p r e s s u r e  r ise  wi thout  appar -  
e n t  y i e l d  u n t i l  s t r u c t u r a l  f a i l u r e  occurred .  T h i s  w a s  accompanied by c o n s i d e r a b l e  
s h a t t e r i n g  and n o i s e .  I n  c o n t r a s t ,  p r e s s u r e  r i se  i n  t h e  o t h e r  o i l  s h a l e s  was n o t  
uniform throughout  t h e  tes t .  It became p r o g r e s s i v e l y  s lower  a t  t h e  h i g h e r  p r e s s u r e s  
and comple te ly  s topped f o r  some t ime p r i o r  t o  t h e  c o r e ' s  s t r u c t u r a l  f a i l u r e .  T h i s  
was i n d i c a t i v e  of  compression o r  p l a s t i c  deformat ion .  Most of t h e s e  c o r e s  f a i l e d  
wi thout  s h a t t e r i n g  o r  s i g n i f i c a n t  n o i s e .  

Compressive S t r e n g t h  A f t e r  Heat ing  to  950°F. 

The m i n e r a l  m a t r i c e s  of t h e  t h r e e  low-yie ld  o i l  s h a l e s  hea ted  t o  950°F. r e t a i n e d  
h igh  compressive s t r e n g t h  i n  b o t h  p l a n e s .  
p e r  s q u a r e  inch  i n  t h e  p e r p e n d i c u l a r  p lane  and 6,200 t o  26,200 pounds p e r  s q u a r e .  
i n c h  i n  t h e  p a r a l l e l  p lane .  T h i s  i n d i c a t e d  t h a t  a h i g h  d e g r e e  o f  i n o r g a n i c  cemen- 
t a t i o n  e x i s t e d  between both t h e  m i n e r a l  p a r t i c l e s  compr is ing  each lamina and between 
a d j a c e n t  laminae.  With i n c r e a s e  i n  o r g a n i c  m a t t e r  t h e  compressive s t r e n g t h  of t h e  J 
r e s p e c t i v e  o r g a n i c - f r e e  m i n e r a l  m a t r i c e s  d e c r e a s e s  and i t  becomes v e r y  low i n  those  
from r i c h  o i l  s h a l e s .  A s  noted i n  f i g u r e  8 ,  t h e  compressive s t r e n g t h  of t h e  m i n e r a l  
m a t r i x  from t h e  58 .5-ga l lon-per - ton  o i l  s h a l e  was o n l y  20 pounds p e r  s q u a r e  i n c h  i n  
both p l a n e s .  

They v a r i e d  from 13,300 t o  .28,000 pounds 

Compressive S t r e n g t h  A f t e r  Heat ing  t o  1,500"F. 

A f t e r  thermal ly  decomposing t h e  m i n e r a l  c a r b o n a t e s  a t  1,50O0F., t h e  t h r e e  low- 
They v a r i e d  from 10,500 y i e l d  o i l  s h a l e s  s t i l l  r e t a i n e d  h i g h  compressive s t r e n g t h .  

t o  15,000.pounds p e r  s q u a r e  i n c h  i n  t h e  p e r p e n d i c u l a r  p l a n e  and 3,700 t o  14,900 i n  
t h e  p a r a l l e l  p lane .  
i n d i c a t e d  t h a t  t h e  i n o r g a n i c  .cementing m a t e r i a l  which bonded both t h e  m i n e r a l  par-  
t i c l e s  w i t h i c  each lamina and between laminae w a s  n o t  g r e a t l y  e f f e c t e d  a t  t h i s  t e m -  
p e r a t u r e .  Except f o r  t h e  two r i c h e s t  o i l  s h a l e s ,  compress ive  s t r e n g t h s  w e r e  lower 
a t  1 ,500"  than a t  950°F. S l l g h t  f u s i o n  may have o c c u r r e d  i n  t h e  m i n e r a l  m a t r i c e s  
from t h e s e  two o i l  s h a l e s .  ' 

The h i g h  compressive s t r e n g t h  r e t a i n e d  by t h e s e  m i n e r a l  m a t r i c e s  

Gas P e r m e a b i l i t y  

Gas p e r m e a b i l i t i e s  a r e  p r e s e n t e d  i n  t a b l e  2 f o r  t h e  t h r e e  low-yie ld  o i l  s h a l e s  
and fo r  t h e i r  r e s p e c t i v e  m i n e r a l  matrices h e a t e d  t o  950" and 1,'500"F. i n c l u d i n g  t h e  
m i n e r a l  m a t r i c e s  t h a t  were a c i d  leached a f t e r  h e a t i n g  t o  950'F. 
e i t h e r  p e r p e n d i c u l a r  o r  p a r a l l e l  t o  the  bedding p l a n e s ,  was n o t  d e t e c t e d  i n  any o f  
t h e  seven  raw o i l  s h a l e s  a t  a p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  c o r e s  qf 3 a tmospheres  

P e r m e a b i l i t y ,  
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TABLE 2. - Gas p e r m e a b i l i t i e s  of raw and t r e a t e d  o i l  s h a l e s l l  

O i l  s h a l e  
O i l  y i e l d ,  Heated t o  Heated t o  Heated t o  950°F. 

g a l / t o n  P lane  Raw 950 "F . 1,500"F. and a c i d  leached 

1.0 A- 21 0 0 .10  0.36 0 . 3 3  
E21 0 0.10 0.56 0 . 5 9  

6 . 5  A 0 0 .10  ' 0 . 2 1  , ( _  0 . 3 9  
B 0 0 . 1 0  0 . 6 5  1.48 

1 3 . 5  A 0 0.10 4 . 5 3  2.82 
B 0 0 . 6 2  8 . 0 2  

- 11 Uni ts  i n  m i l l i d a r c i e s .  
- 2 1  P e r p e n d i c u l a r  t o  t h e  bedding p l a n e .  
- 3 1  P a r a l l e l  t o  t h e  bedding p l a n e .  

o f  hel ium f o r  1 minute. Unless  f r a c t u r e s ,  f a u l t s ,  o r  o t h e r  s t r u c t u r a l  d e f e c t s  a r e  
p r e s e n t ,  o i l  s h a l e  c o n s t i t u t e s  a h i g h l y  impervious system. 

Gas p e r m e a b i l i t y  was low i n  both  p lanes  of t h e  m i n e r a l  m a t r i c e s  f rom t h e  t h r e e  
low-yield o i l  s h a l e s  hea ted  t o  950' and 1,500"F.  The h i g h e s t  p e r m e a b i l i t y  measured 
was 8.02 m i l l i d a r c i e s .  This  w a s  i n  the  m i n e r a l  m a t r i x  from t h e  1 3 . 5 - g a l l o n - p e r - t o n  
o i l  s h a l e  cored p a r a l l e l  t o  t h e  bedding p l a n e  and hea ted  t o  1 ,500"F.  
may have c o n t r i b u t e d  t o  i t s  p e r m e a b i l i t y .  

Minute f r a c t u r e s  

Though p o r o s i t y  had more than  doubled a f t e r  a c i d  l e a c h i n g  t h e  m i n e r a l  m a t r i c e s  
from t h e  t h r e e  low-yield o i l  s h a l e s  hea ted  a t  950"F., p e r m e a b i l i t y  w a s  n o t  g r e a t l y  
i n c r e a s e d .  I n  f a c t ,  a n  i n c r e a s e  i n  p o r o s i t y  from 19.09 t o  42.90 p e r c e n t  i n  t h e  13 .5-  
g a l l o n - p e r - t o n  o i l  s h a l e  decreased  i t s  P e r m e a b i l i t y  from 4 .52  t o  2.82 m i l l i d a r c i e s .  
T h i s  may be a t t r i b u t e d  t o  a c i d - i n s o l u b l e  p a r t i c l e s  s e t  f r e e  d u r i n g  a c i d  leaching .  
These f r e e  p a r t i c l e s ,  i n  t u r n ,  could b lock  i n t e r c o n n e c t i n g  pores  under  gas  p r e s s u r e .  

S t r u c t u r a l  breakdown o f  t h e  minera l  m a t r i c e s  i n . a l . 1  o i l  s h a l e s  t h a t  exceeded 
1 3 . 5  g a l l o n s  of o i l  p e r  ton precluded p e r m e a b i l i t y  measurements. E x t e n s i v e  s t r u c -  
t u r a l  breakdown t h a t  o c c u r s  i n  many o i l  s h a l e s  a t  p r e r e t o r t i n g  t e m p e r a t u r e s  should 
be an asset  i n  t h a t  h o t  gases  a r e  permi t ted  a c c e s s  t o  t h e  i n t e r i o r  o f  o i l - s h a l e  
f ragments .  

Bulk Dens i ty  

The'bu1,k d e n s i t i e s  of t h e  seven o i l  s h a l e s  and o f  t h e i r  m i n e r a l  m a t r i c e s  hea ted  
t o  950' and 1,500"F.  a re ' shown i n  f i g u r e  9 .  
1.757 i n  t h e ' r a w  o i l s h a l e s ,  2:277 t o  1 . 1 4 2  i n  t h e  minera l  m a t r i c e s  hea ted  t o  950"F., 
and 2.078 t o  0 .972 i n  those~heated~to~l,500GF. 

B u l k  d e n s i t i e s  v a r i e d  f rom'2 .396  t o  

. .  
' ' CONCLUSIONS 

.. . , 

T h i s  s t u d y , e x t e n d s  o u r  knowledge of changes i n  p h y s i c a l  p r o p e r t i e s  t h a t  occur  
among o i 1 ; ' s h a l e s  of d i f f e r e n t  o r g a n i c  c o n t e n t  a f t e r  c o n t r o l l e d  h e a t i n g  t o  950" and 
1,500'F. i n  a s t r e s s - f r e e  environment .  The p h y s i c a l  p r o p e r t i e s  e v a l u a t e d ,  compres- 
s i v e  s t r e n g t h ,  p o r o s i t y ,  p e r m e a b i l i t y ,  weight  l o s s ,  b u l k  d e n s i t y ,  and s t r u c t u r a l  
deformat ion ,  a r e  s i g n i f i c a n t  t o  process ing .  
p r o p e r t i e s  r e s u l t  p r i n c i p a l l y  from the o i l  s h a l e s '  d i f f e r e n t  o r g a n i c  c o n t e n t s .  With 
i n c r e a s e  i n  o r g a n i c  c o n t e n t ,  the  i n o r g a n i c  cementat ion between m i n e r a l  p a r t i c l e s  
d e c r e a s e s  y i e l d i n g  o r g a n i c - f r e e  minera l  m a t r i c e s  o f  s i g n i f i c a n t l y  d i f f e r e n t  p h y s i c a l  

The wide d i f f e r e n c e s  i n  many of t h e s e  

I 
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p r o p e r t i e s  and s t r u c t u r a l  d e f o r m t i o n .  
s h a l e - o i l  Product ion;  however, on t h e  c o n t r a r y  t h e  same changes seem t o  have undes i r -  
a b l e  f e a t u r e s  which w i l l  p robab ly  impose d i f f i c u l t  e n g i n e e r i n g  problems on a n  i n  s i t u  
o p e r a t i o n .  

Some p h y s i c a l  changes appea r  t o  be a s s e t s  i n  

1 

. The d a t a  p re sen ted  s e r v e  a s  g u i d e l i n e s  p e r m i t t i n g  a more knowledgeable a p p r a i s a l  
of eng inee r ing  problems a s s o c i a t e d  w i t h  i n  s i t u  p r o c e s s i n g  and p e r m i t t i n g  a b e t t e r  
concept  of phys i ca l  and chemical  changes t h a t  occu r  i n  a mass of fragmented o i l  s h a l e  
a s  i t  i s  r e t o r t e d .  

' 

The obse rva t ions  from t h i s  i n v e s t i g a t i o n  a r e  based on s m a l l  samples  of o i l  s h a l e .  
A d d i t i o n a l  i n fo rma t ion ,  more n e a r l y  r e p r e s e n t a t i v e  of a c t u a l  f i e l d  c o n d i t i o n s ,  would 
be d e s i r a b l e  t o  supplement t h e s e  f i n d i n g s  and t h u s  e s t a b l i s h  more r e a l i s t i c  concepts .  
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MEMBERSHIP IN THE DIVISION OF FUEL CHEMISTRY 

The Fuel Chemistry Division of the American Chemical Society is an internation- 
ally recognized forum for scientists, engineers and technical economists con- 
cerned w i t h  the conversion of fuels to energy, chemicals, or other forms of fuel. 
Its-interests center on the chemical problems, but definitely include the 
engineering and economic aspects as well. 

Any chemist, chemical engineer, geologist, technical economist, or other 
scientists concerned with either the conventional fossil fuels, or the new high- 
energy fuels--whether he be in government, industry or independent professional 
organiLations--would benefit greatly from participation in the program of the 
Fuel Chemistry Division. 

The Fuel Chemistry Division offers at least two annual programs of symposia and 
general papers, extending over several days, usually at National Meetings of the 
American Chemical Society. These include the results of research, development, 
and analysis in the many fields relating to fuels which are so vital in today's 
energy-dependent economy. 
papers of their own, or participate in discussions with experts in their field. 
Most important, the Fuel Chemistry Division provides a permanent record of all of 
this material in the form of complete preprints. 

Starting in September 1959, the biennial Fuel Cell Symposia of the Division have 
been the most important technical meetings for chemists and chemical engineers 
active in this field. These symposia have all been published in book form. The 
recent landmark symposium on Advanced Propellant Chemistry is to be published in 
book form a lso .  Further, the Division is strengthening its coverage of areas of 

L 

I 

Members of the Division have the opportunity to present 

~ 
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In addition to receiving several volumes of preprints, each year, as well as 
regular news of Division activities, benefits of membership include: 
subscriptioh rates for "F'uel'l and "Combustion and Flame," (2) Reduced rates for 
volumes in the "Advances in Chemistry Series" based on Division symposia, and 
(3) The receipt card sent in acknowledgment of Division dues is good for $1.00 
toward a complete set of abstracts of all papers presented at each of the National 
Meetings. 

To join the Fuel Chemistry Division as a regular member, one must also be or 
herme R m m h s r  of the A m e r i c a n  Chemical Society. Those not eligible for ACS 
membership because they are not practicing scientists, engineers or technical 
economists in areas related to chemistry, can become Division Affiliates. They 
receive all benefits of a regular member except that they cannot vote, hold Office 
or present other than invited papers. Affiliate membership is of particular value 
to those in the infornational and library sciences who must maintain awareness of 
the fuel area. 
the United States are invited also to become Division Affiliates. 

Membership in the Fuel Chemistry Division costs only $4 per year, or $U for three 
years, in addition to ACS membership. 
j o i n i n g  ACS, is $10 per'year. 

(1) Reduced 

Non ACS scientists active in the fuel area and living outside of 

The cost for a Division Affiliate, Without 
For firther informtion, write to: 

Dr. Frank Rusinko, Jr., Secretary-Treasurer 
ACS Division of Fuel Chemistry 
c/o Speer Carbon Company 
St. ~ a r y s ,  Pennsylvania 15857 
Telephone: 814-834-2801 
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RECENT FUEL DIVISION SYMPOSIA 

Symposium on Gas Generation 
General Papers 

Symposium on Chemical Phenomena in Plasmas 
Symposium on Kinetics and Mechanisms of 
High Temperature Reactions 

Symposium on Pyrolysis and Carbonization of Coal 
Symposium on Mineral Matter in Coal 

Symposium on Advanced Propellant Chemist* 

Symposium on Fuel and Energy Economics 
General Papers 

Symposium on Hydrocarbon-Air Fuel Cells* 

Symposium on Coatings Based on Bituminous 
Materials 

General Papers 

Symposium on Fossil Fuels and Environmental 

Joint with the Division of Water, Air, and 
Pollution 

Waste Chemistry 

Symposium on Pyrolysis Reactions of Fossil Fuels 
Joint with the Division of Petroleum Chemistry 

* To be published by Advances in Chemistry. 
Published by Academic Press, Inc. 

PROJECTED PROGRAMS 

osium on Chemical Reactions in Electrical Discharges 
int with Division of Physical Chemistry 

ium on Electrochemical Reactions in Solution 

t with Divisions of Physical Chemistry and Analytical 
emistry and in cooperation with Electrochemical Society 
st Yeager, Chairman 

sium on Detonations and 3eactions in Shock Waves 
nt vith Division of Physical Chemistry 
W. Van Dolah, Chairman 

osium on Advances in Spectrometry of Fuels and 
lated Materials 
int with Division of Analytical Chemistry 

osium on Fuel Cell Technology 

(Tentative; may be Spring 1968) 

hberal Papers 
Zhing WeNier, Program Chairman 

Presented At 
Philadelphia, Pa. 
April, 1964 

Philadelphia, Pa. 
April, 1964 

Chicago, Illinois 
August, 1964 

Detroit, Michigan 
April, 1965 

April, 1965 
Detroit, Michigan 

Atlantic City, N. J. 
September, 1965 

Atlantic City, N. J. 
September , 1965 

Pittsburgh, Pa. 
March, 1966 

Pittsburgh, Pa. 
March, 1966 

Miami Beach, Fla. 
April, 1967 

Miami Beach, Fla. 
April, 1967 

Chicago, Illinois 
September, 1967 

Chicago, Illinois I 

September, 1967 

Chicago , Illinois 
September , 1967 

Chicago, Illinois 
SepTember , 1967 

Chicago, Illinois 
September, 1967 
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