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ABSTRACT 

An organic s a l t  mixture has been developed that has a high 
absorbing capacity for sulfur dioxide. Upon testing i n  flue gas 
atmospheres it appears t o  be very effective i n  the comparatively 
complete removal of  So;! from stack gases, w i t h  reasonable loading 
efficiencies and contacting characteristics. The inorganic sa l t s  
are  a fluid with a very l o w  viscosity at the normal stack gas tem- 
peratures of f’rom 250 t o  450 F. The vapor pressure of this  melt is 
i n  the neighborhood of 105 mm, and thus vapor pressure losses would 
be m i n i m a l .  
and can be easily separated from a fly ash slurry. The SO2 can be 
regenerated from the  absorbed melt i n  a conventional manner. It 
appears that th i s  solvent could provide an improved and lower cost 
SO2 scrubbing system than others currently being tested. 

The salts are also apparently unaffected by fly ash, 
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INTRODUCTION 

Inf rared  and Raman i n v e s t i g a t i o n s  of i n t r a c t a b l e  carbonaceous materials such 
as  carbon blacks,  coal  chars ,  a c t i v a t e d  carbons, and graphi te ,  have not  been pos- 
s i b l e  i n  the  p a s t .  F r i e d e l  and Hofer have succeeded i n  o b t a i n i n g  a n  i n f r a r e d  
transmission spec rum of  one of  the  most d i f f i c u l t  o f  these ,  a coal-based a c t i v a t e d  

techniques. Extensive and e f f i c i e n t  gr inding  were found to b e  important .  There 
a r e  o ther  carbonaceous m a t e r i a l s ,  both more and l e s s  t r a c t a b l e  than a c t i v a t e d  car -  
bon; the l i t e r a t u r e  con a i n s  i n f r a r e d  s ec ra of  formidable mate ia l s  such as 
pyro ly t ic  chars ,  2 3 3 j 4 9 5 5  carbon blacks,- % 7F and coa l  chars .  2,8,9> Coals should 
a l so  be mentioned here  though they a r e  e a s i e r  t o  work with;  it i s  p o s s i b l e  t o  ob- 
t a i n  food t r a n  mission spec t ra  of  coa ls  with absorpt ion i n t e n s i t i e s  up t o  80 per- 
cent .  ,9y10,117 The a t tenuated  t o t a l  r e f l e c t a n c e  method (ATR) i s  a l s o  s u i t a b l e  
f o r  obtaining inf ra red  spec t ra  of coa ls ;  J .  S .  Mattson i n  r e c e n t  unpublished work 
has obtained a spectrum of P i t t s b u r g h  c o a l  by t h e  ATR method ( p r i v a t e  communica- 
t i o n ) .  Also,  Mattson e t  a l .  have publ ished s p e c t r a  o f  sorba tes  on a c t i v a t e d  car -  
bon using the ATR method.-/ 

carbon (Fig. l),- 15 by t h e  use  o f  appropr ia te  sample prepara t ion  and instrumental  

Raman s p e c t r a  of carbonaceous m a t e r i a l s  have been very d i f f i c u l t  t o  ob ta in  b e -  
cause of  the lack ,  u n t i l  r e c e n t l y ,  of appropr ia te  l a s e r  l i g h t  sources .  Tuins r a  
and Koenig have now reported Raman s p e c t r a  of  graphi te  and var ious  c a r b o n s . d  We 
have obtained Raman spec t ra  of c o a l s  and o t h e r  carbonaceous m a t e r i a l s  t h a t  a r e  
reported i n  t h i s  a r t i c l e .  In n e a r l y  a l l  spectroscopic  s t u d i e s  of  organic  o r  inor- 
ganic mater ia l s  it is d e s i r a b l e  t o  obta in  laser-Raman spec t ra  along w i t h  inf ra red  
spec t ra .  
s t r u c t u r a l  information when used toge ther .  

The two methods a r e  completely complementary and can provide considerable  

Inf ra red  transmission measurements on KBr p e l l e t s  of  var ious  carbonaceous 
mater ia l s  have produced good spec t ra .  Accordingly at tempts  were made t o  obta in  
spec t ra  of  the most d i f f i c u l t  carbonaceous substance--graphi te .  The i n f r a r e d  
absorpt ion of graphi te  was f i r s t  s tud ied  by Canno*/ who inves t iga ted  a t h i n  min- 
e r a l  o i l  mull of graphi te .  No s p e c t r a l  bands were observed; absorp t ion  was essen- 
t i a l l y  t h e  same throughout the  5,000-650 cm-I i n f r a r e d  range. No s p e c t r a l  inform- 
a t i o n  was obtainable  from such d a t a .  

Another unsuccessful a t tempt  w a s  made t o  obta in  absorp t ion  s p e c t r a  of  graphi te  
i n  the i n f r a r e d  ( F r i e d e l ,  unpublished work). 
powdered graphi te  on s o f t  polyethylene which re ta ined  the g r a p h i t e  a s  a film; no 
s p e c i f i c  in f ra red  absorpt ion was found. However, absorp t ion  and r e f l e c t a n c e  bands 
were found i n  the  u l t r a v i o l e t  region with f i lms ofi g r a p h i t e  on s o f t  po lye thylene . lb /  

Samples were prepared by rubbing 

1 
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Inf ra red  s t u d i e s  of  p o l y c r y s t a l l i n e  graphi te  have been c a r r i e d  out  by Fos te r  

r e f r a c t i v e  and absorpt ion ind ices  from 1 t o  and Howarth who determined spec t ra  o 
10 microns by a r e f l e c t i o n  m e t h o d d  One weak absorp t ion  peak was observed a t  
C* 1300 cm-1, superimposed on a broad band extending from 1 t o  10 microns. Coals 
were a l s o  inves t iga ted ;  t h e  s p e c t r a  obtained were d i f f u s e  and not  a s  informative 
a s  the  conventional absorp t ion  s p e c t r a  of c o a l s .  

EXPERIMENTAL 

For the  present  i n v e s t i g a t i o n  of absorpt ion s p e c t r a  of carbon b lack ,  ac t iva ted  
carbons and ground g r a p h i t e  i n  the  4,000-250 cm-I i n f r a r e d ,  we appl ied the  sample 
prepara t ion  technique t h a t  was s c c e s s f u l  with a c t i v a t e d  carbons, namely, very ex- 
tens ive  and e f f i c i e n t  gr inding  .Ly P a r t i a l  s p e c t r a  were obtained a f t e r  gr inding for  
24 hours but  f o r  b e t t e r  development of t h e  spectrum many more hours of gr inding 
were required.  A s  noted elsewhere it was necessary t o  u t i l i z e  a very small sample, 
a s  a l a r g e  sample s o f t e n s  the blow of t h e  b a l l  bear ings used f o r  gr inding i n  a 
small s t e e l  capsule . l /  It is  obvious t h a t  much more extensive gr inding would be 
required f o r  graphi te  because of  i t s  good l u b r i c a t i n g  c h a r a c t e r i s t i c s .  Grinding 
f o r  96 hours  developed a reasonably good inf ra red  spectrum (Fig.  2 ) .  The advan- 
tageous e f f e c t  of gr inding  is  i l l u s t r a t e d  i n  Figure 3 by the  improvement i n  r e s o l -  
u t  ion.  

The d i f f i c u l t y  of gr inding  carbonaceous m a t e r i a l s  increases  i n  t h i s  order: 
Coals, low-temperature c h a r s ,  carbon blacks (Fig. 4 ) ,  a c t i v a t e d  carbons (Fig. 4 ) ,  
carborundum, and g r a p h i t e .  S p e c t r a l  r e s o l u t i o n  i n  a l l  cases  improved with gr ind-  
ing; without  extensive gr inding ,  s c a t t e r i n g  d i f f i c u l t i e s  were formidable and only 
poor reso lu t ion  condi t ions  could be used. 

Perkin-Elmer ins t ruments ,  PE-21 and PE-521 were used t o  obta in  inf ra red  suec- 
t ra .  Transmission s p e c t r a  of KBr p e l l e t s  o f  the carbonaceous m a t e r i a l s  were recorded. ( 

Laser-Raman s p e c t r a  w e r e  obtained on a Cary 81 instrument. Coal spec t ra  were 
obtained on both powders and highly pol ished s o l i d  pieces;  analyses  of the  coa ls  
a r e  given i n  Table 1. Powdered samples of  carbon blacks and a c t i v a t e d  carbons were 
s tud ied .  Graphite was s t u d i e d  both i n  t h e  form o f  a ground powder and a s  a s o l i d  
p iece  of Union Carbide h ighly  or ien ted  p y r o l y t i c  graphi te .  A l i s t  of m a t e r i a l s  
s tud ied  i s  given i n  Table 1. I 

Lasers  used: (1)  Spectra-Physics ,  141 Argon-ion; power de l ivered  t o  the  sample [ i s  40 m i l l i w a t t s .  
35 m i l l i w a t t s .  

(2) Spectra-Physics ,  125 H e - N e ;  power de l ivered  t o  the  sample i s  

/ 

DISCUSSION OF RESULTS 

1. Graphite and Carbons 

The extensive gr inding  appl ied  t o  graphi te  reduces t h e  sample t o  minute par-  
t i c l e  s i z e s  on which u s e f u l  i n f r a r e d  t ransmission measurements were obta inable .  
The process works a l s o  f o r  var ious carbon b lacks ,  a c t i v a t e d  carbons, and carbor- 
undum. 
those found f o r  the v a r i o u s  carbons. By the  c r i t e r i o n  of X-ray d i f f r a c t i o n  p a t -  
t e r n s ,  it is apparent t h a t  the mater ia l s  measured a r e  not c r y s t a l l i n e  graphi tes .  
Under extensive gr inding  g r a p h i t e  l o s e s  the  c h a r a c t e r i s t i c  X-ray d i f f r a c t i o n  
peak&/. Nevertheless the i n f r a r e d  s p e c t r a  obtained on ground graphi te  provide 
information concerning t h e  molecular s t r u c t u r e s  involved. 
a l t e r e d  by the  gr inding ,  t h e  disappearance of c r y s t a l l i n i t y  does not  mean t h a t  
t h e  carbon-carbon bondings i n  the  o r i g i n a l  graphi te  a r e  a l t e r e d .  The gr inding 
opera t ion  does n o t  in t roduce  s u f f i c i e n t  energy i n t o  t h e  system t o  break s i g n i f i -  

The frequencies  found f o r  ground graphi te  a r e  e s s e n t i a l l y  the  same a s  

Altbough graphi te  i s  
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c a n t  numbers of carbon-carbon bonds nor  t o  produce r e a c t i o n s  t h a t  would change the 
g r a p h i t i c  s t r u c t u r e .  
g raphi te  a f t e r  extensive gr inding i s  indeed c h a r a c t e r i s t i c  of  t h e  unsa tura ted  
molecular s t r u c t u r e  of graphi te  (Fig. 2 ) .  
a t  1565 and 1382 cm-l a f t e r  72 hours o f  gr inding .  
hours t h e  two bands become s t ronger  and s h a r  e r ,  a s  shown i n  Figure 3, and the  f re -  
quencies s h i f t  s l i g h t l y  t o  1587 and 1362 cm-! (Table 2 ) .  I n  a d d i t i o n  t o  these  two 
absorp t ion  bands o f  graphi te  t h e r e  is a weak absorp t ion  band a t  830 cm-I and an- 
o t h e r ,  possibly a combination band, a t  2200 cm-l. 

those reported by Tuinstra  and Koenig.E/  The r e s u l t s  i n d i c a t e  f o r  g r  und graphi te  
one in tense  s c a t t e r i n g  band a t  1575 c m - I  and a weaker band a t  1355 cm- . 
and Koenig assigned these  f equencies  t o  t h e  E2g and t h e  A 1  

a t  1587 and 1362 cm-l compare reasonably w e l l  wi th  t h e  Raman bands. F u r t h e r ,  the 
inf ra red  maximum of  the  s t r o n g e s t  band s h i f t s  from 1565 t o  1587 a s  p a r t i c l e  s i z e s  
decrease with gr inding.  Tuins t ra  and Koenig found t h a t  a c l o s e l y  s i m i l a r  s h i f t  
occurred i n  the  Raman s p e c t r a  wi th  decreasing p a r t i c l e  s i z e s .  The i n f r a r e d  bands 
were obtained on ground graphi te  f o r  which X-ray measurements i n d i c a t e  t h a t  t h e  
t y p i c a l  f i n e  s t r u c t u r e  of  c r y s t a l l i n e  graphi te  has  disappeared.  And y e t ,  the  f re -  
quencies observed a r e  p r a c t i c a l l y  t h e  same a s  those of t h e  Raman bands. It appears 
t h a t  the observed i n f r a r e d  and Raman spec t ra  are n o t  r e l a t e d  t o  the  c r y s t a l l i n i t y  
of  graphi te .  Perhaps v i b r a t i o n s  of t h e  "aromatic" s t r u c t u r e  of g r a p h i t e ,  c r y s t a l -  
l i n e  o r  non-crys ta l l ine ,  a r e  responsible  f o r  t h e  observed s p e c t r a .  

Therefore  i t  is  considered t h a t  the  i n f r a r e d  spectrum o f  

Two broad i n f r a r e d  bands were observed 
With continued gr inding  t o  120 

These inf ra red  frequencies  a r e  ve similar t o  our laser-Raman r e s u l t s  and to  

Tuins t ra  
modes r e s p e c t i v e l y  of 

P 
c r y s t a l l i n e  graphi te  wi th  D6h r c r y s t a l  symmetry. The two i n f r a r e d  bands t h a t  w e  f ind 

The weak inf ra red  bands found a t  830 and 2200 cm-' a r e  not  reported f o r  the 
Raman spec t ra .  It i s  l i k e l y  t h a t  t h e  2200 band i s  a comb'nation band r e s u l t i n g  
from the 830 and t h e  1362 cm-l bands which t o t a l  2212 cm- . 
ably c l o s e  to  the  observed 2200 cm-l. 
matic impurity i n  graphi te .  However, t h i s  would then remove the  p o s s i b i l i t y  of  
ass igning  the 2200 cm-l band a s  a combination. 
graphi te  may have a l i n e  a t  830 cm-l, corresponding t o  the  i n f r a r e d  absorp t ion  a t  
830 cm-l; there  i s  i n t e r f e r r i n g  absorpt ion a t  800 cm-I due t o  a g l a s s  prism used 
i n  the Raman o p t i c a l  system of  the  Cary 81 instrument a t  Carnegie-Mellon Universi ty .  

2 .  New Assignments i n  Coal Spectra  

i This va lue  i s  reason- 
The 830 cm-' band could be due t o  an a ro-  

The Raman spectrum of ground 

The appl ica t ion  of  in f ra red  and Raman spec t ra  t o  t h e  study of i n t r a c t a b l e  
'carbonaceous mater ia l  has  produced information valuable  t o  researchers  involved 
i n  s t u d i e s  of the  s t r u c t u r e  of  c o a l .  Spec t ra l  f requencies  a r e  p r i n c i p a l l y  ass ign-  
ab le  t o  func t iona l  groups but  some o f  t h e  important s p e c t r a l  f e a t u r e s ,  no t  ass ign-  
a b l e  t o  func t iona l  groups, have been involved i n  considerable  conjec ture  concern- 
ing proper assignments. There has  been much disagreement i n  t h e  case of the  1600 
cm-l in f ra red  band, the most i n t e n s e  band i n  coa l  spec t ra .  
of Cannon and S u t h e r l a n d g i  t h e  1600 cm-I inf ra red  band was usua l ly  ass igned t o  
aromatic s t r u c t u r e s ,  thought t o  be mainly 1-, 2 - ,  and 3- r ing  compounds. 
and F r i e d e l l  independently proposed t h a t  the band is  ass ignable  t o  conjugated,  
chelated carbonyl s t r u c t u r e s ;  d e r i v a t i y g r  of ace ty lace tone  a r e  known t o  have very 
s t r o n  Fr iede l  and Durie, and t h e i r  coworkers, 
20,217 and F u j i i ,  e t  a l . , G /  have made f u r t h e r  s t u d i e s  of the  1600 cm-1 band using 
chemical methods along with i n f r a r e d  t o  s u b s t a n t i a t e  the  conjugated che la ted  G O  
s t r u c t u r e .  Oxygen-18 labe led  chars  were s tudied i n  a n  unsuccessful  e f f o r t  t o  
prove t h a t  oxygen atoms were p a r t  of  the s t r u c t u r e  involved i n  the  1600 cm-1 
band 

A f t e r  t h e  i n i t i a l  work 

Browdl  

and broad bands near  1600 cm-l.- 
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Table 1.- Coal analyses;  g r a p h i t e s  and carbons 

Coals 

L i g n i t e  (see Table  3 )  

Subbituminous 

hvBb 

hvAb (Ohio) 

hvAb (Pennsylvania) 

1 vb 

Anthrac i te  

C 

74.2 

- 

78.7 

80.5 

82.4 

83 .1  

90.0 

94.2 

N - 0 

4.5 19 .4  1.3 

5.5 13.3 1 .6  

5.5 8.7 1 .9 

5 . 4  8.5 1.3 

5.6 8 . 7  1.3 

4 .5  3 . 4  1 . 5  

2.7 1.7 0 . 8  

- H - - S (wt .percents)  

0.6 

0.9 

3 . 4  I 

2.4 

1 . 3  

0.6 

0.6 

Graphi te  and carbon samples inves t iga ted  

P y r o l y t i c  graphi te ,  h i g h l y  o r i e n t e d  piece (Union Carbide & Carbon) 

Graphite powder (Ul t ra  Carbon) 

Act ivated carbon, coal-base (CAL Carbon) 

Act ivated carbon, cocoanut-base (UCC carbon) 

Carbon black from c o a l  (Bureau o f  Mines) 

Channel black (Micronex) 

Table 2 . -  I n f r a r e d  and Raman frequencies  of Eraphi te  ( i n  cm-l) 

Raman 1582 1360 

I n f r a  red 1587 1362 830 (w) 2200 (w) 
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Aromatics and/or chelated carbonyls have seemed f o r  some time to  be t h e  most 

l i k e l y  p o s s i b i l i t i e s  t o  produce the  1600 c m - l  band. However, a l l  p o s s i b l e  s t r u c -  
t u r e s  have n o t  been inves t iga ted .  S t ruc tures  t h a t  were seldom considered a r e  in-  
cluded i n  t h e  group of  i n t r a c t a b l e  carbonaceous mater ia l s - -graphi te ,  carbons, and 
a c t i v a t e d  carbons. 
u n t i l  r e c e n t l y .  For coa ls ,  i n  a d d i t i o n  to  i n f r a r e d  r e s u l t s ,  t h e  au thors  have 
obtained Raman r e s u l t s  on seven c o a l s  t h a t  show two broad l i n e s  i n  each sample in  
the 1575-1620 and 1350-1400 cm-1 regions.  
(Table 3 ) .  

The i n f r a r e d  and Raman s p e c t r a  of  these  have not  been a v a i l a b l e  

Other weak l i n e s  have a l s o  been found 

The Raman spec t ra  of carbons and graphi te  obtained by Tuins t ra  and K o e n i g j  
have the  c h a r a c t e r i s t i c  Raman l i n e s  a t  1575-1590 and 1355 c m - l ;  they a l s o  found 
t h a t  a s i n g l e  c r y s t a l  of g r a p h i t e  gave only one Raman l i n e  a t  1575-1590 cm-'. 
p resent  au thors  have found a s i n g l e  Raman l i n e  a t  1582 cm-1 f o r  a h i g h l y  or ien ted  
p y r o l y t i c  graphi te .  We have succeeded i n  obta in ing  good i n f r a r e d  s p e c t r a  f o r  
graphi te  and carbons; p r a c t i c a l l y  t h e  same frequencies  appear i n  both i n f r a r e d  and 
Raman spec t ra .  

The 

It has long been necessary t o  find a n  assignment f o r  s p e c t r a l  absorp t ion  t h a t  
e x i s t s  i n  the  important CH bending region,  1540-1370 c m - l ;  it has  been known since 
1959 t h a t  completely deutera ted  chars  s t i l l  show broad r e l a t i v e l y  in tense  absorp- 
t i o n  i n  t h i s  region,  even though CH groups a r e  not  p r e s e n t . 3 1  Spectra  of graph- 
i t i c  s t r u c t u r e s  have t h e i r  f requencies  i n  the proper region and may be t h e  proper 
explanat ion f o r  t h i s  unknown absorpt ion.  I n t e n s i t i e s  a r e  important f a c t o r s  i n  the 
assignment f f  in f ra red  bands and Raman l i n e s .  The i n t e n s i t y  of  t h e  i n f r a r e d  band 
a t  1600 cm-  i n  t h e  spectrum of  ground g r a p h i t e  is  h igh ,  even with t h e  low resolu-  
t i o n  required f o r  making t h e  measurements. Actual ly  t h e  maximum absorbance of the 
-1600 cm-1 band is  about t h e  same as the 1600 cm-1 band i n  c o a l s .  
i s  very f r e a t ,  so t h e r e  i s  p len ty  o f  absorp t ion  i n t e n s i t y  i n  t h e  region o f  the  
1600 cm- 

Area i n t e n s i t y  

band to  j u s t i f y  assignment t o  g r a p h i t i c  s t r u c t u r e s .  

Raman spec t ra  have been run on a v a r i e t y  of c o a l s ,  both powders and h i g h l y  
pol ished p ieces .  It seems reasonable to  expect  t h a t  the  Raman and i n f r a r e d  spec- 
t r a  of complex mater ia l s  l i k e  c o a l s  should have about the  same number of s p e c t r a l  
f requencies .  We observe near ly  20 bands and band shoulders  i n  i n f r a r e d  s p e c t r a  
but  only two broad l i n e s  i n  Raman spec t ra  of  c o a l s .  Perhaps the small  number of 
Raman l i n e s  i s  due t o  l a s e r  degradat ion o f  the  samples by t h e  beam. We a r e  not  
y e t  c e r t a i n  how d r a s t i c a l l y  combustible m a t e r i a l s  such a s  c o a l s  are a f f e c t e d  by 
the  in tense  i r r a d i a t i o n  from a laser beam. W e  f ind  no evidence of  combustion of  
'the coa l ;  no t a r  o r  smoke i s  produced. However, degradat ion of the  samples does 
occur ,  a s  ind ica ted  by a spot  t h a t  appears on the pol ished sur face  o f  each coa l  
specimen a s  a r e s u l t  of the  i r r a d i a t i o n .  The Raman s p e c t r a  w e  observe might be 
s p e c t r a  of carbonized coal  r a t h e r  than of c o a l .  

The bands a t  about 1600 cm-l i n  i n f r a r e d  and Raman spec t ra  of  g r a p h i t e ,  car -  
The 1600 c m - l  band has  been known from i n f r a -  bons and c o a l s  a r e  not  s u r p r i s i n g .  

red spec t ra  o f  coals  f o r  a long time. However, the  1360 cm-l band appears  t o  be 
anomalous a t  f i r s t  glance. There i s  no corresponding band i n  t h e  i n f r a r e d  spectrum 
of  coa ls .  The peak of the  band i s  a t  1360, bu t  the  o v e r a l l  width of  the band i s  
very great--much g r e a t e r  than t h e  width of the  1600 cm-l band. I n  f a c t  t h e  combin- 
a t i o n  of the  1600 and 1360 bands extends from 1800 t o  900 cm-1. F igure  5 demon- 
s t r a t e s  the c l o s e  comparison of absorp t ion  band i n t e n s i t y  and band shape i n  t h e  
s p e c t r a  of  coa l  and ground graphi te .  The frequency range covered by the two com- 
bined bands, 1600 and 1360 cm-l, is almost i d e n t i c a l l y  t h e  same a s  t h e  range found 
i n  coa l  s p e c t r a ,  namely 1800-900 cm-l. Also t h e  low-frequency branch of t h e  band 
t a i l s  o f f  gradual ly  from 1360 t o  900 cm-1; the high-frequency p o r t i o n  of t h i s  
broad band system drops o f f  prec ip i tous ly  from 1800 t o  1600 cm-l. 
the  same th ing  i s  observed i n  coa l  s p e c t r a ,  with t h e  except ion t h a t  superimposed 

I d e n t i c a l l y  
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Figure 1 . -  Infrared spectra of  Pittsburgh act ivated carbon, type CAL. 
Spectrum a: KBr p e l l e t ,  0.5 w t  % carbon i n  200 mg of KBr; 
spectra b ,  c ,  d ,  e :  sca le  expansions of  spectrum a ,  a t  
3 X ,  5.5X, 14X, and 21X, respect ive ly .  
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Figure 2 . -  Infrared spectra of  graphite a f t e r  grinding for 96 hours. 
Bottom curve,  a s  i s ;  top  curve i s  scale-expanded. 
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Figure 3 .- Infrared s p e c t r a l  i n t e n s i t i e s  o f  ground graphi te  increase  w i t h  
e f f i c i e n t  gr inding.  
a f t e r  gr inding f o r  the  times ind ica ted .  
and E a r e  scale-expanded. 

Aliquots  were removed from the  sample 
Spectra  B ,  C, D ,  
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Figure 5 L-11860 

Figure 5 .  - Infrared spec t ra  i n d i c a t e  t h e  , c l o s e  s i m i l a r i t y  of t h e  i n t e n s e  
absorpt ion regions from 1800 t o  900 cm-I f o r  P i t t s b u r g h  
coal  -, and ground graphi te  - - - -. 
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on t h i s  broad band system i n  coa l  s p e c t r a  a r e  M bands a t  1460 and 1375 cm-l and 
broad absorp t ion  usua l ly  a t t r i b u t e d  t o  phenol ic  s t r u c t u r e s  a t  1250 cm-1.  The 
absorpt ion due t o  phenoxy groups a t  1250 cm-l, presumably phenols ,  i s  probably 
very weak, and t h e  major absorpt ion i s  l i k e l y  due t o  t h e  g r a p h i t i c  s t r u c t u r e .  
The o v e r a l l  s t r u c t u r e  of  t h i s  wide band system, 1800-900 c m - 1 ,  h a s  always been a 
mystery. 
p l e t e l y  t o  the  obvious bands a t  1460, 1375, and 1250 cm-'. The broad s t r u c t u r e  
center ing  on 1250 cm-l has  usua l ly  i n  t h e  p a s t  been assigned t o  phenol ic  s t r u c -  
t u r e s ,  but t h i s  assignment never made p a r t i c u l a r  sense because t h e r e  a r e  n o t  
tremendous concentrat ions of  phenols i n  c o a l s .  It makes more sense t o  a s s i g n  a 
small amount of t h i s  1800-900 cm-l absorp t ion  to  phenol ic  and CH s t r u c t u r e s  and 
t h e  major p o r t i o n  of  t h e  absorp t ion  t o  the g r a p h i t i c  s t r u c t u r e s .  

The broad, in tense  i n f r a r e d  band a t  -1360 cm-' has  been a t t r i b u t e d  COUP 

I n  s t u d i e s  of  i n f r a r e d  spec t ra  o f  c o a l s  an anomaly involving t h e  i n t e n s i t i e s  
of a l i p h a t i c  M s t r e t c h i n g  and bending frequencies  has  remained unsolved u n t i l  now. 
The a l i p h a t i c  CH s t r e t c h i n g  frequency i n  s p e c t r a  of organic  substances n e a r l y  
always produces a more in tense  band than the  CH bending frequencies;  i n  coa l  spec- 
t ra ,  however, t h e  i n t e n s i t i e s  are reversed.  We can now see t h a t  t h e  bending f r e -  
quencies have g r e a t e r  apparent  i n t e n s i t y  because o f  i n t e n s e  broad absorp t ion  pro- 
duced i n  t h i s  s p e c t r a l  region by "graphi t ic"  components. 

S p e c i f i c a l l y ,  we are ass igning  the  1800-900 c m - l  absorp t ion  mainly t o  graph- 
i t i c  s t r u c t u r e s .  Aromatics cannot3be excluded,.and small amounts are known t o  be 
present ,  but  these cannot account f o r  the broad 1800-900 c m - l  absorp t ion  near ly  
as wel l  a s  h ighly  absorbing g r a p h i t i c  s t r u c t u r e s .  

Al ipha t ic  s t r u c t u r e s  such a s  quaternary carbon atoms i n  diamond-type s t r u c -  
t u r e s  need t o  be considered. resence i n  c o a l s  and carbons o f  diamond-like 
s t r u c t u r e s  w a s  proposed i n  195?g7 The presence o r  absence of such s t r u c t u r e s  
has remained debatable;  t h e  new s p e c t r a l  d a t a  presented h e r e i n  provide some inform- 
a t i o n  on t h i s  p o i n t .  The i n f r a r e d  measurements on diamonds i n d i c a t e  t h a t  two kinds 
of  spec t ra  exist: 
reg ions ,  4000 t o  1800 cm- and 1400 t o  1000 ern-'; (2) Type I1 diamonds have only 
t h e  one absorpt ion region,  4000 t o  1800 cm-l; i t  is s i g n i f i c a n t  t h a t  Type I1 
diamo d have e s s e n t i a l l y  no absorp t ion  a t  f requencies  from 1800 t o  a t  least  400 
cm-1 .b7  Type I1 diamonds a r e  i n  f a c t  used a s  t ransparent  c e l l  windows f o r  spec- 
i a l  in f ra red  c e l l s .  
1290 cm-', has  a very small absorp t ion  c o e f f i c i e n t ,  0.0039 l i t e r  /gm cm. The cor- 
responding c o e f f i c i e n t  f o r  the  1600 c m - l  band i n  coa l  s p e c t r a  is  0.49 l i ter/@ cm. 
Thus, i f  t h e  carbon atoms o f  coa l  were a l l  i n  diamond s t r u c t u r e s ,  these s t r u c -  
t u r e s  could account for no more than .0039/.49 x 100 or 0.8 percent  of  the  ob- 
served absorpt ion.  The remaining absorp t ion ,  99.2 percent ,  would have t o  come 
from some o ther  source. 
absorp t ion  i n  t h e  s p e c t r a  of c o a l s  and carbons a t  1600 and 1360 cm-l t o  s t rongly  
absorbing g r a p h i t i c  s t r u c t u r e s .  

(1) Tyye I diamonds have i n f r a r e d  absorp t ion  i n  two s p e c t r a l  

The most i n t e n s e  absorp t ion  band observed f o r  diamonds, 

This  evidence supports  our assignment of  t h e  i n t e n s e  

By t h i s  assignment spec t roscopis t s  have near ly  gone f u l l  c i r c l e  i n  two 
decades from assigning the  1600 c m - l  band t o  aromatic s t r u c t u r e s ,  then t o  conju- 
gated chelated carbonyls ,  and l a s t l y ,  to  a g r a p h i t i c  s t r u c t u r e .  
of  the  long unknown source of the  absorp t ion  from 1800 t o  900 cm-l i s  very import- 
a n t .  This  s p e c t r a l  region was the  p r i n c i p a l  remaining unknown absorp t ion  i n  coal  
spec t ra .  The presence of a g r a p h i t i c  type ,  non-crys ta l l ine  s t r u c t u r e  i s  a most 
important cont r ibu t ion  t o  the  study of coa l  s t r u c t u r e .  Graphi t ic  s t r u c t u r e s  w i l l  
almost c e r t a i n l y  remain behind a f t e r  thermal reac t ions  l i b e r a t e  v o l a t i l e  mater ia l s ;  
it i s  obvious t h a t  g r a p h i t i c  s t r u c t u r e s ,  c r y s t a l l i n e  o r  amorphous, w i l l  n o t  be vol -  
a t i l e  nor e x t r a c t a b l e .  

The assignment 
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It i s  q u i t e  p o s s i b l e  t h a t  the components emit ted from c o a i  under coking condi- 

t i o n s  o r  o t h e r  thermal condi t ions  may be m a t e r i a l s  t h a t  w e r e  trapped i n  t h e  molec- 
u l a r  s ieve  s t r u c t u r e  o f  c o a l .  Anderson a t  the  U.S. Bureau of Mines f i r s t  demon- 
s t r a t e d  t h a t  coals  a r e  molecular  sieves.%/ Vahrman has  r e c e n t l y  s t a t e d  t h a t  from 
h i s  work on exhaust ive e x t r a c t i o n  he be l ieves  the  e x t r a c t a b l e  organic  components 
of coa ls  a r e  re leased from molecular s ieve  s t r u c t u r s x l  
may c o n s t i t u t e  t h e  r e s i d u e s  t h a t  remain behind a f t e r  e x t r a c t i o n  o r  carbonizat ion.  
Apparently no s t u d i e s  have been made on carbonaceous res idues  t o  a s c e r t a i n  whether 
o r  not  they a l s o  possess  p r o p e r t i e s  of molecular s i e v e s .  

Molecular s ieve  s t r u c t u r e s  

SUMMARY 

I n f r a r e d  and Raman s p e c t r a  o f  t h e  i n t r a c t a b l e  carbonaceous materlals a r e  d i f -  
f i c u l t  t o  ob ta in .  For c o a l s ,  carbon b lacks ,  and chars  prepared a t  low tempera- 
t u r e s  i n f r a r e d  s p e c t r a  have been obtained with r e l a t i v e  ease .  Act ivated carbons 
a r e  d i f f i c u l t  to gr ind down t o  small p a r t i c l e  s i z e s ,  and only r e c e n t l y  have good 
inf ra red  t ransmission s p e c t r a  been obta ined .  More d i f f i c u l t  m a t e r i a l s  have now 
been successfu l ly  s tud ied  by the  t ransmission i n f r a r e d  method--most notably 
ground graphi te ,  high-temperature  carbons, high-temperature chars ,  and carborundum. 
Af te r  long gr inding g r a p h i t e  l o s e s  i t s  c r y s t a l l i n i t y  but  the  molecular s t r u c t u r e  
of t h e  carbon matrix a p p a r e n t l y  remains unchanged; broad, in tense  i n f r a r e d  bands 
a r e  observed a t  about  1590 and 1360 c m - I  f o r  ground g r a p h i t e  and f o r  some a c t i -  
vated carbons. 

The frequencies  o f  t h e  t w o  broad inf ra red  bands a r e  i n  e x c e l l e n t  agreement 
with t h e  frequencies  of t h e  two laser-Raman l i n e s  found f o r  var ious carbons: 
-1600 and 1360 cm-'. 
and g r a p h i t e s .  However, t h e  s i m i l a r i t y  of these laser-Raman s p e c t r a  i n d i c a t e  i n  
the  case of coal  t h a t  w e  may  be  observing the  spectrum o f  carbonized coa l  r a t h e r  
than of  coal :  Coal may burn o r  carbonize i n  t h e  l a s e r  beam. 

The laser-Raman s p e c t r a  are the same f o r  c o a l s ,  carbons, 

I n  t h e  l i g h t  of  these new s p e c t r a l  r e s u l t s ,  reassignment of  some bands i n  
the  i n f r a r e d  spec t ra  o f  c o a l s  has  become necessary.  Graphi te - l ike  s t r u c t u r e s  (non- 
c r y s t a l l i n e )  a r e  bel ieved t o  be  respons ib le  f o r  the  broad 1600 cm-1 band i n  c o a l s ,  
and the  broader 1360 cm-l band, which appear to f i t  c l o s e l y  the  broad band con- 
t o u r  from 1800 t o  900 c m - l  i n  the i n f r a r e d  s p e c t r a  of c o a l s .  
the  1600 and 1360 cm-l bands i n  ground g r a p h i t e  a r e  more than s u f f i c i e n t  t o  ac-  
count for  the  band i n t e n s i t i e s  observed i n  t h e  s p e c t r a  of  c o a l s  and chars. 
Diamond-like s t r u c t u r e s  such as  quaternary carbon atoms do not  appear t o  be involved. 
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A STUDY OF CATALYSIS OF COAL GASIFICATION 
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ABSTRACT 
1 

I 
4 

\ 
1 

I 

Bench-scale t e s t s  were conducted t o  determine the effect of 
additives and catalysts upon the steam-gasification of coal a t  high 
pressure. 
a t  300 psi  and 750 t o  950 C. 
t ives were evaluated a t  850 C i n  standard gasification tes t s .  
are presented which show that  nearly a l l  of the additives tested 
increased the overall ra te  of carbon gasification significantly, 
with alkali  metal compounds resulting in the largest increases (over 
6@). 
the increase in  carbon gasification, indicating that  the tested addi- 
t ives promoted the water gas sh i f t  reaction. 
increased methane production by up t o  20 percent. Additional experi- 
ments are discussed concerning the effectiveness of Raney Nickel as a 
catalyst when it i s  admixed with the coal, when it is sprayed on a 
metal surface and then inserted in the coal bed, and when used at 
temperatures of up t o  950 C. 
considered, such as the degree of gasification and the recycle of 
additives. Results of the overall investigations thus fa r  suggest 
that  the gasification step of the Bureau of Mines Synthane process 
can be improved significantly by means of suitable catalysts. 

Gasification was conducted in  0.6" diameter fixed beds 
Over 20 chemical compounds and addi- 

Data 

Generally, the increase in  hydrogen production greatly exceeded 

The additives a lso 

The effect of other parameters i s  also 
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A KINETIC STUDY OF THE HYDROGENATION '. 
OF BITUMINOUS COAL 

by Wendell H. Wiser, Mahmoud El-Feky and George R. Hill 

Abstract 

The catalyt ic  hydrogenation o f  several coals from the western 
United States has been investigated in the temperature range 350" t o  
500°C uti l izing hydrogen pressures up to  3500 psi. Yields of liquids 
plus gases up t o  82 percent have been obtained uti l izing ammonium 
molybdate catalyst .  The reaction i s  observed t o  be second order over 
most of the time range a t  lower temperatures, w i t h  activation enthalpy 
of 39 kcal per mole and entropy o f  activation of -17 entropy units. A 
f i r s t  order reaction was observed a t  lower temperatures a t  times greater 
than about three hours, w i t h  activation enthalpy o f  9 kcal per mole and 
entropy of activation o f  -56 entropy units. Possible mechanisms are 
discussed. 


