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The genesis  o f  high rank coa l s ,  those  conta in ing  more than 
86 percent  f ixed  carbon, has been a mat te r  of  conjec ture  s i n c e  coa l  
c l a s s i f i c a t i o n  schemes w e r e  invented. The c l a s s i c a l  model f o r  t he  
t r a n s i t i o n  of c e l l u l o s e , l i g n i n  and o t h e r  p l a n t  mater ia l s  i n t o  coa ls  
of var ious  ranks is descr ibed  by Wilson and Wells (1) ; 

"The chemical changes tak ing  p lace  i n  t r a n s i t i o n  from wood t o  
pea t  and progress ive ly  through t h e  successive ranks  o f  coa l  t o  an- 
thracite a re  suggested ... Such changes, which may have taken hundreds 
of thousands o r  m i l l i o n s  of years ,  are be l ieved  t o  have converted 
p e a t  t o  l i g n i t e  and progress ive ly  through successively higher  ranks 
of coa l  , t o  a n t h r a c i t e .  " 

Pressure is  used t o  help account f o r  t h e  d i f f e rence  i n  rank. 
Wilson and Wells s t a t e  f u r t h e r  " In  deeply bur ied  coa l s  pressures  of 
1 5 0 0  atm may have been reached. 

The advanced s ta te  o f  t ransformation t y p i f i e d  by Pennsylvania 
a n t h r a c i t e  is probably due t o  t h e  enormous pressures  t o  which t h e  
depos i t s  were subjec ted  when t h e  Appalachian Mountains w e r e  formed. 'I 

X-ray d i f f r a c t i o n  of  high rank coa ls  demonstrates a d i s t i n c t  
peak corresponding to  (002) graph i t e  l a t t i c e  spacing. This  peak i s  
weak o r  absent  i n  lower rank coa l s . (2 )  The polymerization of carbo- 
naceous mater ia l  to  g r a p h i t e  r equ i r e s  temperatures i n  t h e  range 6 0 0 0  
t o  8OO0C, well  above t h e  2OO0C maximum temperatures t o  which some 
coa l s  have presumably been exposed. 

The p o s s i b i l i t y  t h a t  c o a l i f i c a t i o n  could be r ap id  i s  suggested 
by a discovery made by Pe tzo ld t  ( 3 )  i n  1882; 

Upon unearthing a wooden p i l e  which had been rammed i n t o  the  
ground, he found it t o  have been metamorphosed t o  a coa l  l i k e  sub- 
s tance .  From t h e  c e n t e r ,  it exhib i ted  a continuum of ma te r i a l  from 
black through dark brown, and l i g h t  a t  t h e  sur face .  This he ana- 
lyzed and found t o  resemble an th rac i t e  i n  t h e  cen te r  por t ion ,  and 
the  o u t e r  p a r t  resembling brown coa l .  

Teichmuller and Teichmuller ( 4 )  a f t e r  s tudying sys temat ica l ly  
the  geologica l  f a c t o r s  r e l a t e d  t o  t h e  coa l s  of western Europe con- 
cluded "according t o  our  observat ions i n  d i f f e r e n t  coal-bearing 
foredeeps t h e  e f f e c t  of pressure  on rank inc rease  i s  purely physical.  
The chemical r eac t ions  are caused by temperature increase ,  and ac- 
cording t o  t h e  experimental  observa t ions ,  p ressure  a c t u a l l y  r e t a rds  
them." They c i te  many examples of c o n f l i c t i n g  da ta  where an increase 
i n  age does no t  correspond t o  h igher  rank. 
respec t ing  time i s :  " t i m e  has r e l a t i v e l y  s m a l l  in f luence  on t h e  coal- 
i f i c a t i o n  process. ' '  and, "The e f f e c t  of  t i m e  upon c o a l i f i c a t i o n  de- 
pends on the  temperature  t o  which t h e  c o a l  has been exposed during 
b u r i a l .  I f  t h i s  temperature  i s  low, t h e  t i m e  f a c t o r  is  hardly i m -  
po r t an t .  With h ighe r  temperatures ,  however, t h e  length  of heat ing 

Their  general  conclusion 
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hqs a marked effect." 

Research in our laboratory has been concerned with the deter- 
mination of the pressure coefficient and the temperature coefficient 
of the conversion of cellulose type materials to coal. This re- 
search and that of Pan (5) demonstrated that high pressure decreases 
the rate of conversion of cellulose into coal-like materials and of 
low rank coals into coals of higher'rank. 
cient of formation of coal-like materials is positive and high. But 
perhaps of greater importance is the serendipitous discovery that 
cellulose type materials confined at liiah pressures when heated 
slowly to temperatures in the range 200 
thermally, raising the temperature of the material to the graphite 
forming range, i.e., above 600°C.4 

The temperature coeffi- 

to 24OoC decompose exo- 

APPARATUS AND EXPERIMENTAL PROCEDURE 

I 

ii 
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High Pressure 
This high pressure work was carried out in a hexahedral, 200 . 

ton press, designed by H. T. Hall. The rams of the press have an 
8 "  diameter piston, which at 8000 psi hydraulic pressure, exert a 
force of 400,000 lbs. or 200 tons. The anvils used were the 15/16" 
anvils. Pressure calibrations for this anvil set were made using 
the bismuth 1-11 and 11-111 transitions and the change of resistance 
of bismuth with pressure. 

Differential Thermal Analysis 
A description of the Differential Thermal Analysis (DTA) system 

will be published in a second paper. 
letized as +", right-circular sections. This w a s  accomplished by 
melting the sample, in the case of the glucose, xylose, and inositol, 
and pressing the melt into %"diameter teflon tubes (all done under 
a vacuum). The cellulose powder and wood samples were pettetized 
at approximately 5 kb in a +'' diameter piston and cylinder die sys- 
tem, which was equipped with "0-ring" seals, above and below the 
sample, to facilitate the evacuation of the sample material. 

All DTA samples were pel-- 

Thus pelletized , the sample was assembled in the pyrophyllite- 
cube-furnace-DTA system, with thermocouples. The cube assembly was 
evacuated in a closed vessel for one hour. The vessel was then 
pressurized to 100 psi with pure N2 gas and maintained for a minimum 
of one hour at this pressure. Thereafter the sample was placed 
immediately in the press to minimize the diffusion of air into the 
cube and into contact with the sample. 

the sample from any possible mineral or catalytic effect. 
All DTA samples were enclosed in a teflon capsule to insulate 

Temperature Recordinq 

taneously on a Honeywell Electronik 194, dual-pen recorder. 

Constant Temperature Pyrolysis 

ing reaction temperature). The equipment used was a Fisher system 
with both thermogravimetric analysis as well as DTA accessories 
(but not equipped to be used simultaneously). The Fisher Model 
360 temperature programmer was used as the temperature controller 
and a Cahn Electrobalance monitored the weight (and weight change). 

Differential, and actual temperature traces were made simul- 

One sample was pyrolyzed at constant temperature (after reach- 



The above spec i f i ed  Honeywell recorder  w a s  used t o  record the  
e lec t roba lance  output .  

Temperature Proqrammer 

an Iron-Constantan thermocouple, . w a s  used as a temperature pro- 
grammer. This w a s  accomplished by a t tach ing  a var iable-gear  t r a i n  
t o  d r i v e  t h e  c o n t r o l l e r  potentiometer a t  a predetermined rate. The 
potentiometer w a s  connected t o  a d i g i t a l  readout d i a l  c a l i b r a t e d  i n  
degrees C. and readable  t o  approximately f 0.2OC. Temperature 
agreement between t h e  c o n t r o l  thermocouple and any o the r  thermo- 
couple a t  the  same temperature was usua l ly  within one (1) degree C. 
As shown i n  f igure  1, t h e  programmer operated a servo-system which 
automatical ly  ad jus ted  a va r i ab le  transformer f o r  t h e  c o r r e c t  power 
requirement t o  s a t i s f y  a balanced br idge condi t ion i n  t h e  temper- 
a t u r e  con t ro l l e r .  

An Assembly Products "Temptendor" model 732, c a l i b r a t e d  f o r  

An add i t iona l  f e a t u r e  of t h e  power system w a s  a stepdown t rans-  
former t o  accomodate t h e  low re s i s t ance  furnace elements. This 
sys tem was ra ted  f o r  a continuous output  t o  4kw. It w a s  subsequently 
equipped with a water-cooling c o i l  which allowed a continuous output  
of approximately 1 .2  kw. 

X - r a y  Analysis 

d i f f r a c t i o n  pa t t e rns  on t h e  sample residue.  The r a d i a t i o n  was Cu Ka 
( N i  f i l t e r e d ) .  Samples were ground i n  an agate  mortar from two t o  

t h i n  f i lm  on the  g l a s s  sample s l i d e .  

A General E l e c t r i c  XRD-5 d i f f rac tometer  w a s  used t o  ob ta in  X-ray 

t h r e e  minutes, mixed t o  a s l u r r y  with e t h y l  a lcohol  and spread i n  a I 

C, HD 0, Analyses 

iment S t a t i o n  on an F & M 180 C H N analyzer  t o  ob ta in  t h e  percentage 
of carbon and hydrogen. 
Coleman Oxygen Analyzer. Accuracy i s  est imated t o  be wi th in  - 5% f o r  
a l l  samples. 

Ultimate analyses  w e r e  performed by t h e  Utah Engineering Exper- 

The oxygen ana lys i s  w a s  performed wi$h a 

Infra-Red Analysis 
Infra-Red analyses  were performed on a Model 521, Perkin-Elmer 

dual-beam recording spectrophotometer. K B r  absorpt ion windows w e r e  fl 
prepared, using approximately 200 mg of mixture (1:200, sample t o  KBr  
r a t i o ) .  
Nujol mixes were prepared by gr inding t h e  sample i n  nu jo l  with the  
aga te  mortar and p e s t l e .  
very s a t i s f a c t o r y ,  presumably because t h e  samples w e r e  no t  ground 
f i n e  enough t o  observe the d i f fe rences  i n  absorption spec t r a .  

These w e r e  ground toge ther  with an agate  mortar and pes t l e .  

The spec t r a  of  t h e  nu jo l  mixtures w e r e  not  / 

M a s s  Spectrometry 
Mass spec t r a  were obtained from t h e  gas  samples desorbed from 

t h e  product res idue p lus  t h a t  co l l ec t ed  d i r e c t l y  from t h e  blow-out 
of sample 9134. These w e r e  analyzed on a CEC 21-620 mass spectro-  
m e t e r .  
t h e  o rde r  of  5 to  10%.  

Pyro lys is  Mater ia ls  

follows : 

This  u n i t  has  a r e so lu t ion  l i m i t  of  300, and an,accuracy on 

Chemicals and ma te r i a l s  used i n  these  experiments w e r e  as 

1. Absorbent co t ton  (used f o r  X-ray d i f f r a c t i o n  only) .  
2.  Chromatographic grade ce l lu lose  pulp ,  Schleicher  and 



Schuell  82200. 
3. Anhydrous glucose 
4.  Xylose, Eastman Organic Chemicals t542 
5 .  i I n o s i t o l  (meso), Nu t r i t i ona l  Biochemical Corp. 81338 
6. Yellow p ine  wood 

RESULTS AND DISCUSSION 

Anomalous Hiqh Pressure Ef fec t s  

Low Pressure DTA 

lu lose  i n  a vacuum, is an endothermal trace corresponding t o  ther -  
m a l  degradation. Figure 2 by Akita and K a s e  ( 6 ) ,  compares t h e  D"A 
of ce l lu lose  i n  a i r ,  i n  N,, and i n  a vacuum. H e r e  it is  noted t h a t  
i n  t h e  presence of O,, t h e  e f f e c t  of combustion of t h e  pyrolyzate  
causes an exothermal peak immediately succeeding t h e  endothermal 
degradation. 

The atmosphere of N, can be observed t o  i n h i b i t  t h e  ex ten t  of 
the endotherm probably due t o  the  re ta rded  t r a n s f e r  of the product 
from t h e  reac t ion  zone. 

Typical of t h e  D i f f e r e n t i a l  Thermal Analysis (DTA) Of a C e l -  

Exothermal Reaction 
Figures 3,4 ,  and 5 a r e  modified high pressure  DTA t r a c e s  or 

p l o t s  of AT vs. the program or reference temperature f o r  the various 
samples s tudied.  The o r i g i n a l  traces w e r e  AT vs. t i m e .  The hea t ing  
rate was a constant ,  f o r  each DTA trace, and s ince  r eac t ion  temper- 
a tu re  w a s  t h e  parameter of g r e a t e r  i n t e r e s t  than t i m e ,  t h e  abscissa 
w a s  converted to  temperature. One f u r t h e r  change w a s  made t o  f a c i l -  
i t a t e  the comparison of curves,  t h e  base l ine  w a s  set a t  AT = 0 so 
t h a t  (except for d i f f e rences  i n  thermal conduct ivi ty  of sample and 
reference)  t he  peak he ight  e s s e n t i a l l y  represents  t h e  temperature 
d i f fe rence  between samples and reference.  

The high pressure  DTA of c e l l u l o s e  demonstrates t h e  occurrence 
of an anomalous exothermal reac t ion ,  q u i t e  unXike t h e  typical vacu- 
um DTA of pure c e l l u l o s e ,  as i l l u s t r a t e d  i n  f i g u r e  2 .  Figure 3 
shows seve ra l  exothermal r eac t ions  of c e l l u l o s e  a t  p ressures  of  7, 
16, 23, and 28 kb. Precaut ions w e r e  taken t o  exclude oxygen from 
the  sample, however, no d i f f e rence  w a s  noted between sample 1 2 1 ,  
which w a s  prepared i n  an atmosphere of  oxygen, and those  which w e r e  
excluded from oxygen. The amount of oxygen which would remain en- 
trapped a f t e r  p re s su r i za t ion ,  i n  contac t  with t h e  sample, i s  rea- 
sonably very low and i n s u f f i c i e n t  to  e f f e c t  any sus t a ined ,  observ- 
ab le  oxidat ion.  Lipska and P a r k e r  (7) have shown t h a t  a t  one at- 
mosphere of N z  p lus  0 2 ,  oxygen content  below 0.5% had no e f f e c t  on 
t h e  pyro lys i s .  

t o  oxidat ion.  The in t imate  confinement of r eac t an t s  and ac t iva t ion  
s t a t e s ,  however, could produce a d i f f e r e n t  mechanism wi th  d i f f e r e n t  
products and the re fo re  a d i f f e r e n t  thermal e f f e c t .  

A s  a consequence, the observed exotherm cannot be a t t r i b u t e d  

"Pos i t ive"  and "Negative" Ef fec t s  of .Pressure 

er temperature i s  required t o  e f f e c t  t h e  r eac t ion  than a t  7 kb. 
t h e  high-pressure r eac t ion  i s  s l i g h t l y  more temperature r e s i s t a n t .  

It can be observed from f i g u r e  3 t h a t  a t  29 kb, a s l i g h t l y  high- 
Thus, 
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T h i s  p ressure  e f f e c t  might be considered as a negat ive e f f e c t ,  a s  
it i n h i b i t s  c e r t a i n  r e sc t ions .  On t h e  o the r  hand, t h e  in t imate  
product confinement cou1.d be thought Gf  as  a p o s i t i v e  e f f e c t ,  s ince  
it favors  reac t ions  which otherwise might occur inf requent ly  or not  
a t  a l l .  

An important e f f e c t ,  which might be categorized as a pos i t i ve  
pressure  e f f e c t ,  can a l s o  be  noted by comparing f i g u r e  2 ( t he  da t a  
of  Akita  and Kase) wi th  ou r  themcgrzns  cf t h e  same hea t ing  rate i n  
f i g u r e  4 .  The i n i t i a t i o n  temperature of  t h e  c e l l u l o s e  exotherm a t  
high pressure i s  lower than  t h a t  which occurs  during vacuum pyrolysis .  
The low-pressure r e a c t i o n  bec ins  a t  approximately 29OoC. However, 
a t  7 kb it occurs considerably lower,  near  227OC 
e rage  of # 1 2 2 ,  123, and 1 4 1 ,  see T a b l e  I ) .  

(three-sample av- 

Fas t  vs. Slow Reaction 
A t  l e a s t  two types  of r eac t ions  a r e  observed during DTA under 

a confining pressure .  These can be descr ibed a s  slow ( f igu re  3) and 
f a s t  reac t ion  ( f i g u r e  4 except  # 9 9 ) .  Note t h a t  t h e  c e l l u l o s e  peak 
of  t h e  f a s t  r eac t ion  is  more than  4OO0C above t h e  re ference  (AT=O) 
while  t h e  slow r e a c t i o n  peaks of  c e l l u l o s e  are between 2O t o  3OC 
high. 
i n g  r a t e .  

This d i f f e r e n t  e f f e c t  i s  obtained simply by varying t h e  heat-  

It is  na tu ra l  t o  expec t  t h a t  a f a s t  hea t ing  r a t e  would e f f e c t  
a h igher  peak, b u t  an inc rease  from io/min. t o  5O/min. could not  
be supposed t o  account f o r  a AT increase  from 2O t o  40OoC. Heating 
r a t e s  on the  order  o f  t o  lo per  minute w i l l  unpredictably be  t h e  
f a s t  o r  slow reac t ion  type.  Note t h a t  a t  4O/min., sample 1 0 1  was a 
f a s t  reac t ion  (see T a b l e  I ) .  The range of unpred ic t ab i l i t y  should 
be a funct ion o f  t h e  temperature-control  accuracy during t h e  pro- 
grammed heat ing.  The unexpected high peak of  sample 1 0 1  went o f f  
s c a l e  and s o  it i s  no t  p l o t t e d ,  bu t  t h i s  does show t h a t  t h e  f a s t e r  
and higher-temperature r eac t ion  causes a more complete and more 
exothermal reac t ion .  T a b l e  I shows t h a t  t h e  peak a rea  of sample 
1 0 1  i s  > 5  u n i t s  while  t h e  peak a rea  of  o t h e r  samples heated a t  
t h e  same rate was approximately 2 un i t s .  

The reason f o r  t h i s  d i f f e rence  may be as follows. The slow 
reac t ion  corresponds t o  a d e l i c a t e  condi t ion of programmed hea t ing  
which must be s l o w  enough t o  allow f o r  t h e  removal of t h e  hea t  of 
r eac t ion .  I f  t h e  h e a t  of  r eac t ion  cannot t r a n s f e r  from the  reac t ion  
zone as rap id ly  a s  it i s  generated,  t h e  temperature climbs, 
acce le ra t ing  t h e  exothermal r eac t ion ,  and runs o u t  of con t ro l  t o  
completion. 
would produce a h igher  temperature and r equ i r e  a slower hea t ing  
rzke t o  maintain t h e  con t ro l  of t he  slower r eac t ion .  

t h e  r e t en t ion  of  t h e  gases  generated by t h e  reac t ion .  Excessive 
v o l a t i l i t y  i n  t h e  sample cube leads  t o  v i o l e n t  rup ture  of t h e  cube 
and explosive loss  of  product.  

l e m  a t  t h e  lower hea t ing  rate wi th  t h e  slower r eac t ions .  

The sample s i z e  i s  important here  and a l a r g e r  sample  

A major problem encountered i n  t h e  r ap id  hea t ing  r a t e s  i s  

Sample rupture  and t h e  escape of  product gases  was never a prob- 

I - R  Analysis of Residue 

res idues  , i l l u s t r a t i n g  t h e  e f f e c t s  of  v a r i a t i o n  i n  pressure  , heat- 
Figure 6 shows t h e  I R  absorpt ion spec t r a  of  t h e  var ious sample 

ing  rate,  and type  of  molecular s t r u c t u r e .  
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Samples 95 and 1 2 1 ,  pyrolyzed a t  +O/minute and a t  28 and 7 kb, 
r e spec t ive ly ,  produced almost i d e n t i c a l  spec t r a ,  i n d i c a t i n g  very 
l i t t l e  d i f f e rence  i n  t h e  product res idue due t o  t h i s  p re s su re  d i f -  
ference.  

Cellulose-sample 123, with t h e  heat ing rate of 5°/minute (which 
produced t h e  very r ap id  r eac t ion  and high temperature) showed a 
very d i f f e r e n t  absorption. The 1700 cm-' band, (general ly  thought 
t o  be due t o  C=o) i s  veq-y much reduced. 
a t t r i b u t e d  t o  naphthenic-CHI CH , and CH, groups i s  so completely 
reduced t h a t  i t  would almost ap-$ear t h a t  CH groups are e s s e n t i a l l y  
a l l  t h a t  a r e  l e f t  (near t h e  2920 peak).  Aromatic absorpt ion i n  t h e  
bands 750, 8 2 0 ,  and 860 cm-' show up very w e l l .  

same o r  s l i g h t l y  more absorpt ion i n  t h e  750 t o  860 bands, s l i g h t l y  
more absorption i n  t h e  1590 band ( a l s o  a t t r i b u t e d  t o  aromatic s t ruc -  
t u r e  and perhaps C=O g roups ) ,  much less a t  1 7 0 0 ;  and about t he  same 
o r  less absorption i n  t h e  2920 area. All of t h i s  s e e m s  very na tu ra l  
i n  s p i t e  of t h e  fac t  t h a t  #123 reached a higher  temperature (67OoC 
vs. 513OC) s ince  t h e  aromatic content of wood i s  high t o  begin w i t h .  

The 2860 t o  2950 cm-' bands, 

Sample 149, (yellow p ine  wood) compared with #123, shows t h e  

For t h e  most p a r t ,  t h e  d i f f e r e n c e  between # 1 4 2 ,  g lucose,  and 
# 1 4 6 ,  xylose,  can be  explained on the  b a s i s  of t h e  d i f f e r e n c e  i n  
t h e  peak temperatures (44OoC f o r  # 1 4 6 ,  vs. 322OC f o r  # 1 4 2 ) .  

The i n o s i t o l  w a s  no t  completely reacted and gave adsorption 
s p e c t r a  very s imi la r  t o  pure i n o s i t o l  and for t h a t  reason is not 
included here.  (For a very e x c e l l e n t  discussion on I R  band assign- 
ments s ee  reference 8 . )  

X-ray Di f f r ac t ion  
Ergun ( 2 )  has shown a c o r r e l a t i o n  of v i t r i n i t e  coal  rank with 

t h e  general  peak form p a r t i c u l a r l y  i n  the  28 = 20° t o  27O range 
( i . e . ,  s-(2sin8)/X range of  approximately .23 t o  .33) .  H e  s t a t e s ,  
"With decrease i n  rank t h e  most pronounced band becomes broader,  
and i t s  pos i t i on  i s  s h i f t e d  t o  lower 2 values ... peak p o s i t i o n  
could serve a s  a simple bu t  r e l i a b l e  index of coal  rank." (Lower 
s values corresponds with lower 28  value.)  

Figure 7 i s  a comparison of t h e  X-ray d i f f r a c t i o n  p a t t e r n s  of 
s eve ra l  d i f f e r e n t  samples which were inves t iga t ed .  They are: 1) 
metamorphosed samples of  c e l l u l o s e  ( 1 2 4 ,  1 0 5 ,  148, 132, 58) ; 2 )  
metamorphosed anhydrous glucose ( 1 4 2 )  ; 3) metamorphosed xylose (146) ; 
4 )  samples of high v o l a t i l e  bituminous (HVB),  low v o l a t i l e  b i t u -  
minous (LVB), and g raph i t e  ( a l l  reproduced from reference 5 ) ;  and 
5) bal l -mil led and n a t u r a l  cotton. 

These curves have been arranged i n  order  of decreasing 20 
value,  from top  t o  bottom ( i . e . ,  high rank a t  t h e  t o p ) .  This 
arrangement a l s o  t u r n s  o u t  t o  be a funct ion of t h e  hea t ing  rate. 
Samples which w e r e  heated r ap id ly  and which reached a high tempera- 
t u r e  a r e  high on t h e  c h a r t .  Sample #123 heated t o  67OoC a t  t h e  
exotherm peak; #149 ,  t o  513OC; # l o 5  (slow heat ing rate) heated t o  
approximately 225OC a t  t h e  exotherm peak. 

Cel lulose sample #58 i s  the  h ighes t  on t h e  s c a l e  of s y n t h e t i c  
coals .  This sample w a s  heated very r ap id ly ,  without t h e  use of DTA 
and a t  28 kb pressure.  I t  w a s  heated t o  225OC i n  3 minutes and  



continued a t  a rough rate o f  10°/minute, t o  3OO0C (manual temperature 
c o n t r o l ) .  That t h i s  sample (#58) e x h i b i t s  a d i s t i n c t  ( 0 0 2 )  g raph i t e  

a l l  those compared he re ,  except pure g raph i t e )  i s  thought t o  be  
very s i g n i f i c a n t .  The coa l  sample which w a s  heated t o  85OoC a t  
30 kb f o r  30 minutes does n o t  approach t h e  g raph i t e  peak as w e l l .  
This would appear t o  show tha t  the h e a t  generated during the  exo- 
thermal metamorphosis i s  a more e f f e c t i v e  g r a p h i t i z a t i o n  h e a t  than 
e x t e r n a l l y  appl ied h e a t  on a previously c o a l i f i e d  sample. 

peak of 26.5O 2 0 ,  (probably the most pronounced g raph i t e  peak of 1 
, 

I 

Hiqh Oxyqen Content i n  Press  Samples 

ably d i f f e r e n t  i n  c o a l i f i c a t i o n  of l a r g e  vege ta l  accumulations is 
t h i s :  
of oxygen. 
t h a t  t h e  small ,  %-gram samples cool very r a p i d l y  a f t e r  a t t a i n i n g  
peak temperature. 
reach higher  temperatures b u t  it would also remain heated f o r  longer 
per iods allowing f o r  d i f f u s i o n  o f  v o l a t i l e s  away from t h e  r eac t ion  
zone, perhaps t o  condense i n  a coo le r  l o c a l i t y .  After  a t t a i n i n g  
maximum temperature,  slow cooling would probably encourage growth 
of t h e  more stable molecular s t r u c t u r e  and t h e  e l imina t ion  of oxygen. 

One important e f f e c t  on high p res su re ,  which would be consider- 

t h e  confining p res su re  a c t s  t o  r e t a i n  a very high percentage 
One probable reason f o r  t h i s ,  i n  t h e  f a s t  r e a c t i o n s ,  is i 

N o t  only would a l a r g e r  sample be l i k e l y  t o  

1 

S t a b i l i t y  From Inter-Ring and Intra-Ring E f f e c t s  
It is  obvious t h a t  t he  1,4-glycosidic l inkage he lps  i n  the 

s t a b i l i z a t i o n  of  c e l l u l o s e .  T h i s  can be seen by a comparison o f  
t h e  thermogram of anhydrous glucose with t h a t  of c e l l u l o s e  (see 
f i g u r e s  4 and 5 ) .  The i n i t i a t i o n  temperature i s  approx2mately 
1 4 1 O C  f o r  glucose. 
c e l l u l o s e  a t  the same hea t ing  rate of 5'/min. 

Th i s  is more than 8OoC below t h a t  observed for 

By comparing t h e  exotherm o f  anhydrous glucose ( # 1 4 2 )  wi th 
t h a t  of xylose ( # 1 4 6 ) ,  t h e  e f f e c t  of t he  pendant -CH,OH group 
becomes apparent.  Pendant groups have been observed to  d e t r a c t  
from t h e  thermal s t a b i l i t y  of  a molecule. 
began approximately 45OC ( i . e . ,  186OC) above t h e  glucose r eac t ion  
temperature. 

The -CHzOH is l i k e l y  t h e  s i t e  o f  t h e  r e a c t i o n  i n i t i a t i o n .  
Xylose reacted slower than c e l l u l o s e  ( a t  t h e  same hea t ing  ratel 
u n t i l  it reached approximately 215 t o  22OoC whereupon it converted 
very r a p i d l y  t o  the fas t  r eac t ion  s imi la r  t o  t h e  c e l l u l o s e  (and 
a t  a temperature nea r ly  as high as w i t h  c e l l u l o s e ) .  This s e e m s  
t o  imply t h a t  t h e  l , 4 -g lycos id i c  l inkage (and perhaps o t h e r  
s t a b i l i z i n g  f a c t o r s )  i n h i b i t s  t h e  decomposition of t h e  c e l l u l o s e  
chain u n t i l  t h e  temperature i s  s u f f i c i e n t l y  high t o  open t h e  ring. 

Without the C-0-C bond nor t h e  pendant -CH,OH, i n o s i t o l  is 
seen t o  be remarkably more s t a b l e  than either anhydrous glucose 
o r  xylose. Note t h a t  even a t  the  high i n i t i a t i o n  temperature of 
27OoC t h e  sample  d id  n o t  overheat and run o u t  of con t ro l .  
uniformity of t h e  i n o s i t o l  r i ng  i s  a s t rong  s t a b i l i z i n g  e f f e c t .  
I t  appears t h a t  i n o s i t o l  began a very r ap id  exotherm b u t  was sud- 
denly checked perhaps by an endothermal r e a c t i o n  (or a series 
of endothermal r e a c t i o n s )  such as dehydration. 

The xylose r e a c t i o n  

The 

Analysis o f  Low-Pressure-Pyrolyzate Gases 
Sample #124 ( s ee  f i g u r e  8) was pyrolyzed a t  3OO0C t o  analyze 
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t h e  evolved gases of t he  e a r l y  s t a g e s  of  py ro lys i s  of c e l l u l o s e .  
This Was c a r r i e d  o u t  with the TBA equipment-but a t  cons t an t  temper- 
a t u r e  ( a f t e r  about e i g h t  minutes required t o  reach 30OOC). The . 
pyrolyzate w a s  co l l ec t ed  i n  fou r  b o t t l e s  during t h e  pe r iods  Of 0 
t o  5 ,  5 t o  10, 10 t o  20, and 20 t o  165 minutes. Mass spectrometr ic  
ana lys i s  of  t he  gas is  included i n  the same f igu re .  H e r e  it can 
be observed t h a t :  1) almost pure H,O i s  evolved i n i t i a l l y  (below 
260O).  2 )  The very low i n i t i a l  f r a c t i o n  of  CO, gradua l ly  increases .  
3)  Short-chain hydrocarbons were observed, b u t  only i n  t h e  i n i t i a l  
moments of t h e  3000 period. 4) The i n i t i a l  i r r e g u l a r i t y  of t h e  
rate of weight-loss curve,  i s  probably due t o  t h e  t i m e  required 
f o r  t h e  sample and container  t o  come to  r e a c t i o n  temperature.  
The e f f e c t  of an immediate 300° r eac t ion  temperature could corres-  
pond t o  t h e  ex t r apo la t ed ,  dashed l i n e .  

unobservable due to  t h e  masking e f f e c t  of t h e  contaminating a i r  
(M/e  =28, due t o  N2). Experiments by Madorsky (9,lO) show t h a t  
t h e r e  i s  about one-third as much CO as CO2 during p y r o l y s i s  a t  
temperatures between 2 80 t o  40OoC. 

Small amounts of CO are thought to  have been p r e s e n t  b u t  were 

Rapid, Mature S t a b i l i z a t i o n  
The case of t h e  sudden, o u t  of  con t ro l ,  high-temperature 

react ion.  and t h e  r e s u l t i n a  h i ah  temperatures' (exceedins 670° 
i n  the  non-blow-out sample-123j could allow a very compiete 
r e o r i e n t a t i o n  of t h e  molecular s t r u c t u r e .  The hot  r e a c t i v e  mass 
of many s h o r t  chain segments would favor e l iminat ion of oxygen, 
p a r t i c u l a r l y  where it occurs as a pendant hydroxyl group. Benzene 
r i n g  s t r u c t u r i z a t i o n  which would probably form in f r equen t ly  a t  l o w  
temperature would be favored. Note t h a t  f i g u r e  6,  showing t h e  IR 
s p e c t r a  of  sample 1 2 3 ,  has accordingly the mos t  prominent absorpt ion 
i n  t h e  750, 820, and 860 cm-' region,  which have been a t t r i b u t e d  
t o  benzoid aromatic s t r u c t u r e  ( 7 ) .  A t  very high temperatures f o r  
example during c o a l i f i c a t i o n  of a c l ean  concentrat ion o f  vegetal  
material, t h e  g raph i t e  s t r u c t u r e  should be favored. H e r e  again t h i s  
e f f e c t  can be noted: Figure 7 ,  showing t h e  X-ray d i f f r a c t i o n  f o r  
various samples, i l l u s t r a t e s  how samples 58, 123, and 149 (sample 
of wood which autogeneously heated above 52OoC) most nea r ly  approach 
t h e  high-rank coa l  p a t t e r n s  and d i f f r a c t i o n  of t h e  (002)  g r a p h i t e  
peak a t  26.5O 28. 

Factors Responsible f o r  Maximum Temperature 
Among t h e  f a c t o r s  determining t h e  maximum temperature a t t a i n -  

able by a coa l i fy ing  exotherm, a r e  mass, concentrat ion o f  r e a c t i v e  
groups i n  t h e  depos i t ,  and i n i t i a t i o n  temperature. A very small  
sample (e.g., 4 gram, such as those used i n  t h i s  work) would 
probably l o s e  hea t  very r a p i d l y  and no t  a t t a i n  t h e  maximum tempera- 
t u r e .  Reduced concentrat ion of  r e a c t i v e  groups, perhaps due t o  
t h e  rapid decay of  c e l l u l o s e  from woody materials, would tend t o  
diminish t h e  maximum temperature,  as would d i l u t i o n  wi th  mineral  
matter. Thus, highly concentrated vegetal  material might convert  
t o  a n t h r a c i t e  o r  g r a p h i t e ,  whereas, decayed ma te r i a l  with s i g n i f i -  
c a n t  mineral  contamination, upon a t t a i n i n g  i n i t i a t i o n  temperature 
might h e a t  spontaneously and be  converted t o  one of t h e  i n t e r -  
mediate ranks of  coa l .  Low rank c o a l s  with considerable  mineral  
content  and/or t hose  which w e r e  heated very slowly, say,  due t o  gradual 
s inking and accumulation of overburden may have had an analogous 
metamorphosis of  t h e  s l o w ,  annealing or controlled-temperature 
c e l l u l o s e  py ro lys i s ,  without hea t ing  s i g n i f i c a n t l y  above ambient 
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condi t ions.  
atures.  

Possible Factors  In f luenc ing  t h e  I n i t i a t i o n  Temperature 

r e a c t i o n  i n i t i a t i o n  could be combustion o f  overlying vegetat ion,  
earth-movement f r i c t i o n ,  magmatic hea t  sources ,  and perhaps n a t u r a l  
ground temperatures. I f  t h e  ground temperature increased very 
slowly i t  might tend t o  y i e l d  low-rank coals without t h e  c o a l  ex- 
per iencing a s i g n i f i c a n t  autogenous heating. 

Some upranking may thus  occur from high ground temper- 

Factors which might account f o r  e l e v a t i n g  t h e  temperature t o  

Appreciation i s  expressed f o r  t h e  J. L. Dougan fel lowship 
and t o  t h e  Equity O i l  Company f o r  support  of t h i s  research. 
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F i g .  1 .  T E M P E R A T U R E  P R O G R A M M E R  A N D  POWER SYSTEM 
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