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Figure 2 .  Flow microcalorimeter records of adsorption-desorption c y c l e s  for  
2 5 . 4  mM 4-t-butylpyridine i n  iso-octane interacting with bed of heat-treated 
170-230 mesh low-ash bituminous coal  (PSOC # l l ) .  
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c h l o r o f o r m  and i t s  s h i f t  
The s p e c t r a l  s h i f t s  

i n  t h e  t r ansmiss ion  mode, 
and CD s h i f t s ,  and a b o u t  

upon complexa t ion  w i t h  b a s e s  (12). 
were de te rmined  wi th  a Elattson FTIR spec t romete r  used i n  
o p e r a t e d  t o  p r o v i d e  r e s o l u t i o n s  o f  one  wave-number f o r  OH 
0.3 wave-numbers f o r  ca rbony l  s h i f t s .  

S u r f a c e  Areas by Gas Adsorp t ion  

The specific s u r f a c e  a r e a s  of a l l  c o a l  s a m p l e s  were determined by n i t r o g e n  
a d s o r p t i o n  w i t h  t h e  BET a n a l y s i s ,  u s i n g  t h e  g a s  chromatography method wi th  a 
Quant ichrome Monosorb S u r f a c e  Area Ana lyze r  and  t h e  c l a s s i c a l  s t a t i c  e q u i l i b r i u m  
method with a Numinco-Orr S u r f a c e  Area-Pore Volume Analyzer .  The Numinco-Orr 
Ana lyze r  was a l s o  used f o r  a d s o r p t i o n  s t u d i e s  w i t h  2,2'-dimcthylbutane and wi th  
ca rbon  d iox ide ,  both a t  25 C. The a d s o r p t i o n  d a t a  f o r  d ime thy lhu tane  were a n a l y z e d  
w i t h  t h e  BET method, and  t h e  ca rbon  d i o x i d e  d a t a  were a n a l y z e d  by both t h e  GET and 
t h e  Dubinin-Polanyi  method (13). 

M a t e r i a l s  Used i n  t h i s  I n v e s t i g a t i o n  

Coa l  povders  p r e p a r e d  from f i v e  d i f f e r e n t  c o a l  s amples  were i n v e s t i g a t e d .  Four 
came from t h e  P e n n s y l v a n i a  S t a t e  U n i v e r s i t y  c o a l  bank, and we a l s o  t e s t e d  a more 
r e c e n t l y  mined b i tuminous  c o a l  from a e t h l e h e m  S t e e l  Company (Van-131). 
p r o p e r t i e s  of t h e s e  c o a l s  were a s  fo l lows :  

The 

pl, Carbon 9, ? lo i s tu re  X Ash 7, Volatiles -- -- -_  -- I d e n t i f i c a t i o n  P,ank 
PSOC # l l  A i tuminous  61.62 1.50 2.04 35.62 
PSOC 8213 B i tuminous  65.12 8 . 9 3  8 .52  35.91 
PSOC 8870 A n t h r a c i t e  89.52 3.84 2.66 2.93 
PSOC 1868 A n t h r a c i t e  63.34 3.62 25.00 4.06 
Van- 131 B i tuminous  60.4 5.00 39.60 

The c o a l s  were o b t a i n e d  a s  c o a r s e  powders, were r i f f l e d  t o  p r o v i d e  more uniform 
s a m p l e s  and were s t o r e d  i n  t h e  d a r k  i n  a r g o n - f i l l e d  glass  d e s s i c a t o r s .  
s u b s e q u e n t l y  ground t o  enhance  t h e  amount of s u r f a c e  a v a i l a b l e  i n  t h e  a d s o r p t i o n  
bed. 
t h e  c o a l  was m i c r o - m i l l e d  i n  a i r  f o r  two minute: i n  t h e  water-cooled chamber. 
s a m p l e s  were b a l l - m i l l e d ,  and some Van-131 s a m p l e s  were ? - m i l l e d  t o  much h i g h e r  
s p e c i f i c  s u r f a c e  areas 

a c i d s  and b a s e s  was t h e i r  t endency  t o  p e n e t r a t e  i n t o  t h e  b u l k  r e g i o n  of t h e  c o a l  
p a r t i c l e s :  we wished t o  sample  o n l y  t h e  s u r f a c e  region.  T h i s  p o i n t  w i l l  be 
d i s c u s s e d  i n  more d e t a i l ,  b u t  we h a v e  chosen t o  u s e  i so -oc tane  a s  c a . r r i e r  s o l v e n t  
and t - b u t y l a t e d  a c i d s  a n d  b a s e s  a s  " l i m i t e d  p e n e t r a t i o n "  test  probes f o r  s u r f a c e  
a c i d i t y  and b a s i c i t y .  
and phenol  were ACS Reagen t  g r a d e  from F i s h e r ,  and t h e  t - b u t y l a t e d  ac id -base  probes 
(4 - t -bu ty lpheno l ,  3 ,5 -d i - t -bu ty lpheno l ,  2 .6-di- t -butylphenol ,  4- t -butylpyridiAe,  
2 .6-di- t -butylpyridine a n d  4 - t -bu ty l cyc lohexanone)  were a l l  A l d r i c h  Reagent  grade.  
Some g a s  a d s o r p t i o n  s t u d i e s  were made w i t h  2,2 ' -dimethylbutane (96X) which w e  
o b t a i n e d  from A l d r i c h  Chemica l  Co. 

They were 

blost of t h e  g r i n d i n g  was done w i t h  a mic ro -mi l l  from T e c h n i l a b  Ins t rumen t s :  
O the r  

P. major c o n s i d e r a t i o n  i n  t h e  s e l e c t i o n  o f  t h e  carrier s o l v e n t  and of t h e  tes t  

T h e  i so -oc tane  was P u r i f i e d  g r a d e  from F i s h e r ,  t h e  p y r i d i n e  

Results and D i s c u s s i o n  

L imi t ed -Pene t r a t ion  Acid-Base P robes .  

Py r i r l i nc  i s  known t o  swell c o a l  ve ry  c o n s i d e r a b l y ,  but  i n  s t u d i e s  o f  t h e  
e q u i l i b r i u m  s w e l l i n g  o f  c o a l  by p y r i d i n e  and i t s  d e r i v a t i v e s ,  Larsen and co-workers 
f o u n d  t h a t  t h e  d e r i v a t i v e s  w i t h  s i d e  c h a i n s  c a u s e  less swellin: and t h a t  t - b u t y l  
d e r i v a t i v e s  c a u s e  t h e  least  s w e l l i n g ,  a h o u t  1 O I  o f  t h a t  obse rved  wi th  p y r i d i n e  (1). 
P e r h a p s  t h e  most i m p o r t a n t  e f f e c t  o f  t h e  t - b u t y l  groups is on t h e  r a t e s  of s w e l l i n g ;  
Aida. S q u i r e s  and  [{ansen found t h a t  t h e  t - b u t y l  groups r e t a r d e d  t h e  rates o f  
p e n e t r a t i o n  h y  a f a c t o r  o f  a thousand o r  more (14). 
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An i m p o r t a n t  c o n s i d e r a t i o n  is t h e  e f f e c t  o f  t - b u t y l  s u b s t i t u t i o n  on  t h e  
s t r e n g t h  of t h e  a c i d i t y  or b a s i c i t y  o f  a test  m o l e c u l e ,  so we i n v e s t i g a t e d  t h e  h e a t s  
o f  ac id -base  complexa t ion  o f  t h e  c a n d i d a t e  test  a c i d s  and b a s e s  i n  a n e u t r a l  o r g a n i c  
s o l v e n t ,  u s i n g  i n f r a r e d  s p e c t r a l  peak s h i f t s  measured i n  t h e  p re sence  o f  v a r i o u s  
e x c e s s  c o n c e n t r a t i o n s  o f  r e a c t a n t .  Fo r  example,  t h e  peak s h i f t  o f  3,5-di-t- 
b u t y l p h e n o l  was measured w i t h  a 17.5 mN s o l u t i o n  i n  cyc lohexane ,  and i n  t h e  p re sence  
o f  a ?.-fold, 10 - fo ld  and 30-fold e x c e s s  o f  p y r i d i n e  t h e  s p e c t r a l  s h i f t  was -434 cm-l 
i n  each  c a s e ,  showing none o f  t h e  concen t r a t ion -dependence  r e p o r t e d  by Drago and 
co-workers (4). The d e t a i l s  o f  t h e s e  measurements w i l l  be shown i n  t h e  for thcoming 
p u b l i c a t i o n .  It was found t h a t  s u b s t i t u t i o n  o f  t - b u t y l  groups i n  t h e  2-, 4-, o r  
3,5- p o s i t i o n s  do n o t  a f f e c t  t h e  a c i d  o r  base  s t r e n g t h  of pheno l  o r  p y r i d i n e  
a p p r e c i a b l y ,  b u t  i n  t h e  2.6- p o s i t i o n s  t h e  t - b u t y l  g roups  c o m p l e t e l y  b locked  any 
r e a c t i o n s  o f  t h e  phenol  o r  p y r i d i n e  si tes.  

I n  o u r  f l o w  m i c r o c a l o r i m e t r y  measurements t h e  bed of powdered c o a l  is  exposed 
t o  test  a c i d  o r  base  s o l u t i o n s  f o r  o n l y  a b o u t  5 t o  10 minutes .  
minu te s  pu re  s o l v e n t  is pumped th rough  t h e  bed t o  deso rb  t h e  adsorbed prohe. I f  t h e  
probe is p y r i d i n e  o r  phenol  some of i t  t e n d s  t o  p e n e t r a t e  i n t o  t h e  c o a l  d u r i n g  t h e  5 
t o  10 m i n u t e s  o f  exposure,  b u t  with t - b u t y l  d e r i v a t i v e s  t h e  d e a r e e  o f  p e n e t r a t i o n  is 
n e g l i g i b l e .  
d e s o r p t i o n  i n  s e v e r a l  s u c c e s s i v e  a d s o r p t i o n - d e s o r p t i o n  c y c l e s  wi th  p h e n o l ,  p y r i d i n e ,  
and t h e i r  t - b u t y l  d e r i v a t i v e s  a d s o r b i n g  from i so -oc tane  a t  40 C o n t o  low-ash 
a n t h r a c i t e  (TSOC 6870) and o n t o  low-ash b i tuminous  c o a l  (Van-131) povders. 

i n  F i g u r e  1. 
went way o f f  scale on t h e  f irst  a d s o r p t i o n  c y c l e ,  and t h e  subsequen t  h e a t  of 
d e s o r p t i o n  was s t i l l  q u i t e  l a r g e  (+213O J o u l e s / k g ) ;  i n  t h e  subsequen t  c y c l e s  o n l y  
a b o u t  h a l f  as much h e a t  was e v o l v e d ,  w i t h  t h e  h e a t s  of a d s o r p t i o n  exceed ing  t h e  
h e a t s  o f  d e s o r p t i o n  by a b o u t  1OZ. On t h e  same a n t h r a c i t e  powder 4 - t - b u t y l p y r i d i n e  
i s  seen  t o  deso rb  q u a n t i t a t i v e l y ,  w i t h  a n  a v e r a g e  h e a t  o f  a d s o r p t i o n  o f  -825 
Joules/!:g and a n  ave rage  h e a t  o f  d e s o r p t i o n  of 4 . 2 7  J o u l e s / k g .  

p e n e t r a t i o n  i n t o  a n t h r a c i t e .  
d e s o r p t i o n ,  and t h e  h e a t s  f o r  t h e  second adso rp t ion -deso rp t ion  c y c l e  a r e  much less 
than  f o r  t h e  f i r s t  c y c l e .  
s u b s t i t u t i o n  is q u i t e  r emarkab le ;  t h e  i n i t i a l  h e a t  o f  a d s o r p t i o n  (-237 J o u l e d k g )  is 
e x a c t l y  e q u a l  t o  t h e  a v e r a g e  o f  t h e  f i v e  c y c l e s ,  and t h e  s t a n d a r d  d e v i a t i o n  f o r  t h e  
f i v e  h e a t s  o f  a d s o r p t i o n  and f i v e  h e a t s  o f  d e s o r p t i o n  is o n l y  3.6Z. 

i n t e r a c t i o n s  (-4 t o  -6.6 kJou le s /mole )  w i t h  t h e  s u r f a c e  of c o a l ,  e v e n  though F T I R  
s t u d i e s  showed t h a t  t h e  p h e n o l i c  g roup  canno t  i n t e r a c t  w i t h  py r id ine .  
weakly b a s i c  a r o m a t i c  r i n g  is t h e  s i t e  o f  exo the rmic  ac id -base  i n t e r a c t i o n  wi th  a c i d  
sites o f  c o a l .  

The b a s i c  probes used i n  t h i s  s t u d y  i n c l u d e d  two oxygen bases ,  e t h y l a c e t a t e  and 
4- t -butylcyclohexanone;  t h e i r  h e a t s  o f  ac id -base  i n t e r a c t i o n  a r e  -5.0 and  -5.7, 
k c a l s / m o l e  wi th  pheno l ,  as compared t o  t h e  -8.1 k c a l s / m o l e  f o r  4 - t -bu ty lpy r id ine .  
The 4 - t -bu ty l cyc lohexanone  performed w e l l  a s  a l i m i t e d - p e n e t r a t i o n  p robe  f o r  a c i d i c  
s i tes  on  Van-131 c o a l  powders. 

S t a t i s t i c a l  S i g n i f i c a n c e  of t h e  Flow Microcalorimetric Measurements 

I n  a n o t h e r  few 

T a b l e  1 i l l u s t r a t e s  t h i s  e f f e c t  by comparing h e a t s  of a d s o r p t i o n  and 

The p e n e t r a t i o n  o f  p y r i d i n e  i n t o  low-ash a n t h r a c i t e  (PSOC K 7 0 )  i s  i l l u s t r a t e d  
The h e a t  o f  a d s o r p t i o n  o f  p y r i d i n e  v a s  so e x c e s s i v e  t h a t  t h e  r e c o r d e r  

The f l o w  m i c r o c a l o r i m e t r y  r e s u l t s  f o r  phenol  i n  T a b l e  1 a l s o  shows much 
The h e a t s  o f  a d s o r p t i o n  a r e  abou t  d o u b l e  t h e  h e a t s  o f  

The l i m i t e d  p e n e t r a t i o n  o f  phenol  w i t h  3.5-di- t -butyl  

I n  T a b l e  1 i t  i s  shown t h a t  2 ,6-di- t -butylphenol  h a s  weak exo the rmic  

Pe rhaps  t h e  

The d a t a  i n  T a b l e  1 i l l u s t r a t e  t h e  s t a t i s t i c a l  s i g n i f i c a n c e  of t h e  flow 
m i c r o c a l o r i m e t r i c  measurements. With t h e  l i m i t e d - p e n e t r a t i o n  p robes  t h e  h e a t s  o f  
d e s o r p t i o n  a r e  seen  t o  b e  v e r y  c l o s e  t o  t h e  h e a t s  o f  d e s o r p t i o n ;  t h e  a v e r a g e  
d i f f e r e n c e  is o n l y  2.72. The s t a n d a r d  d e v i a t i o n s  i n  t h e  h e a t s  o f  a d s o r p t i o n  and 
d e s o r p t i o n  (measured i n  J o u l e s / k g )  i n  r e p e a t  r u n s  were found t o  be abou t  5% i n  a l l  
c a s e s  for  t h e  low-ash a n t h r a c i t e  and a b o u t  15X i n  a l l  c a s e s  f o r  t h e  low-ash 
b i tuminous  c o a l .  

much less r e p e a t a b l e ,  and t h e  mola r  h e a t s  of a d s o r p t i o n  d e r i v e d  t h e r e f r o m  were a l s o  
less r e p e a t a b l e .  

The measurements o f  amounts  adso rbed  de te rmined  from t h e  UV a b s o r p t i o n  were 

With t h e  low-ash a n t h r a c i t e  (PSOC 1370) and w i t h  t h e  low-ash 
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Table 1. Adsorption and Desorption of Acid-Ease Probes on Low-Ash Coal Powders. 

- Coal (n?/c) 

PSOC $870 

PSOC $11 

Van-131 

I .85 

1.81 

0.62 

1.57 

Acid-Base Probe 

Phenol 1 
2 

3,5-di-t-Butylphenol 1 
2 
3 
4 
5 

2,6-di-t-Rutylphenol 1 
2 
3 
4 
5 

Pyridine 1 
2 
3 
4 

4-t-autylpyridine 1 
2 
3 
4 
5 

3,5-di-t-Butylphenol 1 
2 
3 
4 

4-t-Butylpyridine 1 
2 
3 
4 
5 

Pyridine 1 
2 
3 

3.5-di-t-Butylphenol 1 
2 

4-t-Eutplphenol 

3 
4 
5 
6 

1 
2 
3 
4 
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rnnoles/kg 
adsorbed 

37.2 
27.8 

7.8 
6.8 
6.5 
8.1 
7.3 

16.9 
26.2 
26.4 
26.3 
20.5 

34.6 
38.1 
37.0 

37.4 
28.7 
27.0 
31.1 
37.5 

13.4 
22.0 
24.0 
20.2 

35.6 
40.5 
44.3 
39.4 
44.5 

12.1 
9.9 
4 . 2  
4.7 

15.4 
15.0 

Joulcsfke 
adsorbed desorbed ~- 
-2438 +I205 
-1806 +1100 

-232 +242 

-237 +243 
-242 +229 
-236 +249 

-238 +265 

-111, +I10 
-112 +129 
-135 t114 
-123 t139 
-91 +125 

-???? +2130 
-1477 t1375 
-1392 +1270 
-1432 +1242 

-871 +363 
-815 +36L 
-709 +817 
-S62 +782 
-363 +809 

-391 +365 
-431 +487 
-570 +559 
-617 +556 

-393 +a64 
-1081 +lo25 
-1096 +11359 

-1130 +1130 

-536 +334 
-668 4 6 0  

-1194 +I232 

-572 +390 

-158 +le4 
-162 +155 

-122 +127 

-117 t105 

-161 +162 

-129 +128 

-176 t221 
-257 +253 
-260 +259 
-250 +263 

kJ/nole 

-65.5 
-65.0 

-29.9 
-35.2 
-36.5 
-30.0 
-32.2 

-6.0 
-4.3 
-5.1 
4.7 
-4.5 

-42.7 
-36.5 
-38.7 

-23.3 
-28.4 
-26.3 
-27.7 
-23.1 

-29.2 
-21.9 

-30.5 

-25.1 

-23.8 

-26.7 
-24.7 
-20.3 
-25.4 

-13.0 
-16.4 
-38 
-26 

-16.9 
-16.7 



bituminous c o a l  ( P S K  t l l )  t h e  s t a n d a r d  d e v i a t i o n s  f o r  r e p e a t  runs i n  t h e  number of 
m i c r o n o l e s  adsorbed per square meter v a r i e d  from 10 t o  202, b u t  w i th  t h e  Van-131 
b i t u a i n o u s  c o a l  t h e s e  d e v i a t i o n s  were much g r e a t e r .  
s t u d i e s  w i t h  t h i s  same ins t rumen t  (15)  we have  a c h i e v e d  s t a n d a r d  d e v i a t i o n s  between 
t h e  h e a t s  of a d s o r p t i o n  i n  s u c c e s s i v e  r e p e a t  r u n s  of about  2Z, so we are 
e n c o u n t e r i n g  c o a l - r e l a t e d  a n a l y t i c a l  d i f f i c u l t i e s  i n  de t e rmin ing  t h e  c o n c e n t r a t i o n  
o f  t h e  ac id -base  probes i n  t h e  e l u e n t .  
a i r  b u b b l e s ,  and a s  t h e  s o l u t i o n  f l o w s  th rouzh  t h e  c a l o r i n e t e r  bed a t  40 C, t h e r e  i s  
a tendency f o r  bubble-formation;  we have  swi t ched  t o  30 C, and t h i s  h e l p s .  The re  i s  
a l s o  a tendency f o r  small coal p a r t i c l e s  t o  be c a r r i e d  o u t  of the bed and through 
t h e  UV d e t e c t o r  c e l l ;  we have  in t roduced  a micro-pore f i l t e r  a t  t h e  base of t h e  bed, 
and t h i s  a l s o  h e l p s .  i f e v e r t h e l e s s ,  t h e r e  is a tendency f o r  some a r o m a t i c  conponents  
of  c o a l  t o  be l eached  o u t  d e s p i t e  ou r  u s e  of i so -oc tane  as  a c a r r i e r  l i q u i d  w i t h  of 
minimal s o l u b i l i t y  f o r  a romat i c s .  Pe rhaps  a branched s a t u r a t e d  hydrocarbon of 
h ighe r  m o l e c u l a r  i i e iSht  or some Freon-tyye s o l v e n t  would g i v e  a c l e a n e r  e l u e n t .  

D i f f e r e n c e s  in t h e  S u r f a c e  P r o p e r t i e s  of Coa l s  

I n  o t h e r  f l o w  m i c r o c a l o r i m e t r i c  

The U'I f l o w  d e t e c t o r  is ve ry  s e n s i t i v e  t o  

I n  t h e  s t u j i e s  w i th  lo!+ash c o a l s ,  t h e  h e a t s  of a d s o r p t i o n  of l i n i t e d -  
p e n e t r a t i o n  acid-base probes a r e  a p p r e c i a b l y  g r e a t e r  f o r  t h e  p y r i d i n e  d e r i v a t i v e s  
than  f o r  t h e  phenol  d e r i v a t i v e s ,  and t h i s  is shown t o  r e s u l t  f r o 3  hi:ner s u f a c e  
c o n c e n t r a t i o n s  of a c i d i c  s u r f a c e  s i t e s  i n  t h e  t h r e e  low-ash c o a l s  i n v e s t i g a t e d ,  
whether  a n t h r a c i t e  or b i tuminocs  c o a l .  

T a b l e  2. Hea t s  of Adsorpt ion of T e s t  P robes  on High-Ash Coa l  Powders 
Coa l  P ! i l  l e d  k i d - B a s e  Probz  nmoles/!ro Joules/!:: ! d o u  les/mo l e  - 

adsorbed edsorbed d e s o r k d  ~-~ 
25.3 -535 +522 PSOC $213 no 

yes  

no 

Yes 

PSOC C363 no 

Yes 

no 

Yes 

3,5-di- t -Butylphenol  1 
2 
5 

1 
2 
3 
4 

4- t -Bu ty lpy r id ine  1 
2 
3 

1 t 

2 
3 

3,5-di- t -Eutylphenol  1 
2 
3 

4-t-l!utylpyridine 1 
2 
3 

1 
2 
3 
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26.9 
31.4 

35.6 
35.4 
29.9 
32.7 

46.1 
35.6 
43.3 

34.0 
58.9 
60.3 

41 . s  
43.6 
45.7 

26.0 
37.5 
30.6 

51.3 
33.5 
16.4 

80.9 
53.1 
71.0 

-54? 
-5h9 

-1351 
-1021 
-1067 
-1092 

-1221 
-732 
-703 

-1745 
-1251 
-1318 

-540 
-494 
-439 

-916 
-607 
-619 

-2330 
-602 
-436 

-1975 
-736 
-619 

4 3 2  
t 6 1 5  

t 9 3 3  
4.874 
t o 2 4  

t1096  

t 6 3 5  
4 1 9  
t 6 7 3  

+1163 
t1276  

t > 3 9 9  
+406 
t 4 3 9  

t 3 6 5  
t 5 2 3  
4 4 4  

t1325  
t 4 3 1  

t5'34 
t 5 9 0  
t 5 4 0  

-23.1 
-2h. 1 
-20.7 

-37.9 
-23.3 
-35.3 
-33.4 

-26.9 
-22.0 
-16.2 

-51.5 
-21.3 
-?1.8 

-12.9 

-9.6 

-35.2 
-16.2 

-11.3 

-20.3 

-45.6 
-18.0 
-24.8 

-24.2 
-13.8 
-3.6 



The p r e s e n c e  of a s h  i n  t h e  a n t h r a c i t e  (PSOC 6868) or  b i tuminous  c o a l  (PSOC 
6213) made much d i f f e r e n c e  i n  t h e  h c a t s  o f  a d s o r p t i o n ,  e s p e c i a l l y  i n  t h e  
r e p e a t a b i l i t y  o f  t h e  h c a t s  of a d s o r p t i o n  i n  a series of  r e p e t i t i v e  a d s o r p t i o n -  
d e s o r p t i o n  cycles. 
s t r o n g e r  a d s o r p t i o n  t n a n  d e s o r p t i o n ,  e s p e c i a l l y  i n  t h e  f i r s t  c y c l e ,  and t h a t  t h e  
h e a t s  of a d s o r p t i o n  d e c r e a s e d  i n  s u c c e s s i v e  cycles. Those f i n d i n g s  s u g g e s t  tha t  t h e  
a s h  p r e s e n t  i n  t h e s e  powders b i n d s  t h e  a c i d - b a s e  prohes  n o r e  s t r o n g l y  t h a n  t h e  c o a l .  
In T a b l e  2 r e s u l t s  a r e  compared f o r  c o a l  powders a s  r e c e i v e d  v e r s u s  f r e s h l y  micro- 
m i l l e d  powders. and i t  a p p e a r s  t h a t  t h e  molar h e a t s  o f  a d s o r p t i o n  i n  t h e  i n i t i a l  
c y c l e  are a l v a y s  h i z h e r  w i t h  f r e s h - m i l l e d  c o a l  powders. 

S u r f a c e  Area D e t e r m i n a t i o n  with L i m i t e d - P e n e t r a t i o n  Adsorbents  

T a b l e  2 shows t r e n d s  i n d i c a t i n g  t h a t  t h e  p r e s e n c e  of  a s h  caused  

There  h a s  been s o n e  d i s c u s s i o n  i n  t h e  l i t e r a t u r e  (16) of  d i s c r e p a n c i e s  i n  

So much more carbon d i o x i d e  t h a n  
s p e c i f i c  areas d e t e r n i n e d  by gas a d s o r p t i o n  w i t h  n i t r o g e n  a t  l i q u i d  n i t r o g e n  
te f i ipera tu ies  v e r s u s  c a r b o n  d i o x i d e  a t  25 C. 
n i t r o g m  i s  p icked  up hy the coal t h a t  i t  v a s  proposed t h a t  hundreds  o f  s q u a r e  
m e t e r s  p e r  gran of  s u r f a c e  i s  a c c e s s i b l e  t o  carbon d i o x i d e  but  n o t  t o  n i t r o g e n .  
However, i n  nodern  s t u d i e s  i t  i s  becoming q u i t e  c l e a r  t h a t  carbon d i o x i d e  ( l i k e  
o t h e r  s m a l l  r e a c t i v e  o r g a n i c  n o l e c u l e s )  ( ! i s s o l v e s  i n t o  t h e  c o a l ,  c a u s i n g  some 
s w l l i n g  and a l l o w i n g  access t o  i n n e r  s u r f a c e s  by a s o l u t i o n  r o u t e .  
is a s e l f - a s s o c i a t e d  a c i d - b a s e  complex which r e a d i l y  d i s s o l v e s  i n t o  and s w e l l s  any 
a c i d i c  or b a s i c  polymer. Coal i s  j u s t  one  of t h e  nany p o l y n e r s  t h a t  p i c k s  up c a r h o n  
d i o x i d e  vapors a p p r e c i a h l y  a t  one  a tmosphere  and  a t  room tempera ture .  I f  one  uses 
t h e  Polanyi -Dubin in  e q u a t i o n  t o  e l u c i d a t e  t h a  " s p e c i f i c  s u r f a c e  a r e a s "  f r o a  such  g a s  
a b s o r p t i o n  n e a s u r e n e n t s  t h e  p l o t s  a i v e  v e r y  s a t i s f y i n g  s t r a i g h t  l i n e s  and h i g h  
c o r r e l a t i o n  c o e f f i c i e n t s ,  p red ic t<-ng  o v e r  a hundred s q u a r e  n e t e r s  of  s u r f a c z  
p e r  g r a s  f o r  o p t i c a l l y  clear p o l y n e r s  s u c h  as p o l y m e t h y l m e t h a c r y l a t e .  

poiwders h a s  m e r i t ,  f o r  t h e  t - b u t y l  groups  bloc!< p e n e t r a t i o n  i n t o  t h e  c o a l  ar.d no 
s o l u t i o n  occurs .  
d i n e t h y l b u t a n e ,  which h a s  a t - b u t y l  group,  and measured t h e  a d s o r p t i o n  of t h i s  vapor  
a t  25 C, and  c a l c u l a t e d  t h e  s p e c i f i c  s u r f a c e  a r e a s  w i t h  t h e  BET metho?, v s i n g  0.40 
nm2 f o r  t h e  area per  m o l e c u l e .  
a r e a s  measurzd w i t h  2 , 2 - d i n e t h y l b u t a n c  a g r e e  q u i t c  vel1 w i t h  t h o s e  determine.' f r o 3  
n i t r o g e n  a d s o r p t i o n  i s o t 5 e r n s  measured a t  -195 C. I n  T a b l e  3 we c o z p a r e  s p e c i f i c  
s u r f a c e  a r e a s  f o r  f i v e  l o t s  of povdered Van-131 c o a l  v h i c h  tiere ground t o  v a r i o u s  
p a r t i c l e  s i z s s .  
o r  2.2-dimethylbutane i n c r e a s e d  upon g r i n d i n 2  t o  snaller p a r t i c l e  sizes, 3 u t  t h e  
"areas" de terc l ined  v i t h  c a r b o n  d i o x i d e  r e s s i n e d  a t  a b o u t  100 m2/g. 'Tne s p e c i f i c  
s u r f a c e  a r e a  o f  t S e  c o a r s e s t  po:ider vas measured t o  be 0.50-0.52 m2/g by n i t r o g e n  
a d s o r p t i o n  and 1.49 m2/9 b y  2,2-dimsthylbutane.  
h a v e  2.76-2.52 d / p ,  by n i t r o g e n  a d s o r p t i o n  and 3.52 m2/g by 2 ,2-d ine thylbutand  
a d s o r p t i o n ,  and t h e  f i n e s t  powder vas found t o  h a v e  14.0-20.5 m2/g by n i t r o g e n  
a d s o r p t i o n  and 14.7 n2/g  by 2,2-dLz1ethylbutane a d s o r p t i o n .  
agrcemcnt is found f o r  t h e  f i n e r  powders. 

t h e  amounts of a d s o r p t i o n  de te rn i ined  i n  t h e  € l o t i  m i c r o c a l o r i m e t r i c  measurements w i t h  
t - b u t y l  d e r i v a t i v e s  of p y r i d i n e ,  phenol  and  cyc lohexanone  a d s o r b i n g  f r o n  s o l u t i o n  i n  
i so-oc tanc .  The estimates shown i n  T a b l e  3 were c a l c u l a t e d  from t h e  assumpt ion  t h a t  
t h e  ina:tinum s u r f a c e  c o n c e n t r a t i o n s  a t t a i n e d  i n  f low m i c r o c a l o r i m e t r y  c o r r e s p o n d  t o  
t igh t -packed  i::onolayers (4.1 microcioles/mZ); h o v c v e r ,  t h c  r e s u l t s  v i t h  t h e  f i n e r  
powders s q g e s t  t h a t  t h e  f i l m  are n o t  tight-pac!ced. 

Carbon d i o x i d e  

The use of  t - b u t y l  d e r i v a t i v e s  t o  d e t e r m i n e  s p e c i f i c  s u r f a c e  a r e a s  o f  c o a l  

!.le h a v e  t r i e d  t h i s  approach  w i t h  gas a d s o r p t i o n ,  u s i n g  2.2- 

As can  be s e e n  i n  T a b l e  3, t h e  s p e c i f i c  s u r f a c e  

?he s p e c i f i c  s u r f a c e  areas de termined  from a d s o r p t i o n  o f  n i t r o g e n  

Bn i n t e r m e d i a t e  porrder was found t o  

It a p p e a r s  t h a t  t h e  b e s t  

S p e c i f i c  s u r f a c e  areas were a l s o  a s t i m t e d  f o r  t h e  same Van-131 powders, u s i n g  
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T a b l e  3. S u r f a c e  Areas ( d g )  Versus  P a r t i c l e  Size of Ground Van-131 Coal 

Coal  L o t  I!esh S i z e  Adsorbent --- 
V2n-13lC 

Van-131F 

Van-131T 

50-100 i,!itrogen -196 
-196 !. i i trogen 

2,2-Dimethylbutane 25 
4-t-Butylphenol 40 
4- t -Sutp lcyc lohcranone  40 
Carbon dio:ti?e 25 
Carbon d i o x i d e  25 

C32.5 N i t r o g e n  -196 
f!i troaen -196 
2.2-4ioeth71Sutane 25 
4-t-”,tylcyclohe:tanonc 40 
3,5-di-t-Butylphenol 40 
Carbon d i o x i d e  25 
Carbon d i o x i d e  25 

<<325 K i t r o g e n  -196 
X i t r o g e n  -195 
2 ,2-Dine thylhutane  25 
4-t-Butylcyclohc::anone L;O 
4-t-Butylphenol 40 
3,5-di-t-Butylphenol 40 
Carbon d i o x i d e  25 
Carbon d i o x i d e  2 5  

. r .  

R e f e r e n c e s  

!lethod A n a l y s i s  I 

Dynemic 
S t a t i c  
S t a t i c  
Flow-Cal 
F1 ow-Ca1 
S t a t i c  
S t a t i c  

Dynamic 
S t a t i c  
S t a t i c  
Flov-Pal 
Flov-Cal 
S t n t i c  
S t a t i c  

Dynamic 
S t a t i c  
S t a t i c  
F1o:i-Pal 
F l o w - a 1  
Flox-Cal 
S t a t i c  
S t a t i c  

BET 
E T  
BET 

X T  
3-P 

8F.T 
B6T 
BET 

BET 
D-? 

B5T 
E CT 
3zT 

BET 
D-? 

0.50 
0.52 
1.49 
3.5 
2 .8  

85 
117 

2.82 
2.75 
5.52 
1 . 9  
2.2 

56.G 
94.6 

1k.0 
20.5 
14.7 
5.5 
5.3 
4 . 6  

57.E 
49.3  
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