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INTRODUCTION 

It i s  important  t o  understand t h e  na tu re  of carbon-oxygen complexes which 
e x i s t  on t h e  s u r f a c e s  of carbonaceous s o l i d s  such a s  c o a l  cha r s ,  a c t i v a t e d  carbons 
and carbon molecular  s i eves .  The na tu re  and concen t r a t ion  of t he  oxygen f u n c t i o n a l  
group w i l l  i n f l u e n c e  p r o c e s s e s  i n  which t h e  ca rbon ' s  s u r f a c e  i s  involved (1) .  
examples, w e t a b i l i t y  ( 2 ) ,  a d s o r p t i v e  behavior ( 3 , 4 ) ,  c a t a l y t i c  and e l e c t r i c a l  
p r o p e r t i e s  ( 5 )  a r e  a l l  a f f e c t e d  by the  chemical n a t u r e  and e x t e n t  of t h e  
oxygen-containing s u r f a c e  complex. I n  a d d i t i o n ,  oxygen chemisorpt ion techniques 
have been used widely t o  e s t i m a t e  carbon "ac t ive  s i t e "  concen t r a t ion  f o r  va r ious  
carbons and c h a r s  (6-9). These methods a r e  used i n  a t t empt s  t o  c o r r e l a t e  carbon 
r e a c t i v i t y  wth some fundamental  property of t h e  carbon. Of cour se ,  t h e  s u r f a c e  
complexes formed by t h i s  d e l i b e r a t e  chemisorption of oxygen a r e  t h e  same a s  those  
produced by n a t u r a l  p rocesses .  Thus, a b e t t e r  understanding o f  carbon-oxygen 
complexes w i l l  be of v a l u e  t o  p r a c t i c a l  and fundamental  a s p e c t s  of c o a l  and carbon 
sc i ence  and technology. 

A s  

Highly porous carbonaceous s o l i d s ,  l i k e  c o a l  c h a r s ,  a r e  mainly composed of 
r e l a t i v e l y  d i so rde red  carbon atoms. These m a t e r i a l s ,  i n  g e n r a l ,  demonstrate  a high 
propensi ty  f o r  oxygen chemisorpt ion because of l a r g e  concen t r a t ions  of edge carbon 
atoms. Once oxygen i s  chemisorbed onto these  edge carbon atoms then  carbon-oxygen 
complexes a r e  formed. 
thermally as CO o r  Cog.  
temperatures  of t h e  o r d e r  of 1250 K (6). 

These s u r f a c e  f u n c t i o n a l  groups can on ly  be removed 
Complete thermal removal of t h e  complexes r e q u i r e s  

Direct  a n a l y s i s  o f  t h e  complexes has  been performed ( 4 )  by a range of 
techniques.  Unfo r tuna te ly ,  many s t u d i e s  have produced c o n f l i c t i n g  r e s u l t s .  T h i s  
i s  probably a r e s u l t  o f  poor ly  de f ined  carbons,  poorly de f ined  o x i d a t i o n  cond i t ions  
and the  use of widely d i f f e r e n t  carbonaceous s o l i d s .  In  a d d i t i o n ,  i t  i s  understood 
t h a t  oxygen-carbon s u r f a c e  complexes do  no t  behave n e c e s s a r i l y  i n  t h e  same manner 
a s  do carbon-oxygen f u n c t i o n a l i t i e s  i n  simple o rgan ic  compounds. 

The p r i n c i p a l  purpose of t h i s  s tudy was t o  examine oxygen complexes 
d e l i b e r a t e l y  inco rpora t ed  i n t o  a r e l a t i v e l y  pure,  microporous carbon by using a 
L inea r  Temperature Programmed Desorption (LTPD) technique,  i n  con junc t ion  wi th  
chemical n e u t r a l i z a t i o n  methods. 

EXPERIMENTAL 

Mate r i a l s  

A p r o p r i e t a r y  phenol-formaldehyde (PF) polymer w a s  used t o  p repa re  t h e  
microporous char .  The polymer was heated,  i n  N , t o  1275 a t  10 K min . The char  
was subsequent ly  o x i d i z e d ,  t o  varying degrees ,  t y  ( i )  a i r  ox ida t ion  performed i n  a 
f l u i d i z e d  bed over  a r ange  of r e a c t i o n  temperatures  and t imes and ( i i )  t r ea tmen t  
w i th  concentrated HN03 s o l u t i o n  f o r  d i f f e r i n g  temperatures  and o x i d a t i o n  t imes.  
F u l l  d e t a i l s  of t h e s e  p rocedures  (and o t h e r s  r e f e r r e d  t o  i n  t h i s  paper)  a r e  g iven  
elsewhere (1 ) .  
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Thermal Desorpt ion Experiments 

The LTPD experiments were g e n e r a l l y  c a r r i e d  u t  a s  fol lows.  About 1 g of 
dr ied sample was heated i n  f lowing N a t  5 K mine* up t o  1275 K. The evolved gases  
were cont inuously analyzed f o r  C 0 2 ,  80, H and H 0 vapor. Some experiments  were 
performed in flowing H2, t h e  procedure W a f  i d e n t t c a l  t o  t h a t  u s ing  N2. 

S e l e c t i v e  Neu t ra l i za t ion  Technique , 
Small  samples of cha r  were immersed in s e p a r a t e  s o l u t i o n  of NaHCO , Na2 C03, 

NaOH and Ba(0H) - 
s o l u t i o n  were d e n  c a l c u l a t e d  from t i t r a t i o n s  wi th  HC1. 

The amounts of a c i d i c  oxygen complexes n e u t r a l i z e d  %y each 

RESULTS AND DISCUSSION 

F igures  1 and 2 ,  r e s p e c t i v e l y ,  p re sen t  deso rp t ion  p r o f i l e s  f o r  t h e  cha r s  
oxidized i n  HNO 
expected, i n  bo2h cases  t h e  p r i n c i p a l  gases  evolved a r e  CO and CO . E s s e n t i a l l y  a l l  
t h e  CO evolving complexes (CO-complex) and CO evolving complexes2(C02-complex) a r e  
desorbed by 1275 K. 
evolving)  can be f u r t h e r  d iv ided  i n t o  two c a t e g o r i e s  depending on t h e  temperature' 
range of evo lu t ion .  For example, in the  case of t h e  CO-complex, two evo lu t ion  
peaks a r e  seen,  one a t  about  900 K and one a t  1100 K (F igu res  1 and 2) f o r  both 
samples. 
(Figure l ) ,  i t  d e n  t a i l s  o f f  w i t h  s i g n i f i c a n t  q u a n t i t i e s  of CO being evolved up 
t o  1000 K. e v o l u t i o n  f o r  t h e  a?, oxidized sample 
is around 900 K (Figure 2) .  This  sample d l d  evolve a small q u a n t i t y  of C02 i n  t h e  
lower temperature  r equ i r e  ( -  550 K). For convenience sake  we w i l l  r e f e r  t o  t h e  
fou r  groups of complexes as lower and higher  temprature ,  CO or CO complexes. The 
main reasons f o r  observing d i f f e r e n t  evo lu t ion  peaks f o r  CO and d2 a r e  t h a t  
d i f f e r i n g  complexes w i l l  evo lve  t h e  same gaseous s p e c i e s  a t  va r ious  temperatures ,  
and t h a t  t h e  same oxygen complex may be formed a t  (and thus ,  desorbed from) 
e n e r g e t i c a l l y  d i f f e r e n t  carbon atoms in t h e  zig-zag o r  armchair  conf igu ra t ion .  

( a t  340 K, f o r  5 h)  and in a i r  ( a t  673 K f o r  3 h). As is t o  be 

It is impor t an t  t o  no te  ghat each set of complexes (CO o r  CO 

The CO -complex on t h e  HNO t r e a t e d  cha r  mainly appears  a t  about  575 K 

On t h e  o t h e r  hand, t h e  main CO 

It should be noted t h a t  t h e  f r a c t i o n  of oxygen e x i s t i n g  a s  CO complexes on 
the  samples is q u i t e  d i f f e r e n t  f o r  t h e  HNO 
in a l l  ca ses ,  t he  HNO ox id ized  c h a r s  a t  d a s t  50% of the  t o t a l  oxygen is presen t  
a s  CO -complex. Howe?er, f o r  t h e  a i r  oxidized samples ( r ang ing  from 473 K f o r  1 h 
up t o  783 K f o r  50 m i d  t h e  oxygen p resen t  a s  C02-complex v a r i e s  from 25% t o  50%. 
Obviously, t h e  HN03  samples c o n t a i n  much more C02-complex than do the  a i r  oxidized 
ones. 

and a i r  oxidized samplgs. For example, 

2 

A d i r e c t  c o r r e l a t i o n  e x i s t s  between t o t a l  a c i d i t y  (from NaOH n e u t r a l i z a t i o n )  
and t h e  concen t r a t ion  of CO -complex f o r  both the  HNO and a i r  oxidized cha r s  
(Figure 3 ) .  
char (1). 
FOK t h e  HN03 oxidized c h a r s  t h e  s l o p e  i s  n e a r  t o  u n i t y ,  whereas,  f o r  t h e  a i r  
oxidized samples t h e  s lope  is about  two. From t h i s ,  and o t h e r  evidence from 
samples exchanged with sodium, i t  i s  suggested t h a t  t h e  p r i n c i p a l  a c i d i c  
CO -complex from t h e  HNO ox id i zed  cha r s  is ca rboxy l i c  acids .  For t h e  a i r  oxidized 
chzrs ,  t he  main a c i d i c  Cd2-complex is a ca rboxy l i c  anhydride,  which i n  aqueous 
s o l u t i o n  (as in t h e  n e u t r a l i z a t i o n  experiments)  forms two ca rboxy l i c  a c i d s  f o r  each 
anhydride hydrolyzed. 

No such c o r r e l z t i o n  can be found f o r  the3C0-complex on any oxidized 
As can be seen,  t h e  s l o p e s  of l i n e s  on Figure 3 a r e  q u i t e  d i f f e r e n t .  

In an at tempt  t o  determine f u r t h e r  t h e  n a t u r e  of t he  a c i d i c  f u n c t i o n a l i t i e s  
ion-exchange experiments were performed wi th  Ba(0H) . 
two ca rboxy l i c  ac id  s u r f a c e  groups were a d j a c e n t ,  t a e n  both could be n e u t r a l i z e d  by 
one Ba(0H) ; i f  they a r e  no t  nea r  t o  each o t h e r ,  t hen  one Ba(0H ) is r equ i r ed  f o r  
n e u t r a l i z a g i o n  of each c a r b o x y l i c  a c i d  ( t h e  e x t r a  p o s i t i v e  change on t h e  s u r f a c e  is 
balanced by OH-). Thus. by comparing n e u t r a l i z a t i o n  d a t a  from NaOH and Ba(OH)2 one 

Boehm (10)  observed t h a t  i f  

311 



can specu la t e  on t h e  r e l a t i v e  d i s t a n c e  between t h e  ac id  groups. 
samples a r e  g iven  i n  Table  1. 
r e l a t i o n s h i p  between t h e  CO 
n e u t r a l i z a t i o n .  
n e u t r a l i z a t i o n  and CO complex concen t r a t ion  is about 2:l. $0, t h e  a i r  oxidzed 
cha r s ,  i t  is seen t h a z  t h e  o b s e r v a t i o n s  a r e  very d i f f e r e n t .  
moles of NaOH and Ba(OH)2 needed for n e u t r a l i z a t i o n  a r e  ve ry  s i m i l a r ,  and about  
twice the number of moles of t h e  C02 complex. 

Such d a t a  for our  
For t h e  HNO c h a r s ,  one observes  an almost  1:l 

complex and eAe moles of NaOH requ i r ed  f o r  
The r a t i o  $0, t he  number of moles of Ba(0H) needed for 

That is, t he  number of 

TABLE 1 

N e u t r a l i z a t i o n  Data for NaOH and Ba(OH)2 on A i r  and 
HN03-Oxidized Chars 

Sample 

A i r  Char 
640 K, 3 h 
698 K ,  11 h 

HNO Char 
320 K, 0.1 h 
340 K, 5 h 

-C02 Complex 
mmol/g 

0.4 
1.5 

0.6 
1.8 

N e u t r a l i z a t i o n  (mmol/g) 
NaOH Ba(OH)2 

0.8 
3.2 

0.6 
1.9 

0.9 
3.1 

1.3 
3.2 

These d a t a  i n d i c a t e  t h a t  f o r  t h e s e  samples t h e  a c i d  groups a r e  ad jacen t  f o r  

complex f o r  
t he  a i r  c h a r s  and nonadjacent  f o r  t h e  HNO oxidized chars .  This  obse rva t ion  f i t s  
I n  wi th  the  sugges t ion  of ca rboxy l i c  anhyJ r ides  a r e  t h e  dominant CO 
the  a i r  ox id i zed  samples because on hydro lys i s  t h e  anhydride w i l l  y?eld two 
adjacent  ca rboxy l i c  a c i d  groups.  

2 
Next we addres s  t h e  CO complexes by a s e r i e s  of LTPD runs made i n  4.05% H 

(balance N ). 
mixture.  
i n  t h i s  H 
both the &NO 
temperature 20 complex, bu t  t h e  lower temperature CO complex i s  l i t t l e  a l t e r e d .  
t h e  case of t h e  HNO cha r ,  a second H 0 evo lu t ion  peak appears  a t  h i g h  
temperatures ,  around 950 K ( s e e  F i g u r e  4). For  t h e  a i r  cha r ,  a H 2 0  peak is a l s o  
observed a t  about  950 K. It should b e  noted t h a t  i n  a l l  t h e s e  runs t h e  oxygen 
balance was remarkably good. That  i s ,  the  t o t a l  amount of 'oxygen' evolved is 
i d e n t i c a l  in both N and H / N  gas  mixtures .  The on ly  d i f f e r e n c e  is i n  t h e  
d i s t r i b u t i o n  of s p e z i e s  wh?ch2indicates  t h a t  t h e  ' l o s s '  of high temperature  CO 
complex is q u a n t i t a t i v e l y  accounted f o r  by t h e  appearance of a new h igh  temperature  
H 0 peak. F igu re  4 a l s o  shows t h e  consumption of H during these  experiments.  The 
c&.umption of H 2  seems t o  p a r a l l e l  t h e  evo lu t ion  oP t h e  lower-temperature CO 
complex. A s e r i e s  of experiments  was performed i n  which t h e  lower temperature  CO 
complex was s y s t e m t i c a l l y  removed by hea t  t reatment  i n  N , p r i o r  t o  LTPO i n  4.05% 

H ~ .  H consumption and CO complex decomposed. 
2 

6). The e v o l u t i o n  of C 0 2  w a s  n o t  i n f luenced  by it,, however, t h e  e v o l u t i o n  of CO is 
markedly reduced. There is a , r e l a t i v e l y  l a r g e  q u a n t i t y  of CH produced. A run 
made with a c l ean  c h a r  (hea ted  to 1275 K p r i o r  t o  H t r ea tmen t )  a l s o  produces some 
CH (Figure 6 )  but i t  is a l so  e v i d e n t  from t h i s  f i g i r e  t h a t  t h e  presence of some CO 
e v h v i n g  complex enhances CH4 evo lu t ion .  Figure 7 is a p l o t  of CH4 evolved versus  
t h e  amount o f  lower t empera tu re  CO complex t h a t  decomposes a s  CO ( i n  H , up t o  1000 
K). 
lower-temerature CO complexes, i r r e s p e 2 t i v e  of cha r  type.  

The e v o l u t i o n  of C 0 2  w a s  no t  i n f luenced  by t h e  change t o  t h i s  gas  
?he CO p r o f i l e s  a r e  a lmost  i d e n t i c a l  t o  those obtained i n  N . However, 

For contagning g a s  t h e  LTPD p r o f i l e s  f o r  t h e  CO evo lu t ion  a r e  cianged. 
and a i r  ox id ized  c h a r s  t h e r e  i s  a dramatic  loss of t h e  h ighe r  

2 
I n  

Figure 5 shows t h e  r e s u l t s .  There is an apparent  d i r e c t  r e l a t i o n s h i p  between 

Experiments were a l s o  c a r r i e d  o u t  i n  pure H a t  a tmospheric  p r e s s u r e  (Figure 

4 

This f i g u r e  does  i n d i c a t e  t h a t  CH product ion can be r e l a t e d  t o  t ie  
The s l o p e  of t h i s  l i n e  
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is  the same as that (0.75) seen in Figure 5. These data suggest, strongly. that 
CH evolution originates from the chemisorption of hydrogen on to carbon atoms made 
aviilable by decomposition of CO complex. 
decomposes to evolve CH 

Ultimately the carbon-hydrogen complex 

4' 

CONCLUSIONS 

It has been shown that a combination of LTPD techniques, in different gaseous 
atmospheres, with selective neutralization techniques can yield very valuable 
information on carbon-oxygen surface complexes o r  chars. Specifically, it is 
concluded that, for these samples; 

The oxygen complexes can be conveniently divided into four groups comprised 
of lower and higher-temperature CO and C02 evolving complexes. 

chars studzed. 
CO evolving complexes are mainly responsible for acidic nature of the 

The principal Cog complexes can be characterized as (i) lower-temperature 
CO complexes are nonadjacent carboxyl groups formed at dangling edge carbon atoms; 
( i z )  higher-temperature C02 complexes are carboxylic anhydrides, which on 
hydrolysis form adjacent carboxyl groups. 

Thermal decomposition of the lower temperature CO evolving complex 
generates highly reactive dangling carbon atoms. These atoms can either chemisorb 
H 2' or produce CH4 i n  the presence of H 2 
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