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INTRODUCTION 
The Dubinin’s theory of volume f i l l i n g  of micropores  (1) i s  ap- 

p l i e d  t o  t h e  eva lua t ion  o f  adsorp t ion  isotherms t o  c h a r a c t e r i z e  the 
c a p i l l a r y  s t r u c t u r e  o f  microporous carbonaceous s o l i d s  (2-15). Re - 
c e n t l y ,  t h i s  theory i s  f r e g u e n t l y  r e p r e s e n t e d  by the  Dubinin-Astak- 
hov (DA) e q u a t i o n  (16) :  

where W i s  the  volume of micropores f i l l e d  w i t n  t h e  adsorbate  a t  
temperature T and r e l a t i v e  pressure  p/po, WO i s  t h e  t o t a l  volume of  
micropores,  A=RT ln(p/po) i s  the d i f f e r e n t i a l  molar work o f  adsorp  - 
t i o n .  The productj3Eo i s  equal  E ,  where Eo and E a r e  c h a r a c t e r i s t i c  
adsorp t ion  e n e r g i e s  f o r  a s tandard and a chosen a d s o r p t i v e ,  respec-  
t i v e l y .  The c o e f f i c i e n t j i s  e s i m i l a r i t y  f a c t o r ,  r e l e t e d  t o  t h e  ad- 
s o r p t i v e s  ( a i s  u s u s l l y  c a l c u l a t e d  as the r a t i o  of  molar volumes o r  
parachores  of the a d s o r p t i v e s  ) ,  a n d  i t  enables  the  c h a r a c t e r i s t i c  
curves  ( p l o t s  of W/Wo v e r s u s  h ) o f  d i f f e r e n t  a d s o r p t i v e s  on the  same 
s o l i d  t o  be superimposed.The value of  the parameter n i s  chosen so.  
tha t  the experimental  data  would f i t  equat ion  1 .  

Tie  proper  choice of n may p r e s e n t  some d i f f i c u l t i e s .  Also,  the 
quest ion a r i s e s ,  i f  the r e c t i l i n e a r i t y  of the p l o t  i n  the c o o r d i  - 
n a t e s  corresgonding t o  t h e  logmi tnmic  form of equat ion  1: In  w ver- 
sus (A/PEo) 
considered as a s u f f i c i e n t  i n d i c a t i o n  f o r  the  physicochemical va l i -  
d i t y  of the r e s u l t i n g  p a r m e t e r s  W0 and.pEo. 

The aim of t h i s  work was t o  e s t a b l i s h ,  f o r  a s u i t e  of carbona- 
ceous m a t e r i a l s ,  the  v a l u e s  of n f o r  which a s a t i s f a c t o r y  agreement 
would be obta ined  be tween the  experimental  adsorp t ion  d a t a  and the 
DA equat ion,  t r y i n g  a l s o  t o  v e r i f y  the obta ined  DA parameters  r e f e r -  
r i n g  t o  r e l a t e d  r e s u l t s  c a l c u l a t e d ,  o r  obtained exper imenta l ly ,  in-  
dependently.  

A s  a d s o r p t i v e s  benzene ( f r e q u e n t l y  used as s tandard)  and cyclo-  
hexane ( t o  avoid the presence o f  - e l e c t r o n e s  i n  the molecule)  
were chosen. To have a s u i t e  o f  samples c h a r a c t e r i z e d  by a systema- 
t i c z l l y  changing p o r o s i t y ,  humic a c i d s  steam g a s i f i e d  c h a r s  were 
prepared witn varying burn-offs.Humic a c i d s  from brown c o a l s  can be 
obtained with a low mineral  mat ter  c o n t e n t  ana they  a r e  thought  t o  
be r e p r e s e n t a t i v e  f o r  the  organic  substance of low rank c o a l s .  Ad- 
d i t i o n a l l y ,  two i n d u s t r i a l  a c t i v e  carbons,  descr ibed  elsewhere (17)  
were i n v e s t i g a t e d .  

aumic a c i d s  (HA) were obtained from a P o l i s h  h u m o d e t r i n i t i c  
brown c o a l  (conta in ing  about  IO w t  %, d a f ,  HA), by e x t r a c t i o n  w i t h  
d i l u t e d  NaOH s o l u t i o n ,  fol lowed by p r e c i p i t a t i o n  w i t h  hydrochlor ic  

(1) LI = wo exp [- (A/JEO)FI 

,even i f  i t  should be a t t a i n e d  f o r  a given n ,  c a n  be 
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w a s  taken. The lower l i m i t  of p A 0  r e s u l t s  from our p o s s i b i l i t y  of 
accu ra t e  adso rp t ion  neasurements; the  h igher  l i m i t  i s  connected with 
the  f a c t  that  a t  r e l a t i v e  pressure  above 0.1,  be fo re  the beginning 
of  the h i s t e r e s i s  l o o p ,  c a p i l l a r y  condensat ion n i g h t ,  i n  some c a s e s ,  
occur ,  due to  t n e  t e r t i a r y  process  of  adsorp t ion  i n  wider micropo - 
r e s  (20) .  For each of the  assumed value of n ,  c o r r e l a t i o n  c o e f f i  - 
c i e n t s  were c a l c u l a t e d ,  and f o r  each o f  the  adsorbateJadsorbent 
system the c o r r e l a t i o n  c o e f f i c i e n t s  were c l o s e s t  t o  u n i t y  when 
n=2 ( i n  a few c a s e s  n=1.5 o r  n=2.5) was chosen (upper p a r t  of f i gu -  
r e  5 ) .  This i n d i c a t e s  t h a t  the  b e s t  coincidence of experimental  
p o i n t s  witn the  DA equat ion  i s  achieved, within the  considered li- 
m i t s  of r e l a t i v e  p r e s s u r e s ,  f o r  n=2 ( i f  i n t e g r a r s  a r e  t o  be cons i  - 
dered) .  However, t h i s  does n o t  n e c e s s a r i l y  mean t h a t  the va lues  of 
Wo and P E o  corresponding to n=2 a re  of t rue  physicochemical s ig -  
n i f i c a n c e .  

IXtbinin(21), f o r  benzene adsorg t ion  on HA 850/10 . . . . HA 850/85 
the  fol lowing va lues  were obtained: n=6, n=6, n=5, n=3 and n=4, and 
on the cha rcoa l s  208 C and 264: n=6 and n=4. S imi lax  va lues  o f  n 
were obtained f o r  cyclohexane adsorp t ion  on these  samples. 

To gain some a d d i t i o n a l  in format ion  concerning the v a l i d i t y  of 
t h e  values  of Wo,obtained f o r  n=2 ( and a l s o  t o  check the remaining 
W o  va lues  ) , a n  independent ly  c a l c u l a t e d  value of t h e  volume of  m i -  
c ropores  w a s  necessa ry .  We thought t h i s  purpose might be served by 
the volume of micropores ,  as given i n  f i g u r e s  3 and 4 (Vmic). We 
t r i e d  a l s o  t o  a s s e s s  t i e  p o s i t i o n  o f  Yne va lues  of Vm c a l c u l a t e d  by 
a p p l i c a t i o n  of  the Brunauer ,  Xmnett and Teller(B2T) equat ion(22)  
i n  r e l a t i o n  t o  the r e s p e c t i v e  va lues  of V m k .  Because i n  the BET co - 
o r d i n a t e s  p e c t i c a l l y  no s t r a i g h t  l i n e s  were obta ined  from the i so-  
therms i n  f i g u r e s  3 and 4,  a modi f ica t ion  of the BET procedure, ac- 
cord ing  t o  Joyner ,  Weinberger and Nontgomery (23)was applied.  

I t  appears  tha t  he re  the va lues  of Vm ( accord ing  to  the  theory  
o f  BET, Vm i s  the  monolayer capac i ty  of the adsorhent )  a re  i n  a ve- 
r y  good agreement witn r e spec t ive  va lues  of V m i c ,  t ne  c o r r e l a t i o n  
c o e f f i c i e n t  be ing  equa l  0.998 ( f i g u r e  6 a ).  This  means t h a t  Vm , , 
i n  case of the  i n v e s t i g a t e d  samples, might r e p r e s e n t  the volume of 
adsorba te  conta ined  i n  the micropores only ,not  i nc lud ing  the a d  - 
so rp t ion  i n  tne  monolayer of the mesopores (Vsmes). If t o  the  va- 
l u e s  of  Vm t he  v a l u e s  of VSmes a r e  added, an approximate po- 
s i t i o n  of p o i n t  B of the i so therms i n  f i g u r e s  1 and 2 i s  reached.  
Th i s  i s  seen i n  Table 11, where tne amounts adsorbed a re  expressed 
d i r e c t l y  i n  mmol/g. 

Applying,for tine c a l c u l a t i o n  of the va lues  of  n , t h e  method o f  

[ I 1 1 1 HA 850 10 1.43 (0.10) 1.43 0.10) 
HA 850 25 2.77 (0.07 2.73 0.06 
HA 850 50 4.26 0.05 4.27 0.05 
HA 850 75 4.99 0.05 4.93 0 ,04  

I HA 850 85 4.95 (0.04) 4.94(0.04 
i Charcoals  : 1 ::f 13.25 4.23 f0.06)]3.40[0.08] 0 .08)  4.23 0.08 4.42 3.90 (0.16) (0.19)]3.32 4.27[0.09] 0.07 1 __________-_ ____-______ _ _ _ _ _ _ _ _ _ _ _  ____-________-__ ---------_--I 

For a l l  t h e  i n v e s t i g a t e d  samples c o r r e l a t i o n  c o e f f i c i e n t s  were 
c a l c u l a t e d  f o r  the r e l a t i o n s h i p s  between WO ob ta ined  f o r  d i f f e r e n t  
v a l u e s  of n and tne r e s p e c t i v e  va lues  of  Vmic and Vm. I n  a l l  c a s e s  
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ac id .  The ca rbon iza t ion  was c a r r i e d  o u t  a t  a r a t e  of 5OC/min t o  the 
f i n a l  temperature of 850oC. The obta ined  cha r ,  designed as HA 850, 
w a s  g a s i f i e d , i n  a thermogravimetric appara tus ,wi th  steam a t  8OO0C 
t o  fol lowing burn-offs: 10, 25, 50, 75 and 85 %. The obta ined  sam- 
p l e s  were designed as: HA 850/10 ... .. HA 850/85. Act ive carbons: 
cha rcoa l  208 C and charcoa l  264, based on coconut s h e l l  and o n  c o a l ,  
correspondingly,  were obta ined  from the  f i r m  S u t c l i f f e  Speakman Ltd. 
Sorp t ion  measurements of  benzene and cyclohexane were c a r r i e d  o u t  
a t  25OC i n  a gravimet r ic  vacuum appara tus  (McBain quarz s p r i n g s ) .  
Mercury porosimetry was used f o r  the de te rmina t ion  of macropore vo- 
lumes of the  steam g a s i f i e d  HA cha r s .  

FLESULTS AND DISCUSSION 
The c h a r a c t e r i s t i s c  of  samples i s  presented  i n  Table I .  

Table I. Proximate and u l t ima te  ana lyses  ( w t  % ) 

Sample 

HA 850 
HA 850 10 
HA 850 25 
HA 850 50 
HA 850 75 
HA 850 85 
Charcoals: 
208 C 
2 64 ------------. 

a t e  i 

Ash 
----. 

Grz-. 
9.5 
0.4 
0.6 
0.7 
0.8 
1.2 
2.4 
3 -0 

5.4 
4:E. 

53.2 
1.7 
1.8 
1.7 
1.6 
1 .6. 
0.8 

24.9 

3 .O 
2 - 4  

‘1 Tot;il moisture  o f  raw c o a l .  
Isotherms of benzene and cyclohexane adsorp t ion  a re  g iven  i n  f i -  

gures  1 and 2.Basing on the  desorp t ion  branch of the  benzene i s o -  
therms the pore s i z e  d i s t r i b u t i o n s  of mesopores were c a l c u l a t e d  
(18,19j.The volume of micro2ores (Vmic) w a s  c a l c u l a t e d  as the  d i f f e -  
rence between the Gurvi tch volume ( the amount adsorbed a t  p/po = 
0.96 ,  corresponding t o  the  e f f e c t i v e  r a d i u s  of 50 nm, w a s  t aken)  
and the  volume o f  mesopores. Within the  micropores volumes, the  vo- 
lumes of super- and  u l t r a x i c r o p o r e s  w a e  d i s t i ngu i shed ,  i n  which 
primary and secondary (coopera t ive)  adsorp t ion  p rocesses  occured 
(20).  The r e s u l t s  a r e  shown i n  f o r m  of bar  graphs  i n  f i g u r e s  3 and 
4. F o r  the FIA steam g a s i f i e d  cha r s , a l so  the volumes of macropores 
a re  i n d i c a t e d .  With inc reas ing  burn-of fs  sys temat ic  changes of  each 
k ind  of cons idered  uo ros i ty  a re  v i s i b l e .  

On t i e  b a s i s  o f  s tandard  adsorp t ion  i so therms on a non-porous 
carbon black - Spheron 6-2700, the benzene and cyclohexane i so therms 
i n  f i g u r e s  1 and 2 were co r rec t ed ,  subs t r ac t ing  a t  successive r e l a -  
l a t i v e  p re s su res  the r e spec t ive  amounts adsorbed on the  su r face  o f  
mesopores (Smes). The va lues  of Smes f o r  t he  samples HA 850/10 . . . ... HA 850/85 are :  25.3, 51.1, 133.2, 206.6 and 228.8 m2/g, and f o r  
the cha rcoa l s  208 C and 264: 49.0 and 132.3 d’g, r e s p e c t i v e l y .  

The co r rec t ed  isotherms were used to  c a l c u l a t e  the va lues  of  Wo 
and J3Eo according t o  the  DA equat ion ,  assuming d i f f e r e n t  v a l u e s  of  
the exponent n ,  from 1 to  6. The r e s u l t s  a r e  shown i n  f i g u r e  5.For 
these  c a l c u l a t i o n s  the r e l a t i v e  pressure  reg ion  between 0.01 and 0.1 
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the  b e s t  c o r r e l a t i o n  was obta ined ,  i f  Wo va lues  corresponding t o  
n=2 were cons idered .  It  fo l lows  from f i g u r e  6 b ,  t h a t  t he re  e x i s t s  
a lmost  an i d e n t i *  between the W O  va lues  c a l c u l a t e d  from the DA 
equat ion  f o r  n=2 and the  r e s p e c t i v e  Vmic  and Vm va lues .  For a l l  t h e  
i n v e s t i g a t e d  samples, i f  Wo i s  c a l c u l a t e d  f o r  n=2 f o r  benzene ad  - 
so rp t ion :  p o i n t s  of  the p l o t s  Vm=f(Wo) and Vm.c-ftWo), and f o r  cy- 
clohexane adsorp t ion :  p o i n t s  of the p l o t  Vm=ftWi), axe p laced  on a 
s t r a i g h t  l i n e  which passes  a l m o s t  through the o r i g i n  of the  coord i -  
n a t e  system w i t h  a slope very c lose  t o  1. T h i s  i s  n o t  the c a s e ,  if 
f o r  t he  c a l c u l a t i o n  of Wo i n  the DA equat ion  o t h e r  va lues  of n 
a r e  used. 

Examples of DA p l o t s  f o r  n=2, f o r  chosen samples, axe p re sen ted  
i n  f i g u r e  7.  These p l o t s  confirm the proper  choice of t h e  upper li- 
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Benzene adsorp t ion  Cxclohexane adsorpt&og-- -----__-__-_-_- ----------- ---- --------- Sample _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  !O _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0 _-__ --@_Eo ---._---- Q ---- 
HA 850 10 0.125 28.6 0.074 24.9 20.4 
HA 850 25 0.248 26.6 0.211 26.7 21.9 

HA 850 75 0.458 20.1 0.474 17.0 13.9 
HA 850 85 0.451 19.9 0.458 14.2 11.6 
C harco a1 s: 
208 C 0.382 29.1 0.350 23.6 19.3 
2 64 0.297 18.6 0.313 13.9 11.4 

Eo W E 

HA 850 50 0.388 23.0 0.381 21.1 17 -3 

____-______-___i-__----------------------------------------------- 
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Figure 2 .  Benzene and cyclohexane sorption isotherms at 2 5 O C  on charcoals 
208C and 264. 
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Figure 3. Infuence of burn-off on the pore 
size distribution of steam gasified (8OOOC I humic 
acids char HA850. 
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.Figure 4. Pore size distri- 
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Figure 5. Influence of n used in calculations on the resulting values 
of Wo and B E o  of the DA equation. 
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Figure 6. Plots:(a) VmVS Vmi, ( 0 ,  benzene);(bl Vm vs Wo (o,benzene;o,cyclo- 
hexane); Vmjcvs W, (A,benzene). 
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Figure 7. Plots: ln  a vs ( RTln p o / p )  for steam gasified humic acids char 
HA850; a in mmol-g ' ,  RT in kJemol'1 
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Figure 8. Enthalpies of immersion of steam gasified humic acids char HABSO: 
0 - experimental and e - calculated from parametresP€Qand b(, of the DAequation 
for n=2. 
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Figure 9.Influence of n in the DA equation on the ratios CWo In / ( W, 
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and 
( E,InZ2for steam gasified humic acids char HA850. 
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