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Abstract. A new method for the determination of the micropore volume distribution function of activated carbons 
is presented. It is based on the treatment of pure gas adsorption isotherms by a theoretical model derived from 
the Hill-de Boer theory. Adsorption data (isotherms and heat curves) for carbon dioxide, ethane and ethylene 
on activated carbon (F30/470 CHEMVIRON CARBON) have been provided by a thermobalance coupled to a 
calorimeter (TG-DSC 111 SETARAM) at different temperatures (233, 273, 303 and 323 K) for pressures up to 
100 kPa. Adsorption isotherms of carbon dioxide and ethane at 303 and 323 K have been used for the determination 
of the micropore volume distribution function of the activated carbon of interest. The knowledge of its structure 
has then allowed the simulation of adsorption isotherms and heats for the same adsorbates at the same temperatures 
as those experimentally studied. Similar calculations have been conducted for ethylene. Whatever the adsorbate 
(carbon dioxide and ethane used for the determination of the micropore volume distribution function or ethylene), the 
mean deviation between experimental and calculated isotherms does not exceed 4% at quasicritical and supercritical 
temperatures (303 and 323 K). In the same temperature conditions, discrepancies between calculation and experiment 
reach about 10% for adsorption heats. For both isotherms and heats, large discrepancies appear at low temperature 
(233 and 273 K). This method allows the determination of the micropore volume distribution function of activated 
carbons. The validity of the results is insured using several isotherms of several adsorbates and taking into account 
the calorimetric effect of the phenomenon. That is the reason why this method can also be seen as a new possible 
model for pure gas adsorption data prediction. This paper also presents a brief summary of the state of the art in 

this field. 

Keywords" activated carbons, characterization of structure, equilibrium, heat of adsorption, theory 

Introduction 

The availability of adsorption data is of prime impor- 
tance in the design of industrial processes. Depending 
~n the applications, these data may cover a wide range 
of temperature and pressure conditions and concern the 
calorimetric and massic aspects as well as the thermo- 
dynamic and kinetic ones. Such data are often obtained 
by experimental means coupled to theoretical models. 
These models allow the interpolation of adsorption data 
within the limits of conditions in which the experimen- 
tal data have been obtained. Some of them allow light 
extrapolations outside these limits. Others are able to 
predict gas mixtures adsorption data from the corre- 
sponding pure gas data. 

Unfortunately, until now there does not exist any 
model which is able to predict pure gas adsorption data 
from tabulated parameters concerning the adsorbate on 
the one hand and the adsorbent on the other hand. This 
poor state of the art is mainly due to the complexity 
of the phenomenon. Indeed, most of the microscopic 
parameters of the theoretical models are difficult to de- 
termine by direct measurement: the surfacic behaviour 
of the adsorbed phase located in pores of molecular 
dimension, the heterogeneous structure of some adsor- 
bents make it impossible. These parameters must be 
determined by minimization of the deviation between 
simulation results and experimental data. The physical 
validity of the parameters is connected to the adequacy 
of the model: different models may lead to different 
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values of the same parameters. Another problem is 
that some parameters are relevant to the binary sys- 
tem adsorbate-adsorbent so that it makes difficult any 
tabulation for prediction purpose. Last but not least, 
most of the theoretical models make too simple as- 
sumptions on the structure of the adsorbents. As a 
consequence, the effect of the structure of the adsor- 
bent is not well described and the models fail at data 
prediction. 

On the thermodynamic side, the most well known 
approaches of the theoretical simulation of pure gas 
adsorption data are the statistical thermodynamics de- 
velopments, the macroscopic models based on the po- 
tential theory and the vacancy solution model. Among 
the models based on statistical thermodynamics, the 
most commonly used are the Langmuir, the B.E.T 
and the Fowler-Guggenheim theories (Langmuir, 1916; 
Brunauer et al., 1938; Fowler and Guggenheim, 1939; 
Hill, 1960; Lyklema, 1991 and 1994; Rudzinski and 
Everett. 1992). They derive from the calculation of 
the canonical partition function of the adsorbed phase 
which leads both to the determination of the equation 
of state and of the chemical potential. All of them 
require the knowledge of the same kinds of param- 
eters: the specific surface area of the adsorbent, the 
molecular surface of the adsorbate, the adsorption en- 
ergy and a last parameter taking into account the dif- 
ference in the vibrational, translational and rotational 
behaviours of the adsorbate molecules when passing 
from he gaseous phase to the adsorbed phase. The 
B.E.T. and the Fowler-Guggenheim models require a 
supplementary parameter: the number of adsorbed lay- 
ers (B.E.T.) and the attraction energy between adsorbed 
molecules (Fowler-Guggenheim). Unfortunately these 
models can be used only for non-porous materials with 
an homogeneous surface which is rarely the case for 
real adsorbents. Besides, even if these conditions are 
fulfilled, it is quite difficult to perform purely predic- 
tive calculations as the parameters are rarely known a 
priori: some of them like the adsorption energy are rel- 
evant to the binary system adsorbate-adsorbent, others 
like the specific surface area are characteristics of the 
adsorbent and thus are not tabulated. For some simple 
molecules such as nitrogen or argon and well known 
adsorbents such as non-porous graphite, it is possible 
to dispose of the parameters so that prediction can be 
performed. 

All these models we have just mentioned make the 
assumption that the adsorbed molecules are fixed on 
the surface. Statistical thermodynamics developments 

may lead to other models when considering the ad- 
sorbed molecules to be mobile on the surface (de Boer, 
1953; Hill, 1960; Lyklema, 1991 and 1994; Rudzinski 
and Everett, 1992). Such treatments require the knowl- 
edge of a potential energy function between adsorbed 
molecules and of a radial distribution function. Well 
known equations of state previously developed for 
gases can be applied to adsorbed layers. Anyway, 
the same remarks as the ones we did concerning 
the localised-adsorption models are still valid. No 
pure prediction is possible for the same reasons as 
previously. 

A lot of studies have tried to generalize these models 
to heterogeneous surfaces introducing the concept of 
adsorption integral equation and adsorption energy dis- 
tribution function (Ross and Olivier, 1964; Rudzinski 
and Everett, 1992). Although it is quite interesting, 
such an approach does not improve the performances 
of the models from the predictive point of view. In- 
deed each binary system adsorbate-adsorbent is char- 
acterized by its own energy distribution function. This 
function must be determined from experimental data 
for each new system. Evenmore, for some adsorbents 
like activated carbons, the heterogeneity is mainly to 
geometric origin. 

Using stricter statistical thermodynamics methods 
such as the Monte Carlo procedure or the density func- 
tional theory, the physical significance of the param- 
eters is generally more obvious (Baker and Hender- 
son, 1976; Evans, 1979; Evans and Tarazona, 1984; 
Walton and Quirke, 1986; Panagiotopoulos, 1987). 
These methods primarily developed for homogeneous 
sorbents are now being used for the determination of 
pore volume distribution functions of heterogeneous 
adsorbents from pure gas adsorption data such as nitro- 
gen or argon isotherms (Lastoskie et al., 1994; Olivier 
et al., 1994). However no example has shown that 
the obtained distribution function could be used to 
simulate adsorption data for other adsorbates. This 
is mainly due to the restrictive assumptions of these 
procedures. 

Among the macroscopic models deriving from the 
potential theory, the Dubinin-Radushkevich isotherm 
equation is the most well known (Polanyi, 1932; 
Dubinin and Radushkevich, 1947). The parame- 
ters are the total pore volume of the adsorbent 
and the characteristic energy of the binary system 
adsorbate-adsorbent. This model developed for porous 
materials is powerful for the simulation of adsorption 
isotherms in a wide range of temperature once the two 
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parameters have been determined for the adsorbate- 
adsorbent system. Moreover it is possible to calcu- 
late the characteristic energy of any adsorbate from 
the characteristic energy of a reference adsorbate (very 
often benzene) on the same sorbent multiplied by an 
affinity factor which is a characteristic of the adsor- 
bate (Dubinin and Timofeyev, 1948). These affinity 
factors are tabulated. The pore volume is assumed to 
be independent of the adsorbate so that only an adsorp- 
tion isotherm of the reference adsorbate is required for 
the calculation of adsorption isotherms of any adsor- 
bate. This model was first developed for homogeneous 
porous adsorbents. Some authors have proposed im- 
provements which take into account the heterogene- 
ity of adsorbents (Huber et al., 1978; Jaroniec and 
Piotrowska, 1986). Dubinin and Plavnik (1968) have 
shown that the characteristic energy of benzene could 
be related to the pore size of activated carbons. It is 
then possible to consider the heterogeneity of activated 
carbons by introducing in the model a pore volume 
distribution function (Dubinin, 1985). Such a function 
is determined from adsorption data for a given adsor- 
bate (generally benzene). This function is then used for 
simulation purpose. This theory appears to be the only 
model which allows the adsorption isotherm prediction 
from tabulated parameters of the adsorbate (mainly the 
affinity lector) and predetermined parameters concern- 
ing the activated carbon. 

The vacancy solution model is based on the work 
by Lucassen-Reynders (1972, 1973, 1976) for surfac- 
tant solutions adapted to adsorption by Suwanayuen 
and Danner (1980). The adsorbed phase is considered 
to be a binary surface phase. The two components are 
an hypothetical solvent called the vacancy and the ad- 
sorbate. Such a modet leads to an equation of state 
for the adsorbed phase in which an activity coefficient 
appears. When introducing this equation of state in 
the Gibbs isotherm relation (Ross and Olivier, 1964; 
Ruthven, 1984; Lyklema, 1991) an isotherm equation 
is obtained. Its mathematical expression depends on 
the choice of the activity coefficient model. These 
isotherm equations look like the ones obtained by sta- 
tistical thermodynamics developments. The macro- 
scopic approach does not lead to a clear definition to 
the parameters on the microscopic point of view. These 
parameters must be determined from adsorption data 
for each new system adsorbale-adsorbent. Once these 
parameters are known for a given system, these models 
are particularly powerful for the calculation of adsorp- 
tion data in a wide range of temperatures. Besides they 

make possible the prediction of gas mixtures adsorp- 
tion data using only parameters for the corresponding 
pure compounds. Unfortunately, the heterogeneity of 
the adsorbent does not appear and it is impossible to 
predict pure gas adsorption data without preliminary 
experiments. 

Simulation of pure gas adsorption data on hetero- 
geneous solids from tabulated parameters and pre- 
determined information concerning the structure of the 
adsorbent is still a problem. This is mainly due to the 
poor knowledge of the structure of adsorbents. In this 
paper, we present a method for the determination of 
the micropore volume distribution function of activated 
carbons. It is based upon a theoretical treatment of pure 
gas adsorption data. Once the micropore volume dis- 
tribution function is known, the same theoretical model 
allows the determination of adsorption data (isotherms 
and heats) for different adsorbates at different temper- 
atures using mainly parameters directly available in 
literature. 

First of all, we have developed a theoretical model 
for the calculation of adsorption isotherms and adsorp- 
tion heats on activated carbons. Using experimen- 
tal data (adsorption isotherms of carbon dioxide and 
ethane on activated carbon--F30/470 CHEMVIRON 
C A R B O N - - a t  303 and 323 K), we have determined 
the unknown parameters of our model. These param- 
eters characterize the structure of the activated carbon 
which has been used and the interaction between the 
adsorbed molecules and the pore surface. That is the 
reason why this model can be seen as a new method 
for the characterization of activated carbons. These 
parameters have then been used for the calculation of 
integral heats of adsorption of the same adsorbates on 
the same adsorbent at the same temperatures. The cal- 
culated values have been compared to experimental 
data. Afterwards using the same parameters for the 
absorbent, we have predicted adsorption data (adsorp- 
tion isotherms and heats) for a third adsorbate (ethy- 
lene) at 303 and 323 K. We have ended this study by 
testing the performances of our model at very low tem- 
perature (233 and 273 K) for one of the adsorbates 
(ethane). 

Theoretical Section 

For a given adsorbate-adsorbent system, the adsorbed 
mass m and the integral heat of adsorption Q at given 
temperature T and pressure P are calculated by (Ross 
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and Olivier, 1964; Jagiello and Schwarz, 1993; Jagiello 
et al., 1994): 

i 
ll=e,,.: 

m ( T , P )  = M F ( T , P , H ) F A ( H ) d H  (1) 
J H = O  

[ H=c',~ 
Q(T. P) = QA(T, P, H)FA(H)dH (2) 

d H=O 

in which: 

H 
M 

is tile pore diameter (m or/~); 
is the molar mass of the adsorbate (kg 
mol-t  ); 

FA (H) is the surface distribution function (m 2 
kg-  I/k -I ) or (m2kg -I m-I) ;  

V(T, P, H) is the surface concentration (mol m-2); 
QA(T, P, H) is the ,areal integral heat of adsorption 

(jm-2). 

It is commonly assumed that activated carbons con- 
sist in packings of crystallites of which the structure is 
composed of parallel graphite planes. In these crystal- 
lites, the distance between two planes is not constant 
as it is the case for graphite. These voids resulting 
from the thermal treatment of activated carbons define 
slit-shaped micropores (Matranga et al., 1992; Bojan 
and Vernov. 1992; Cracknell et al., 1993). That is the 
reason why the surface distribution function FA can be 
related to the volume distribution function Fv (H) by: 

2Fv (H)  
FA(H) -- - -  (3) 

H 

in which: 

Fv (H) is expressed in (m3kg-lA -1 ) or (m3kg - i m  -j ): 
FA(H) is the geometric surface distribution function. 

The factor 2 takes into account the two walls of 
the pore. In fact, it may occur in very narrow 
pores that only one layer of molecules can be 
adsorbed. For other pores, one layer can be 
adsorbed on each wall (two layers per pore) 
but the steric effects prevent from a complete 
filling of each surface. That is the reason why 
FA (H) is rather calculated by: 

x (H)Fv (H)  
FA(H) -- (4) 

H 

in which: 

Fa (H) is then the surface effectively available for the 
adsorbate molecules; 

the function x(H)  takes into account the steric effect. 
x (H)  is equal to 1 for very narrow micropores, 2 for 
large micropores and has intermediate values in the 
other cases, x is calculated as a function of H for a 
given adsorbate molecule size. 

In Eqs. (1) and (2), V(T, P, H) and Qa(T, P, H) 
are calculated assuming the van der Waals and ideal gas 
equations of state are valid respectively for the adsorbed 
and gaseous phases: 

{ l  ~" - {  h , t ~ ( f l ) N . ~  
R T ~  - ~ ' w  k -  RT ) )  

P =  
hNo ~ {  I ht)(H)N,,'~ 

x e x P k ~ j j  1 - ) ) V  e x p e l  - i - f ~ F )  

[ 2 a r ~  
x exp ~ -  --R--~-) (5) 

Qa = -2a['2 4- U(H)V - R T v  4- h f : ( H ) N ~  
2 2 

hfz(H)No 
+ F (6) 

(_._[h[:(H)N.,tc,xp~ R T  ) - -  1) 

in which: 

R 

No 

a (J m 2 mo1-2) 
and b (m 2 mol - I )  

U(H) 

L ( H )  

is the ideal gas constant: R = 8.314 
J m o l - t K - l .  

is the Planck's constant: h = 6.626 
10 -34 Js; 

is the Avogadro's number: No = 
6.022 10 .23 mol- l ;  

are the parameters of the two- 
dimension van der Waals equation. 
is the adsorption energy (Jmol -j  ); 
its value depends on the pore dia 
meter H; 
is the vibration frequency of the ab- 
sorbed molecules perpendicularly 
to the adsorption surface (Hz); its 
value also depends on the pore dia- 
meter H. 

relations (de Boer, 1953). 
following assumptions: 

Equations (5) and (6) are known as the Hill-de Boer 
Using them involves the 

- -  the gas is ideal; 
- -  the adsorbed molecules are mobile on the adsorp- 

tion surface; 
- -  adsorption is monolayer; 
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- -  there is no change is the rotational and internal be- 
haviours of the adsorbate molecules when passing 
from the gas phase to the adsorbed phase; 

- -  adsorbed molecules interact between each other fol- 
lowing a Sutherland's potential; they are randomly 
distributed on the surface; 

- -  the adsorbed molecules are vibrating perpendicu- 
larly to the surface, they are considered to be har- 
monic oscillators. 

The Hill-de Boer model is expected to be reliable at 
high temperatures (supercritical temperatures) at low 
pressures and for simple molecules for which the van 
dcr Waals parameters are known (JagieIlo and Schwarz, 
1993; Jagiello et al., 1994). 

In Eqs. (5) and (6), a and b can be calculated from 
the corresponding parameters of the three-dimension 
equation a,, (Jm 3 mo1-2) and b~, (m3mol -I  ) (Ross and 
Olivier, 1964). These ones are available in literature 
(Lange, 1967). 

so 
uo = - -  (7) 

by 
[ 

ro <2 7r No ] (8) 

.2 
a = 7ruo2-~No (9) 

,) 

b = r r ' ~  N0 (10) 
2 

in which: 

uo is the minimum interaction energy between ad- 
sorbed molecules (taken positive) (Jmo1-1); 

ro is the distance between two adsorbed molecules 
corresponding to the minimum value of the inter- 
action energy (m). 

In Eqs. (5) and (6), U and f :  appear to be functions of 
the pore diameter H. The calculation of these functions 
requires the knowledge of the potential energy function 
Up,,~(r., H) (Jmol - l )  of an adsorbate molecule located 
at a distance z (m or A) of the first wall of a pore 
of diameter H. In this work, we assume that such a 
function can be expressed as a double Lennard-Jones 
potential (Matranga et al., 1992; Cracknell et al., 1992; 
Bojan and Vernov, 1992): 

u 5 r2 
u,,,,(=, H)= eyL CT- ] 

. . . .  t'~ ?l + 5\H-z] \H--27- z] J 
(11) 

in which: 

z is the distance between the adsorbate molecule 

and the first surface of the pore (m or ~);  
H - z is the distance between the adsorbate molecule 

and the second surface of the pore (m or ~) ;  
O'm.~ is the geometric Lennard-Jones parameter for 

the adsorbate molecule-surface system (m or 

A); 
U,, is the energetic parameter (Jmol-I) ,  it corres- 

ponds to the well depth of Upot when H tends 

O'ms is 

to OO. 

calculated by: 

O'mm -~- O'ss 
am~ -- (12) 

2 

in which: 

Crmm is the geometric Lennard-Jones parameter of the 

adsorbate (m or ~),  it is available in literature 
(Hirschfelder et al., 1954); 

(rss is the corresponding parameter for the adsorption 
surface (m or/~), o-~ = 3.4 ]~ for graphite. 

The value of U,, is to be determined. 

U(H) is the well depth value of Up,,t(=, H):  

0 Upo I t 
--57-=/=o (]3) 

As to fz(H), it is calculated by: 

1 / 1 { 0 2 U p o t ]  
A ( H ) = ~ V -- .-=77- (14) 

in which: 

Zeq is the z value at the minimum of Upot (m or ~).  

Using Eq. (11) for the potential energy function in- 
troduces a new assumption on the molecular structure 
of the adsorbate molecule. It must be non polar and 
spheric in shape. 

Equations (1) and (2) allow the calculation of the 
adsorbed mass m and adsorption heat Q for a given 
temperature T and a given pressure P. Indeed, the 
knowledge of the micropore volume distribution func- 
tion Fv allows the calculation of FA by Eq. (4). F and 
QA a r e  calculated by Eqs. (5) and (6) as functions of 
temperature and pressure; in these equations a and b are 
calculated from the tabulated van der Waals parameters 
thanks to Eqs. (7) and (10). As to U(H) and fz(H), 
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they are deduced from Eqs. (13) and (14) using Eq. (11 ) 
for Upon(z, H).  Such calculations require 0"ms (calcu- 
lated by Eq. (12) from tabulated values of 0"ram) and U,,. 

In fact the only unknown parameters are U,, and the 
pore volume distribution function. The first one is rel- 
evant to the binary system adsorbate-pore surface. The 
second one is a characteristic of the adsorbent which is 
independent of the adsorbate. It is thus possible to de- 
termine Fv(H) and Ue from experimental adsorption 
data. 

E x p e r i m e n t a l  S e c t i o n  

The validation of our theory as a new method for 
the determination of the micropore volume distribu- 
tion function of activated carbons but also as the 
first development of a new adsorption data prediction 
model requires the confrontation with experimental re- 
sults. Two kinds of results are provided: adsorption 
isotherms and adsorption heat curves. Given some 
restrictive assumptions of the model, the experimen- 
tal data must be measured within a given range of 
conditions: 

- -  the molecular structure of the adsorbate must re- 
main as simple as possible; 

- -  the use of the van der Waals equation of state as 
local model involves supercritical temperatures; 

- -  the assumptions on gas ideality and on monolayer 
adsorption are valid at low pressure. 

We have studied three adsorbates: carbon dioxide, 
ethane and ethylene at two temperatures: 303 and 
323 K which are quasicritical or supercritical temper- 
atures for these adsorbates. For ethane, measurements 
have been conducted at lower temperatures, namely 
273 and 233 K. The maximum pressure was in all cases 
100 kPa. 

The measurement of adsorption isotherms and ad- 
sorption heat curves has been performed with a ther- 
mobalance coupled to a calorimeter (TG-DSC 111 SE- 
TARAM). Such an apparatus allows the simultaneous 
determination of the mass change and heat flow during 
the adsorption process. In this work, it has been used in 
a static working. Even if the measurements principles 
are well known, the simultaneity of the heat flow and 
mass change measurement using such an apparatus is 
quite original. The complete experimental procedure 
will be presented in a paper to be published (Berlier 
and Fr~re, in press). 

The experimental error is about 0.05 kPa on the 
pressure and 0.1 K on the temperature. As to the ad- 
sorbed mass, different kinds of  errors must be taken 
into account. The measurement accuracy on the mass 
of the adsorbent sample and on the mass uptake dur- 
ing adsorption is generally good (<0.5%).  However, 
the Archimedes '  effect causes systematic errors in the 
mass measurement; the resulting highest relative error 
was 2% for ethylene at 323 K and 100 kPa with typi- 
cal values of 0 to 1% in the other cases. These errors 
are within the same range as the deviation between 
experimental values when repeating the same exper- 
iment with different samples of the same adsorbent. 
The experimental measurement error on adsorption 
heat is about 1% which is lower than the deviation ob- 
served between different runs of the same experiment 
(about 2%). 

R e s u l t s  a n d  D i s c u s s i o n  

Using adsorption isotherms for carbon dioxide and 
ethane at 303 and 323 K, we have determined the ad- 
sorption energies U~co2 and Uec2H, for these adsor- 
bates on a graphite surface and the micropore volume 
distribution function of the used activated carbon. 

Assuming a Gaussian-like behaviour for this distri- 
bution function does not allow the simultaneous rep- 
resentation of the four adsorption isotherms. That is 
the reason why we have tried a double Gaussian-like 
function: 

Fv(H) -- Vp~ e x p ( ( H - m 1 ) 2 )  

,,570", 20"1 

+~Vp2 exp(_(H-m2)2"~20"~ J (15) 

in which: 

m l 

0"1 

V p  I 

m 2  

0" 2 

re2 

is the average of the first contribution (m or ~);  
is the standard deviation of the first contribution 

(m or A); 
is the pore volume of the first contribution 
(m3Kg-I) ;  

is the average of the second contribution (m or ,~); 
is the standard deviation of the second contribu- 
tion (m or/~); 
is the pore volume of the second contribution 
(m3Kg-J);  
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T.ble  1. Parameters of the double Gaussian distribution function and adsorption energies of carbon dioxide and 
ethane on graphite. 

mt (,~) m2 (~,) crl (~)  rr2 (7~) Vl, I (m3kg -I  ) VI,2 (m3kg - t  ) U,.co2 (Jmol -I  ) UeC2H,, (Jmol -I  ) 

10.366 7.473 0.772 0.010 3.081 l0 4 0.749 l0 4 12725.3 17450.6 
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Fi,t,,ure 1. Adsorption isotherms of carbon dioxide (-- :  calculated 
303 and 323 K, O: experimental 303 K. I :  experimental 323 K). 

Table 1 presents the parameters of the pore volume 
distribution function and the adsorption energies of car- 
bon dioxide and ethane on graphite. 

Figure 1 shows the confrontation between experi- 
mental and calculated isotherms of carbon dioxide at 
303 and 323 K. Figure 2 shows the same isotherms for 
ethane. The mean deviations are respectively 3% and 
4% for carbon dioxide and ethane. 

The knowledge of ml ,  m~, cq, c~2, Vrl ,  Vp2, Ueco2 
and U,, C2H,, allows the calculation of the corresponding 
adsorption heat curves for carbon dioxide and ethane at 
303 and 323 K. Figure 3 shows the comparison between 
experimental and calculated adsorption heats as a func- 
tion of pressure for carbon dioxide at 303 and 323 K. 
Figure 4 shows the same comparison for ethane. The 
mean deviations are about 12% for carbon dioxide and 
9% for ethane. 

Using the same pore volume distribution function, 
we have tried to correlate our model to experimental 
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Figure 2. Adsorption isotherms of ethane ( - - :  calculated 303 and 
323 K, O: experimental 303 K, I :  experimental 323 K). 

data for ethylene. Using adsorption isotherms at 303 
and 323 K of this adsorbate, we have determined the 
only unknown parameter, that is to say the adsorp- 
tion energy of ethylene on graphite. We have found 
U,.C,H~ = 15376.2 Jmo1-1. Afterwards, we have cal- 
culated both adsorption isotherms and adsorption heat 
curves for ethylene at 303 and 323 K. Figure 5 shows 
the comparison between experimental and calculated 
isotherms. The mean deviation which has been ob- 
served is 2%. As to Figure 6, it presents the corre- 
sponding comparison for adsorption heat curves. The 
mean deviation is 13%. 

As final step, we have calculated the adsorption 
isotherms of ethane at 233 and 273 K and we have 
compared them to the corresponding experimental 
data. The results are presented in Figure 7. Then 
mean deviation is about 15%. The same discrepan- 
cies arise for the three other adsorbates at very low 
temperatures. 
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303 and 323 K, O: experimental 303 K, I :  experimental 323 K). 
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Conclusions 

In this paper, we have shown that the determination of 
the porous structure of adsorbents and the pure gas ad- 
sorption data prediction are linked problems. We have 
used a simple model such as the Hill-de Boer theory 
and introduced it in the integral adsorption equation. 
The geometric and energetic modelling of the porous 
structure of activated carbons has made possible the 
link between the energetic distribution function and the 
pore volulne distribution function. We have obtained 
a model in which the parameters involved are clearly 
detined. Most of them are available in literature. The 
only unknown parameters are the geometric structure 
of the adsorbent (its pore volume distribution function) 
and the adsorption energy of the adsorbate molecule 
on graphite. Unfortunately this model is not general. 
It involves numerous assumptions linked to the choice 
of the local adsorption model (Hill-de Boer) but also 
to the geometric and energetic modelling of activated 
carbons. Using experimental data within the range of 
conditions in which the model is expected to be reliable, 
it is possible to determine the pore volume distribution 
function of the used adsorbent. The fact that the mathe- 
matical form of this function is fixed is a disadvantage. 

However, the validity of this function can be checked. 
Indeed, it must be possible to simulate adsorption data 
for different adsorbates at different temperatures with a 
unique distribution function. This procedure has been 
followed in our work. We have found that a double 
Gaussian was a good choice for the adsorbent we have 
studied. We have succeeded in the representation of 
adsorption isotherms at supercritical temperatures for 
three different adsorbates with deviations ranging from 
2 to 4%. Another originality of this work is that we 
have also used calorimetric data (determined by direct 
measurement) which have been compared to the cal- 
culated values. The discrepancies have been estimated 
to be about 10%. Such results which seem to be poor 
are in fact encouraging for a first approach. In general 
the experimental and calculated, adsorption heats are 
determined from the corresponding isotherms by the 
"isosteric procedure". The adequacy of the model to 
simulate adsorption data is then obviously linked to its 
performances at isotherms simulation. Unfortunately 
the model fails at describing experimental data at low 
temperatures. It is not surprising given the assumptions 
of the Hill-de Boer model. 

As a conclusion, our model can be seen as a progress 
as it proves that it is possible to simulate adsorption data 
using parameters relevant to the molecular structure 
of the adsorbate on the one hand and of the structure 
of the adsorbent on the other hand. Indeed, the only 
parameter which is a characteristic of the binary sys- 
tem adsorbate-pore surface is the adsorption energy U,,.  

That is the reason why it can be used for the determi- 
nation of the micropore volume distribution function 
of activated carbons. On the other hand, its use as 
a predictive model requires further developments. It 
is not powerful at low temperature and the energetic 
parameter must be determined from experiments. The 
development of the local models used in the integral ad- 
sorption equation (Hill-de Boer, Lennard-Jones poten- 
tial) should lead to a wider range of conditions in which 
it could be used. The introduction of mixing rules for 
the calculation of U,, or the systematic tabulations of its 
values (U~, being function of the adsorbate for a given 
kind of surface) would be interesting for prediction. 

Nomenclature 

energetic parameter of 
the two-dimension van 
der Waals equation of 
state jm2mo1-2 



64 Frere, Jadot and Bougard 

b geometric parameter of the 
two-dimension van der 
Waals equation of state 

a,. energetic parameter of the 
three-dimension van der 
Waals equation of state 

b,, geometric parameter of the 
three-dimension van der 
Waals equation of state 

.f~- vibrational frequency of 
the adsorbed molecules 
perpendicularly to the 
adsorption surface 

FA surl~ce distribution 
function 

Fv volume distribution 
function 

h 

H 
H - c  

Planck's constant I1 = 
6.626 10 -34 Js 

pore diameter 
distance between the 
adsorbate molecule and 
tile second surface of the 

pore 
adsorbed mass 

m2mo] -1 

jm3mo1-2 

m3mol -I 

Hz 

m2kg-lm -I or 

m2kg- I~  -t 

m3kg-lm -I or 
m 3 kg-I ,~-1 

m OF 

IH 

in~ average of tile first 
contribution of the pore 
wHume distribution 

function m or 
m ~ average of the second 

contribution of the pore 
volume distribution 

function m or A. 
M molar mass of the 

adsorbate kgmol 1 
No Avogadro's number 

No = 6.022 1023 mol - l  

P pressure kPa 

(2 integral adsorption heat Jkg -1 
(2a areal integral heat of 

adsorption Jm -2 
R ideal gas constant R = 

8.314 Jmol-I K -I 
ro distance between two adsor- 

bed molecules correspond- 
ing to the minimum value of 
the interaction energy m 

m or 
kg adsorbate kg -I 
adsorbent 

T temperature 
uo minimum interaction en- 

ergy between adsorbed 
molecules (taken positive) 

U minimum value of Up,, for 
a given H 

U,. mininmm value of Upot 
when H tends to oc 

U,,co, U,, value for the binary sys- 
tem carbon dioxide- 
graphite 

U,.C,H,, U,, value for the binary sys- 
tem ethane-graphite 

U,.C,H~ U,, value for the binary sys- 
tem ethylene-graphite 

Upot potential energy function of 
an adsorbate molecule lo- 
cated in a pore 

Vt, i pore volume of the lirst 
contribution of the pore 
volume distribution 
function 

Vp2 pore volume of the second 
contribution of the pore 
volume distribution 
function 

x weighing factor for the sur- 
lace filling 

:~ distance between the adsor- 
bate molecule and the first 

surface of the pore 
Zeq .7. value at the minimum of 

Upot for a given H 
F surface concentration 

rrmm geometric Lennard-Jones 

parameter of the adsorbate 

~ms geometric Lennard-Jones 
parameter of the adsorbate 

molecule-surface system 

o-~ geometric Lennard-Jones 
parameter of the adsorption 

surface 

c~l standard deviation of the 
first contribution of the 
pore volume distribution 

function 

o2 standard deviation of the 
second contribution of the 
pore volume distribution 

function 

K 

Jmol -I 

Jmol -E 

Jmol -I 

Jmol - j  

Jmol -I 

Jmo1-1 

Jmol - l  

m3kg -I 

m3kg -I  

m or fik 

In or /~  
mol m -2 

m o r ~  

m or/~k 

m o r ~  

nl or/~k 

m or,~,. 
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