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Abstract: The adsorption of benzene vapor on natural and acid activated bentonites was

treated by the theory of volume filling of micropores. The micropore volume and character-

istic values of the free energy of adsorption were determined from the adsorption isotherms.

The Dubinin–Radushkevish–Stoeckli and Dubinin–Astakhov equations were used for this

purpose. The results showed that natural bentonite has a more homogeneous micropore

structure than the acid activated ones. The characteristic values of the free energy of adsorp-

tion for the natural bentonite were higher than those of the acid activated bentonite. This is

due to differences in its structure and the pore size.

Keywords: adsorption, bentonite, chemical activation, Dubinin–Radushkevich–Stoeckli and

Dubinin–Astakhov equations.

INTRODUCTION

It is known that natural bentonites become effective adsorbents and active catalysts

just after acid activation.

The acid treatment replaces the exchangeable cations with hydrogen ions. Hydrogen

ions also attack the Me–O bond in the fragment Me–O–Si in the octahedral sheets, proba-

bly at the site of the oxygen atom, which possesses electron donor characteristics. This re-

sults in the breaking of the Me–O bond and the transfer of metal ions (Al3+, Fe3+, Mg2+) to

exchangeable positions. The negative charge is balanced by hydrogen ions. As acid treat-

ment proceeds, the adsorption properties of the activated bentonites change.1–4

Montmorillonite, the basic mineral in bentonite, belongs to a group of microporous

adsorbents.5,6

Adsorption by microporous adsorbents is described by the theory of volume filling of

micropores developed by Dubinin and his co-workers.7 The fundamental relations are the

Dubinin-Radushkevich and Dubinin-Astakhov equations. They are given, respectively, in

the following forms:
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W = W0 exp�–B(T/�)

2 log2(P0/P) � (1)

and

W = W0 exp�–(A/�E0)n� (2)

In Eqs. (1) and (2), W represents the volume of liquid-like adsorbate filling the

micropores at temperature T and relative pressure P/P0, W0 is the volume of the micro-

pores, B is a parameter characterizing the microporous structure, � is the affinity coefficient

of the characteristic curves, E0 is the characteristic energy of adsorption, n is an equation

parameter and A is the differential molar work of adsopriton i.e., the differential Gibbs en-

ergy of adsorption, �G, defined by

A = – �G = RT ln (P0/P) (3)

Stoeckli attempted to generalize the Dubinin–Radushkevich equation to hetero-

geneous microporous adsorbents.8 He assumed that the distribution of the micropore

volume W0 with respect to parameter B of the Dubinin–Radushkevich equation could

be expressed by a Gaussian distribution function.
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where W0° is the total volume of the micropores, B0 is the value of the Dubinin–Radus-

hkovich parameter B for the maximum of the distribution curve and � is the disper-

sion. By integrating the contribution of the micropores with the corresponding struc-

tural parameter B, each of which can be described by the Dubinin–Radushkevich

equation and invole the function f(B), Stoeckli derived the following equation

W = W0
° exp(–B0y) exp (y2�2/2)0.5 �1–erf(z)� (5)

where

y = �(T/�) log P0/P) �2 (6)

z = (y –b0/�2) �/(2)

1/2 (7)

and efr(z) is an error function.

In this work this equation was applied for the determination of the porous characteris-

tics of bentonites.

Useful information concerning the energetic characteristics can be provided from the

differential distribution of the volume filling of the micropores, W, with the free energy of

adsorption. The distribution function can be derived from the Dubinin–Astakhov equation

d

d

AW

A

W n

E

n

n
� �

�
0

1

0( )�
exp �–(A/�E0)n�

(8)

146 BREZOVSKA et al.



For this distribution, the characteristics values of the free enrgy of adsorption (mode

and mean) can be determined9,10

Amode = �E0�(n–1)/n�1/n (9)

Amean = �E0�(1/n + 1) (10)

were � is the gamma function. The affinity coefficient � for benzene is 1.

The present study was an attempt to determine the adsorption and porous characteris-

tics of natural bentonite from Macedonia and its forms acidoactivated with 10 % and 15 %

solutions of hydrochloric acid.

EXPERIMENTAL

The natural bentonite from Ginovci, Macedonia (in the text labeled as B) has the following chemical

composition: SiO2 68.22 %, Al2O3 21.32 %, Fe2O3 3.21 %, MgO 4.15 %, CaO 2.03 %, Na2O 0.40 %, K2O

0.40 %, H2O + CO2 8.06 %. The montmorillonite content of the bentonite is around 85 % and it has a

monoclinic structure. Mg2+ and Ca2+ are the most abundant natural interlayer cations.2

Bentonite, with a particle size of less than 0.2 mm and dried at 105 ºC, was treated with 10 % and 15 %

hydrochloric acid (labeled as B10Cl and B15Cl) by a standard procedure.5

Chemical and X-ray analysis of the activated bentonites show that acid activation besides leaching cat-

ions from the montmorillonite structure and replacing the exchangeable cations with hydrogen ions also dis-

solves impurities such as calcite, dolomite, etc. The changes are more expressed for the sample that had been

treated with 15 % HCl.11

Adsorption isotherms of benzene on the natural and acid activated bentonites were determined by a

modified flow method. Prior to the adsorption measurements, the samples were heated for 3 h at 393 K. The

adsorption isotherms were determined at 298 K. The adsorption of benzene vapor was performed from the

stream of nitrogen used as the carrier gas. The partial pressure of benzene vapor in the gas mixture was calcu-

lated from the flow of nitrogen. The amount of adsorption was measured gravimetrically.

RESULT AND DISCUSSION

The parameters of the Dubinin–Radushkevich–Stoeckli equation (Eq. (5)) can be

determinated from its linear form:

ln W* = ln W0
° – B0y (11)

where

W* =
W

y zexp ( / ) . ( )
2 2

2 0 5 1� [ ]� erf

(12)

The values of y and z were calculated using Eqs. (6) and (7), the parameter B was ac-

cepted from the Dubinin–Radushkevich equation as a first approximation for the value of

B0. Using different values of �, the data of W* were calculated. The value of � which gave

the best accordance between the experimental data and the Dubinin–Radushkevich–Stoe-

ckli equation was selected.

12 The micropore volume W0
° and the proper value of the pa-

rameter B0 were evaluated from the intercept and the slope, respectively, of the plot of ln

W* against y (Eq. (11)), using the least squares method.
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In order to determine the parameters of the Dubinin–Astakhov equation, its linear

form was used

ln W = ln W0 – An / E0
n (13)

The micropore volume W0 and the characteristic energy of adsorption E0 were evalu-

ated from the intercept and the slope of the resulting straight line by means of the least

squares method.

The values of the parameters of the Dubinin–Radushkevich–Stoeckli and Dubi-

nin-Astakhov equations determined using the described procedures are listed in Tables I

and II.

TABLE I. Parameters of the Dubinin–Radushkevich–Stoeckli equation

Bentonite W0
°/cm3 kg-1 �/K

-2 B0/K-2

B 162.55 1.4�10

-6 5.0�10

-6

B10Cl 144.60 1.6�10

-6 6.1�10

-6

B15Cl 110.06 2.4�10

-6 5.2�10

-6

TABLE II. Parameters of the Dubinin–Astakhov equation

Bentonite n E0 / kJ mol-1

B 3.3 8.09

B10Cl 3.0 7.74
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Fig. 1. Adsorption isotherms of benzene vapor on bentonites, plotted according to the

Dubinin–Radushkevich–Stoeckli equation.



It can be seen from Table I that the dispersion � increases from B to B15Cl which

means that the degree of microporous heterogeneity increases in the same direction.

The plots resulting from the Dubinin–Radushkevich–Stoeckli and Dubinin–Asta-

khov equations are presented in Figs. 1 and 2, respectively.

The adsorption isotherms for B15Cl are not presented in the linear form of the

Dubinin–Astakhov equation (Fig. 2) because the differential distribution of micropore

volume with free energy of adsorption is non-modal.
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Fig. 2. Adsorption isotherms of benzene vapor on bentonites, plotted according to the Dubinin–Astakhov equation.

Fig. 3. Differential distribution of micropore volume with parameter B.



Natural bentonite has a more homogeneous micropore structure than the acid acti-

vated ones. This is illustrated by the differential distribution of the micropore volume with

respect to the parameter B, Fig. 3, determined from Eq. (4).

From Fig.3 it can be seen that the size of the pores of adsorbent B10Cl is bigger than

of B (the value of B0 for B10Cl is higher than for B, Table I). The differential distribution

of the micropore volume for B10Cl is moved in the direction of the bigger pores. Montmo-

rillonite dried at temperatures below l50 °C contains the water which enables the penetra-

tion of the benzene molecules into the montmorillonite interlayer space.13 The change in

the montmorillonite structure during acid activation can be the reason for the decrease in

the amount of residual water after drying and thus the limited penetration of benzene mole-

cules, which is more remarkable for B15Cl.

The energetic characteristics of B and B10Cl, obtained from its differential distribu-

tion of micropore volume, W, with free energy of adsorption are presented in Fig. 4.

The broad distributions indicate that natural and acid activated bentonites have high

degrees of energetic heterogeneity.

The mode, Amode and mean, Amean, values of the free energy of adsorption in these

distributions were evaluated from Eq. (9) and Eq. (10) and are given in Table III.

TABLE III. Values of Amode and Amean

Bentonite Amode Amean

B 7.25 7.26

B10Cl 6.76 6.91

The decrease of the values of E0, Amode and Amean for B10Cl (Tables II and III) is due

to the increase of the pore size and to the absence of exchangeable cations and also to par-
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Fig. 4. Differential distribution of micropore volume with free energy of adsorption.



tially removed cations from octahedral sheets, which results in weaker interaction of the

benzene molecules with the adsorption centers.

CONCLUSION

After chemical activation, bentonites have different structures and pore sizes.5,6,11 This

was confirmed by adsorption of benzene vapor on natural and acid activated bentonites. The

change of the montmorillonite structure during acid activation can be the reason for the de-

crease in the amount of residual water after drying and thus the limited penetration of ben-

zene molecules. The result is a decrease of the values of the micropore volume for the acid

activated bentonites (144.60 and 110.06 cm3 kg–1) in comparison with that for natural ben-

tonite (162.55 cm3 kg–1), as determined by the adsorption of benzene vapor.

I Z V O D

ADSOPRCIONA SVOJSTVA I POROZNA STRUKTURA BENTONITSKIH

ADSORBENATA ODRE\ENIH IZ ADSORPCIONIH IZOTERMI BENZENOVIH

PARA

SNE@ANA BREZOVSKA, BIQANA MARINA, BIQANA PANOVA, DON^O BUREVSKI, VASA

BO[EVSKA I LEPA STOJANOVSKA

Tehnolo{ko-metalur{ki fakultet, Univerzitet “Sv. Kiril i Metodij”, Skopje, Makedonija

Adsorpcija benzenovih para na prirodnom bentonitu i bentonitu posle wegove hemij-

ske obrade rastvorom HCl, ispitivana je teorijom zapreminskog popuwavawa mikropora.

Zapremina mikropora i karakteristi~ne veli~ine slobodne energije adsorpcije odre|iva-

ne su iz adsorpcionih izotermi. Kori{}ewe su Dubinin–Radushkevich–Stoeckli i Dubinin–Asta-

khov jedna~ine. Rezultati ovih ispitivawa ukazuju na to da prirodni bentonit ima homogeni-

ju mikroporoznu strukturu u odnosu na kiseloaktivirani bentonit. Karakteristi~ne veli-

~ine slobodne energije adsorpcije za prirodni bentonit su ve}e od onih za kiseloaktivi-

rani bentonit, {to je rezultat razlika u wihovim poroznim strukturama.

(Primqeno 7. jula, revidirano 22. septembar 2003)
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