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Abstract
Isotherm equation is one of the important scientific bases for
adsorbent selection. There are different isotherms that do not account
for an adsorbate, different chemisorption geometries on the
nanoporous surface. It is interesting to introduce a general isotherm,
which considers different chemisorption geometries of an adsorbate
on nanoporous surfaces. In this study, an isotherm for non-
dissociative gas adsorption on nanoporous surface was derived by
classical thermodynamics. Theoretical study of thermodynamics of
adsorption leads to the concept of a constant parameter « which
shows the ratio of the number of occupied sites to the number of
adsorbed molecules. The derived isotherm was analyzed by several
experimental systems of non-dissociative gas adsorption on
nanoporous surfaces. By using experimental data, a comparison
between the derived isotherm with some famous isotherms like
Langmuir, Sips, Toth and Frumkin was provided.

2014 JNS All rights reserved

1. Introduction

The reduction of gaseous pollution emissions to
atmosphere is a matter of great concern nowadays.
Simultaneously, a developing research by the
invention of a wide range of treatment technologies
with varying levels of successes has accelerated a
dramatic progress in the scientific community. Of
major interest, adsorption of gases by nanoporous
material has experienced considerable growth in
recent years. Nanoporous solids are attractive
materials  for  energetically  efficient and

environmentally friendly catalytic and adsorption
separation processes [1-5]. Open framework
nanoporous materials are gaining increasing
interest because of their exceptional adsorption
properties. Zeolites are one of the most famous
nanoporous that now widely used in industry as
adsorbents and catalysts [6].

Since Isotherm equation is one of the important
scientific bases for adsorbent selection, it is
important to investigate both experimental and
fundamental theories of adsorption. The selection
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of the appropriate adsorption isotherm is one of the
fundamental problems faced during analysis of
experimental adsorption data. The most widely
used isotherms are Langmuir [7], Frendlich [8],
Sips (Langmuir-Freundlich) [9], Toth [10] and
Frumkin [11]. However, these isotherms, though
simple and effective, have the disadvantage of not
accounting for an adsorbate with different
chemisorption geometries on the nanoporous
surface. The Azizian—-Volkov (AV) isotherm has
been provided for an adsorbate with two different
chemisorption geometries on solid surface. It has
been derived by classical and statistical
thermodynamic [12, 13]. Some of molecules can
be adsorbed with several chemisorption geometries
on the nanoporous surface. In this study, we are
going to derive an isotherm for non-dissociative
gas adsorption with different chemisorption
geometries on the nanoporous surface by using
classical thermodynamics.

2. Theory

Let us consider that there is a two-dimensional
lattice of vacant sites on the nanoporous material
and ‘A’ molecules is adsorbed with different
chemisorption geometries on the surface. A
typical example for adsorption of ‘A’ molecules
is shown in Scheme 1. In Scheme 1, Ayq) IS used
to show one ad-molecule which occupies one site
on the surface. Ayuqg IS used to show one ad-
molecule which occupies two sites on the
surface. In a general case, when one ‘A’
molecule occupies ‘i’ vacant sites on the surface
of nanoporous solid (i=1,2,...), Ai(ad) is used to

show its chemisorption geometry on the surface.
The following process occurs for adsorption of
‘A’ molecule on the surface:
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Agas +iV & Ai(ad) (@))
where A, represents ‘A’ molecule in the gas

phase and V represents active vacant site on the
surface of the nanoporous solid.
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Scheme 1. Non-dissociative gas adsorption with different
chemisorption geometries of adsorbate on nanoporous solid
surface.

Let us consider at equilibrium ‘n’ molecules of are
adsorbed on the nanoporous solid surface. These
molecules are adsorbed with different chemisorption
geometries on the surface. The number of molecules
that occupy ‘i’ vacant sites on the surface is n;. The
constraint for the value of n; is izlni =n. The overall

adsorption process can be expressed as :

NAgs + Z inV < Z N A Gaa) )
i=1 i=1

The condition of equilibrium is now given by

2 Mitla,, —Mia =2 INisy =0 3)

where ,, is the chemical potential of vacant site.
Ha,, and u, — are the chemical potentials of ‘A’
molecule in gas and adsorbed phases, respectively.
Upon expressing the chemical potentials in adsorbed
phase in terms of activities (; =g +kT Ing;) and
the chemical in gas phase in terms of fugacity

(NAgaS = ufigas +kgT In f,), one arrives at:
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n;
ir,ll(aAi(am ) n (LGD)
*—Zml — (f A) e kT

(a, )=

where a, is the activity of ad- molecule and a, is

(4)

the activity of vacancy. fp is fugacity of ‘A’ in

the gas phase. AG® is standard free energy which

is written as:
AG =3 njup —Npy —Xingu (5)
i =1 i(ad) gas | =1
Eqg. 6 can be written as:
n;
H (yAi(ad) X A ) (ﬂ)
= sin - (PaPa)"e KT (6)
(}/VX v )i:l

where Y Ava) and y,, are the activity coefficients of

ad-molecule and vacancy, respectively. ¢ and Pa
are fugacity coefficient and pressure of ‘A’ in the
gas phase, respectively. X A is the surface mole
fraction of A, expressed as:

in;

: ()

NV ,max

X Ai(ad)

Where Ny ax IS the maximum number of vacant

sites on the nanoporous solid surface. X, is the
surface mole fraction of vacancy written as:
Ny

XV:
NV ,max

(8)

where Ny is the number of vacant sites on the
nanoporous surface.

Surface coverage 6 can be introduced as
follows:
0 N

NV ,max

©)

where N is the number of occupied sites on the
nanoporous surface. With respect to the overall
process of adsorption, eq 9 can be written as:
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¥ in;
6=_=L— (10)
NV ,max

To obtain an isotherm, the surface mole fractions are
written in terms of 6. The surface mole fraction of
vacant sites is expressed by following equation:
Xy=1-6 (112)
and the surface mole fraction of adsorbate is obtained
by combination of egs 8 and 10:

X ap, = zmlln. 0 (12)

i=

By replacement of the surface mole fractions in eq 7,

one arrives at:

. n; .

(Q)Elni Sin Z |ni (ﬂ)
———=(p, )3 " T2 e KT (gaPa)"
(1—0)51'”‘ () = N ya, 9aF)
(13)
or

n
0 g (X e s
T in; :(;/V) n _H irl1-:1 e kT ¢APA

(1-0)" T A
(14)
Finally, eq 14 can be simplified as:

9 =KPA (15)
(1-0)°

where K is a constant, which relates to the Gibbs
standard free energy of adsorption. This constant
parameter (K) equals to

) ni
Elin‘ > In; n (7AG°)

K = nl L e nkT 16
(ro) v 5= ¢ (16)

i(ad)

a in eq. 15 is a constant parameter and equals to
X in;
a=1=21 (17)
n
The ratio of the number of occupied sites to the
number of adsorbed molecules is a. By finding

the a it is possible to find the ratio of different
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chemisorption geometries of a nanoporous
adsorbent. The same parameter was previously
provided by Azizian and Volkov for gas
adsorption with two different chemisorption
geometries on solid surfaces and was shown by
‘n’ in Av-isotherm [15, 16]. With respect to
definition of o (eq 17), it can be concluded
thata >1. In the case of o =1, one adsorbate
occupies only one site on the surface and it is
adsorbed by only one chemisorption geometry on
the nanoporous surface. Therefore, eq 15 reduces
to Langmuir isotherm, when « =1.

Eq 15 is a simple isotherm equation for non-
dissociative gas adsorption, which accounts
different adsorbate chemisorption geometries on
the nanoporous surfaces. Nitta et al [14] derived
the same adsorption isotherm, neglecting
adsorbate-adsorbate interactions, from a localized
model in which one molecule occupies multi-site
on a homogeneous surface. The resultant
expression is essentially the same as that of
Honig and Mueller [15] for single-component
adsorption derived from the vacant solution
theory. Honig and Mueller suggested essentially
the same expression as eq 15 from the vacant
solution theory in which one molecule is assumed
to occupy one site and an imaginary site occupies
a fractional site [15]. Henry [16] suggested a
expression  for  single-and
adsorptions from the kinetic theory. Eq 15 can be
written in linear form as:

similar multi-

In%:aln(l—@)—an (18)
Therefore, InPFA is a linear function of In(1-0).

The plot of InPFA vs In(1-6) will be a straight line

with the slope of « and the intercept of —InK.
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In addition, eq 15 can be written as in terms of g

as:
Lﬂ =K P, (19)
(am —a)

K’ in eq 19 is a constant parameter and equals to
K'=qp* K (20)

In the next section, we will discuss the advantages of
eq 19 for modeling of experimental data. In addition,
a comparison between eq 19 and some famous
isotherms, which are listed in Table 1, to fit empirical
data of gas adsorption on nanoporous materials will
be provided.

Table 1. Some of the important isotherm models which
have been used in the present work.

. Langmuir- .
Langmuir . Toth Frumkin
Freundlich
9 _kp I __kpr O _ypr I _kpen
1-60 1-6 1-0" 1-6

3. Results and discussion

In this section, we are going to analyze the
applicability of the derived equation (eq. 19) to fit
equilibrium data of gas adsorption on nanoporous
surfaces. In addition, we want to provide a
comparison between some famous isotherms like
Langmuir, Langmuir-Freundlich, Toth and
Frumkin with eq 19 to fit empirical data of gas
adsorption on nanoporous materials. For this
purpose, the experimental data have been selected
from the literatures to be analyzed [17, 18]. The
chosen empirical system is C,Fs adsorption on
zeolite 13x [17]. Adsorption of C,Fs on zeolite 13x
has been studied by Ahn et al [17] at different
temperatures (303.15, 323.15 and 343.15 K).
Experimental data were fitted to eq 19 by
MATLAB R2012a (The Mathworks, Inc).
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Table 2. The obtained parameters of isotherms for C,Fs

adsorption on zeolite 13x at 303.15 K.

. Langmuir- Frumk
Parameters Eq 19 Langmuir . Toth .
Freundlich in
K 29.93 0.051 0.126 0.253 0.133
dm(mol/kg) 2.01 1.84 1.95 1.98  1.90
nora 1.70 0.73 0.67
g 1.42
R? 0.993

0.9957 0.9889 0.9928 0.9946

The best fitting parameters were found at
different temperatures and the results are shown in
Tables 2, 3 and 4. It is shown in Tables 2, 3, and 4
that there is very good agreement between eq 19
and experimental data of C,F¢ adsorption on zeolite
13x.

Table 3. The obtained parameters of isotherms for C,Fg
adsorption on zeolite 13x at 323.15 K.

. Langmuir- .
Parameters  Eq 19 Langmuir ) Toth  Frumkin
Freundlich
K 32.82 0.037 0.058 0.091 0.0525
m(mol/kg) 1.81 171 1.77 179 175
nora 1.34 0.87 0.81
B 0.58
R 0.9989 0.9977 0.9819 0.9964 0.9964

As expected, the values of « at different
temperatures are bigger than one. It is shown in
Tables 2, 3 and 4 that by increasing of temperature,
the value of o decreases. Actually, at higher
temperature, the number of adsorbed molecules of
C,Fs that occupy more than one site on zeolite 13x
surface decreases. The comparison between eq 19
and some famous isotherms such as Langmuir,
Langmuir-Freundlich, Toth and Frumkin isotherm
equations was provided. The results of fitting are
presented in Tables 2, 3 and 4. As seen, eq 19 is
more useful isotherm to predict the amount of
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adsorbates on zeolite in comparison to other
isotherms at  different temperatures. The
experimental data of C,Fs adsorption on zeolite
13x confirms the applicability of derived isotherm.

Table 4. The obtained parameters of isotherms for C,Fg
adsorption on zeolite 13x at 343.15 K.

. Langmuir- Frumk
Parameters Eq 19 Langmuir . Toth .
Freundlich in
K 45.44 0.024 0.028 0.035 0.0265
gm(mol/kg) 1.67 1.61 1.63 1.65 1.63
nora 1.16 0.96 0.92
B 0.18
R? 0.9994 0.9992 0.9511 0.9993 0.9993

As another example, we applied the derived
equation (eq 19) to correlate of empirical data of
CO, adsorption on zeolite 13x at 313 K [18]. Eq 19
can correlate empirical data of CO, adsorption on
zeolite 13x, successfully. The results of fitting are
gm = 6.52 (mol/kg), K = 1.07, a = 2.08. As
expected, the ratio of the number of occupied sites
to the number of adsorbed molecules () is bigger
than one. It can be concluded that CO, molecules
adsorb with different geometries on zeolite surface.

4. Conclusion

In this paper, an isotherm for non-dissociative
gas adsorption on nanoporous surfaces has been
derived by classical thermodynamics. One constant
parameter (@) in the derived isotherm was found
that can interpret the ratio of the number of
occupied vacant sites to the number of adsorbed
molecules. The o parameter shows the average
number of vacant sites which occupied by one
adsorbed molecule. The derived isotherm has been
analyzed by experimental systems of non-
dissociative gas adsorption on nanoporous surface
at different temperature. By using the experimental
data, comparison between the derived isotherm and
some famous isotherms like Langmuir, Langmuir-
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Freundlich, Toth and Frumkin was provided. The
comparison showed the derived equation has
perfect conformity with experimental data of gas
adsorption on nanoporous surface.

Acknowledgment

The authors are grateful to University of Kashan
for supporting this work by Grant No. 256750/1.

References

[1] G.A. Somorjai, Principles of Surface Chemistry,
first ed. Prentice-Hall, Englewood Cliffs, 1972.

[2] S. Brunauer, Physical Adsorption, Princeton
University Press, Princeton, 1945.

[3] A. Ozer, J. Hazard. Mater., 141 (2007) 753-761.
[4] Z. Bao, L. Yu, Q. Ren, X. Lu, Sh. Deng, J. Colloid
Interface Sci., 353 (2011) 549-556.

[5] F. Hibbe, C. Chmelik, L. Heinke, S. Pramanik, J.
Li, D.M. Ruthven , D. Tzoulaki, J. Kérger, J. Am.
Chem. Soc., 133 (2011) 2804-2807.

[6] M. Jeffroy, AH. Fuchs, A. Boutin, Chem.
Commun., 24, (2008), 3275-3277.

H. Bashiri et al./ JNS 4 (2014) 127-132

[7] I. Langmuir, J. Am. Chem. Soc. 40 (1918) 1361-
1403.

[8] H. Freundlich, Kapillarchemie, Akademische
Verlagsgesellschaft: Leipzig, Germany, 1909.

[9] R. Sips, J. Chem. Phys., 18 (1950) 1024-1026.
[10] J. Toth, Acta Chim. Acad. Sci. Hung., 69 (1971)
311-328.

[11] AN. Frumkin, Z. Phys. Chem., 116 (1925) 466-
484.

[12] S. Azizian, A.G. Volkov, Chem. Phys. Lett., 454
(2008) 409- 414.

[13] S. Azizian, H. Bashiri, A.G. Volkov, Colloids
Surf. A, 335 (2008) 28-32.

[14] T. Nitta, T. Shigetomi, M. Kuro-Oka, K. Takashi,
J. Chem. Eng. Jpn., 17 (1984) 39-45.

[15] J. M. Honig, C. R. Mueller, J. Phys. Chem. 66
(1962) 1305-1308.

[16] Henry, D. C., Kinetic Theory of Adsorption, Phil.
Mag., 1922, 44 (S6), 689-692.

[17] N. G. Ahn, S. W. Kang, B. H. Min, S. S. Suh, J.
Chem. Eng. Data, 51 (2006) 451-456.

[18] J.A.C. Silva, K. Schumann, A.E. Rodrigues,
Microporous and Mesoporous Materials 158 (2012)
219-228.



