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Abstract Even though a large number of statistical-
mechanics models can be found in the literature to describe
adsorption, no one is good enough to reliably predict some
highly non-ideal behavior, such as the inversion of selectivity
presented in the adsorption of some mixtures. This is prob-
ably due to the natural complexity of adsorption phenomena,
which can be attributed to several factors such as the non-
uniformity of the solids and the intermolecular forces
between adsorbent-adsorbate and adsorbate—adsorbate. In
order to contribute to the improvement of the models, this
paper presents a study of the impact of the relative molecule
sizes and the lateral interactions for the azeotropelike
behavior in adsorption. Therefore, we present here a modi-
fied model based on the Nitta et al. (1984) Multi-Site
Occupancy Model (MSOM). The ability of the model pro-
posed here to describe binary and ternary adsorption mix-
tures was compared to the one obtained from the original
Nitta et al. (1984) model and by the Vacancy Solution Model
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(VSM, from Suwanayuen and Danner 1980a, b). The results
showed that the relative size of the molecules and the lateral
(adsorbate—adsorbate) interactions are very important vari-
ables in the description of the azeotropelike behavior. Even
though the MSOM requires fewer parameters obtained from
pure isotherm data, compared to VSM, it presented better
performance for both binary and ternary mixtures. The pro-
posed MSOM was able to predict the majority of the azeo-
tropelike behavior studied here.

Keywords Adsorption - Azeotropelike behavior -
MSOM - VSM

1 Introduction

A reliable description of adsorption of mixtures on solid sur-
faces or inside solid structures, such as confined fluids, is very
important in order to optimize numerous industrial processes.
In practice, adsorption processing involves multicomponent
mixtures, which can exhibit highly non-ideal behavior.

According to Dunne and Myers (1994), the causes of non-
ideality are related to differences in polarity, molecular size
and shape, in addition to the energetic heterogeneity of the
adsorbents. Here, we are going to focus on adsorption on
energetic-homogeneous surfaces. We show that even for
homogeneous surfaces, the adsorption can present highly non-
ideal behavior due to molecular size and shape and the inter-
action between molecules adsorbed in neighboring sites. In
the literature, there are systems that present azeotropelike
behavior in which there is an inversion in adsorption selec-
tivity. These systems are quite useful for evaluating the per-
formance of adsorption equilibrium models.

We present here a modified version of the multi-site
occupancy model (MSOM-M) proposed originally by Nitta
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et al. (1984). The performance of the proposed model
(MSOM-M) was evaluated in terms of the prediction of
binary and ternary adsorption mixtures. The model per-
formance was compared to the one presented by the ori-
ginal MSOM and to the vacancy solution model (VSM)
presented by Suwanayuen and Danner (1980a, 1980b).

2 Adsorption isotherm models

The canonical ensemble partition function, representing the
adsorption of a single component, expressed in terms of the
number of molecules (N), number of sites (M) and tem-
perature (7), is given by:

0N, M,7) = (1) s(N. M) exp 5 ) )
where ¢(7) is the internal partition function of a molecule,
E. is the average configurational energy, and g(N,M) is the
number of configurational states.

The statistical thermodynamics hypotheses for Lang-
muir isotherm are: (a) a fixed number of vacant or
adsorption sites are available on the surface; (b) all the
vacant sites are of equal size, shape and energy on the
surface; (c) each site can hold the maximum of one gaseous
molecule; (d) there is no interaction between molecules
adsorbed in neighboring sites (and therefore, E. = 0).
Using random distribution of the N molecules in M sites to
evaluate g(N,M):

M!

g(NaM)Zm (2)

The Langmuir isotherm (Langmuir 1918) is obtained:
0

PK = T 3)

where K (the equilibrium constant) is defined by:

K = q(T)exp (P;:;) (4)

where ;¢ is the chemical potential of the molecule in the
gas phase at the reference pressure.

The coverage fraction (0) is defined by:
0=i=0 ©

M W

where W is the maximum adsorption capacity of the solid
and W is the adsorbed amount.

Fowler and Guggenheim (1939) used the Bragg-William
approximation, based on the pairwise additivity and ran-
dom distribution of neighboring sites, to calculate E,:

_ N?
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where Z is the coordination number of the lattice and u is
the interaction energy parameter. The isotherm expression
for pure adsorption is:

ool -022) o

where K and 0 are defined as for the Langmuir isotherm
(Egs. 4 and 5, respectively). The parameter related to the
adsorbate—adsorbate interaction energy is:

PK =

0
(1-0)

*

u o u
RT kT

(3)

This model has been tested by many authors, Roque-
Malherbe (2000), Koopal and Avena (2001), Tvardovski
et al. (2003), Kowalczyk et al. (2004), Hamdaoui and
Naffrechoux (2007) and Durimel et al. (2013) with relative
success. However, the predictive performance of Fowler
and Guggenheim model is limited to more ideal adsorption
mixtures.

Honig and Mueller (1962) presented an adaptation of the
lattice vacancy theory to pure gas adsorption phenomena.
The model uses the Flory—Huggins polymer-monomer
solution theory. They consider the polymer (r-mer) analo-
gous to an adsorbed molecule and the monomer analogous
to a hole (vacancy). The final expression of this model is:

(i —69)"”‘13 (203%) ©)

where K is given by:

PK =

0,8

K =¢q(T) exp(kT) exp(r—1) (10)

and the coverage fraction 6 is defined by:
N

_IN_ W (11)
M W

Honig and Mueller (1962) studied the effects of lateral
interaction (u/k) and the number of segments (r, directly
related to the molecule size). They showed that the shape
of the isotherm is strongly affected by these two parame-
ters. The model is able to describe condensation when the
lateral interaction parameter (#/k) is attractive.

Nitta et al. (1984) proposed a multi-site occupancy
model (MSOM) for homogeneous surfaces, which is
essentially the same expression by Honig and Mueller
(1962). However, they extended the model to multicom-
ponent adsorption. The extension is:

0

0.
ViPKir; = ————5

Nc
Uik
e 7 exp (—r,» Z Ok ﬁ) (12)
<1 _ Z 0k> k=1
k=1

This model was used by Dunne and Myers (1994),
Malek and Farooq (1996), Buss and Heuchel (1997), Mohr
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et al. (1999), Grande et al. (2003), Cavenati et al. (2004),
Lisal et al. (2008) and Ribeiro et al. (2008) to describe
adsorption mixtures with good performances. However,
this model is not adequate to predict azeotropelike behavior
using only pure component adsorption data. From now on,
the multi-site occupancy model proposed by Nitta et al.
(1984) will be called MSOM in this work.

Suwanayuen and Danner (1980a, b) developed the
vacancy solution model (VSM), based on the vacancy
theory, to be applied to adsorption phenomena. The
adsorbed phase is treated as a vacancy solution, where the
vacancy is an imaginary solvent. Using the criteria of equal
chemical potentials of the species presented in different
phases, the isotherm is given by:

N s s AG:] a;
YiiP = x}y; exp ( RT ) exp (ﬁ> (13)

For each component, Eq. (13) correlates the molar
fraction in the gas phase (y;) with the molar fraction in the
adsorbed phase (x7), which is based on the total amount
adsorbed, including the vacancy component. In this equa-
tion, AGY is the standard state free energy of adsorption of
the pure i; is the spreading pressure; a; is the partial molar

surface area of the i molecule and &si is the fugacity
coefficient of the i molecule in the gas phase.

The experimental adsorbed molar fraction (x;) can be
correlated with x; as follows:

Nc Ne

5,00 __ s s 8,00

> = E nl+n = E xXin; (14)
i=1 i=1

Nc
n, = an (15)

s Xift,,
X = 50 = 50 = x;0 (16)

N N

Nc
X=1->x (17)
i=1

where 7n;;>° is the maximum total number of moles of the
mixture in the adsorbed phase; nj and n; are the numbers
of i molecules and imaginary solvent adsorbed in the
mixture, respectively; n;> is the maximum total number
of moles of each species i in adsorbed phase (for the pure
component condition); #n;, is the total number of moles of
the mixture in the adsorbed phase. It is important to
notice that the superscript “s” indicates that the variable
includes the vacancy species. In Eq. (17), x, is the
adsorbed molar fraction of the imaginary solvent
(vacancy) in the mixture.

Suwanayuen and Danner (1980b) used the expressions
proposed by Lucassen-Reynders (1972, 1973, 1976) to

calculate the product between the spreading pressure and
the partial molar areas as:

5,00 5,00

Ta; n;> —n; o s
R {1 + 7] In(y)x}) (18)

m

and the standard state free energy of adsorption as:

AGY 1 1
exp( ’) =—n> lim (—> (19)
RT ) "K' <o\p

where K;, as in the other isotherms, is the adsorption
constant related to the intermolecular force between
adsorbent and adsorbate.

Suwanayuen and Danner (1980a, b) and many other
authors (Hyun and Danner 1982; Talu and Zwiebel 1986; Yu
and Neretnieks 1990; Jeong et al. 2007; Heymans et al. 2011;
Mofarahi and Gholipour2014) have tested the VSM using the
Margules and Wilson equations to evaluate the activity
coefficients of the species in the adsorbed phase: 75 and 7!.
Munakata (2007) and Haghtalab and Farzad (2010) used the
Non-Random Two-Liquid (NRTL) equation to evaluate these
activity coefficients. Reported results show that the VSM
model can describe highly non-ideal adsorption behavior.

Applying these equations (Wilson and NRTL) to eval-
uate the activity coefficient for all Nc species, plus the
vacancy present in the adsorbed phase, it is necessary to
add an extra component: the vacancy. Therefore, in
Eq. (20) the index (Nc + 1) indentifies the vacancy, called
v. A general expression for the Wilson and NRTL equa-
tions is give by:

Ne+1 Ne+1
c+ c+ .x/Gl]
Iny;=s|{1—1In g xGji — N
=1 =1
J J Z ijxk
k=1
Ne+1 Nc+1
Z Ij,«Gﬁxj Ne+1 G Z TUGle
+ j=1 +Z X Gij S
P\ Ner - Ne+1 Yo Netl
>, Guxe 71 Gyxi >, G
k=1 =1 k=1
(20)

where: for Wilsons equation: s = 1; p = 0 and Gj; = 4;;.
For the NRTL equation s = 0; p = 1 and Gy is given by:

Gy = exp(—ao;Ty) (21)

whereo;; is the nonrandomness parameter for the mixture
with components i and j. Also, a;; = aj;.

In this work, we used the VSM model with both the
Wilson and NRTL equations to evaluate y} and y; In both
cases, the residual interaction between two adsorbed real
molecules (i and j # v) were neglected. It means that,
when using the Wilson equation, the parameters related to
those interactions (A;; = A;;) are equal to 1. Therefore, the
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VSM together with the Wilson equation (called here VSM-
W) has 4 parameters to be estimated from the pure com-
ponent adsorption experimental data: K;, n;™, A;, and A,,;.
In the same way, when the NRTL equation is used to
evaluate y} and 7!, the parameters related to the residual
interaction between the two adsorbed real molecules (tj;,
and t;) are equal to 1. Then, the VSM with NRTL equation
(VSM-N) has 5 parameters: K;, n;’™, 1;,, T,;. and o,. It is
important to notice that the solid field contributions to the
adsorption phenomena are present not only by the equi-
librium constant (K;), but also, even thought indirectly, by
the parameters that take into account the residual interac-
tions between one real molecules (i) and the vacancy (v).

2.1 The proposed Multi-Site Occupancy Model
(MSOM-M)

Aiming to improve the performance of existing models, by
better taking into account the contributions of molecular size
and shape to multicomponent adsorption phenomena, we
present a new version of the multi-site occupancy model. The
proposed model follows the main idea of the original one
(Nittaetal. 1984). Each molecule can occupy multi-sites on a
homogeneous surface. However, we propose another
expression to account for the number of configurational
states and, consequently, a new term for the configurational
energy. The detailed step-by-step of development of the
expressions is available in supplementary material.

The Guggenheim approximation is used to evaluate the
number of configurational states:

v M (BN + M — rN)1*?
s M) = & o=, { M! } (22)

the parameter b is related to the number of contact pairs per
molecule Zb (Okada and Nose 1981), which is given by:

Zb=r(Z-2)+2 (23)

Equation (23) is valid for non-cyclic linear-like mole-
cules, where Z is the coordination number.
The average configurational energy is expressed by:

Ec ZNHM (24)

Where Nj; is the number of pairs of occupied neigh-
boring sites and u is the interaction energy between an
adsorbed pair of molecules. The number of pairs of occu-
pied neighboring sites, considering Bragg-Williams
approximation (Hill 1962), is:

_ Zb N
Ny =—rN— 25

1 r " 2M (25)

Because r is the number of sites occupied by each
molecule, we can say that each molecule have r segments

@ Springer

and each segment occupies one site on the homogeneous
surface. Therefore, in Eq. (25), ZT’; is the number of contact
pairs of one segment; 7N is the total number of segments
adsorbed and % is the probability of finding a pair of
adsorbed segments on the surface. Then, the expression for
the average configurational energy is:

_ _rN%u
E.=Z7Zb 26
T (26)
The chemical potential for the adsorbed phase is:
ads
W rN u rN
=—-Inl¢(T)¢{]| -Za—-——rIn{ 1 ——
a1 = Zasg g~ rin
1-—
+ (r— l)ln[l - 2(27]‘;)]\]] +ln<%> —Inr
(27)

The chemical potential of the molecule in the gas phase
can be expressed by:

W = u” +kTln ¢P (28)

where ¢ is the fugacity coefficient of the molecule in the
gas phase.

Therefore, using the criterion of equal chemical poten-
tial in both phases, and rearranging the terms, the pure
isotherm of the proposed model is written:

0(1 — po)—Y e
where:
p=2 1 (30)
K = g(T)éexp (’;T) (31)

and the coverage fraction (0) is expressed by Eq. (11). The
extension for multicomponent adsorption is straight for-
ward. The detailed development of the expressions is
available in supplementary material. The Guggenheim
approximation for mixtures is:

<N, M) = (H d-“) M
=1 (M — Z V,N,)' H (N,')

RN

<Zb_iNi —|—M — Zr,‘Ni)!
X d i ! (32)

and the average configurational energy is:

Nc  Nc

A S) Jp (33)

i=1 j=1
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Therefore, the expression for the multicomponent
adsorption isotherm is:

Ne (r-1)
ei(l —kzlﬁkek> PN
= i ik
T d e
11— 0 k
k=1

yidiPKir; =

=1

Ne -
rix—byx . uj;
xexp|l —= ) —0O—=~

34
24~ “RT (34)

where 0; is the coverage fraction of each component i, is
given by

0 — I",’Ni - r,-Wi
M Wk

(35)

where r; is the number of sites occupied by the molecule
i and W; is the adsorbed amount of each component i. K; is
the adsorption constant of each component i (parameter
related to the interaction between the solid and the i mol-
ecule) and u; is the parameter related to the intermolecular
interaction between molecules i and k adsorbed in neigh-
boring sites.

It is important to observe that the proposed modified
MSOM becomes identical to the original model when r is
equal to 1. In this case, both models become identical to the
Fowler-Guggenheim model. These models becomes the
Langmuir isotherm for r = 1 and u;; = 0.

Both ulti-site occupancy models (MSOM and MSOM-
M) have four parameters of pure components: W', r;, K;
and u;. However, here, we proposed a procedure to reduce
the number of parameters. For the smallest substance, the
maximum capacity (W) was estimated by regression of the
experimental data, using the number of segments r fixed a
priori equal to 1. For the other substances, the parameters
r» K; and uj; were obtained by regression of each experi-
mental data, fixing the maximum capacity of the solid (W*)
as the one obtained previously from the smallest substance.
This estimation procedure improves the quality of the
parameters (better physical meaning) and decreases the
correlation between parameters.

In order to calculate mixtures without any extra parameters,
we need a mixing rule to evaluate the cross interaction
parameter between a pair of adsorbed molecules in the mix-
ture. The classical mixing rule is the geometric expression:
u:; = \/uiuj; (36)

However, this classical expression is not really conve-
nient for adsorption, because it cannot be applied to sys-
tems containing attraction (positive values) and repulsion
(negative values) in the same mixture. In order to improve
the combination rule, also including the relative size effect,
the cross interaction parameters were calculated using:

Table 1 Mixtures, solids and references of the experimental data of
the tested systems

Mixture Solid Reference

13X Hyun and Danner 1982
C4H,0-CoHy
C,H,—CO,
C4H,-C,Hg
H-mordenite Talu and Ziebel 1986
CO,-H,S
C3Hg—-CO,
Cs;Hg-H,S
CO,—H,S-C;3Hg

BPL carbon Yu and Neretnieks 1990
C7H,4~C;Hg
C,Hg-Cg¢H,,0
C7H14-CeH120
C7H,4-C7Hg-CsH ;20

DAY13 Sakuth et al. 1998
C,Hg-C3HgO

DAYS5 Sakuth et al. 1998
C,Hg-C3HgO

DAY100 Sakuth et al. 1998
C,Hg-C53HgO

ZSM-5 Calleja et al. 1998
CO,-C,H,y (Si/Al = 15)
CO,-C5Hg
C,H,—C3Hg
CO,-C,H,;~C5Hg
w0 (37)

y ri+rj

It is important to notice that for r;, = r; = 1 this rule
becomes the classical arithmetic average. Two different
coordination numbers (Z = 4 and Z = 5) were tested for
the proposed model.

3 Methodology

In order to evaluate the performance of the models in terms
of their ability to predict mixtures using only pure adsorp-
tion experimental data, we selected several binary and ter-
nary adsorption mixtures in the literature that present highly
non-ideal behaviors. Table 1 presents those mixtures,
including the corresponding solids and references.

The parameters were estimated for all models using the
software Statistica® 7 to minimize the objective function
using pure component adsorption data. We used the mean
square of the weighed relative pressure deviation as the
objective function:

@ Springer
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Table 2 Parameters estimated for MSOM by fitting the experimental
data of the pure components

Table 3 Parameters of the MSOM-M (Z = 4) fitted from experi-
mental data of the pure components

Adsorbate ri [-] K; [10° Pa™ ! u;i [k [K] DMR (%)
H-mordenite-W" = 29.93 mmol/g
C;3Hy 12.33 0.058 1403 14.8
CO, 1 0.021 —14032.7 144
H,S 3.84 0.441 —1015.2 42
13X —T = 298 K-W" = 6.23 mmol/g
C,H, 1.79 0.294 —2384 106
i-C4H;, 2.86 14.568 —3682 233
C,Hq 2.06 0.013 291.3 4.6
CO, 1 0.378 —14537 135
13X —T = 323 K-W" = 6.28 mmol/g
C,H, 1.80 0.070 —177.3 7.7
iC4Hy 3.42 0.723 1784 148
C,Hg 2.04 0.005 274.7 2.9
CO, 1 0.093 —1349.3 5.7
BPL Carbon-W" = 49.10 mmol/g
C;Hg 1.01 21.69 —20993.0 393
CeH 2,0 1 17.69 —18568.6  20.8
CH,, 2.02 16.94 —7998.0  26.7
Y-zeolite DAY 13-W" = 2.76 mmol/g
C,Hy 1.38 30.554 —1764 112
C3HO 1 15.429 —4143 4.1
Y-zeolite DAY 55-W" = 2.85 mmol/g
C;Hg 1.49 23.481 —103.2 8.0
C;H50 1 1.191 498.6 72
Y-zeolite DAY 100-W" = 2.88 mmol/g
C,Hy 1.50 15.691 1544 234
C;HO 1 1.600 356.0 5.8
ZSM-5 (Si/Al = 15)-W" = 3.94 mmol/g
CO, 1 3.155 —3073.5 125
C,H, 1.05 15.421 —3890.5  27.6
C;Hg 2.24 18.392 —312.6 162
Np cal expy 2
Fuy =3 <PZPT;)'> (38)
i=1 l

To evaluate the performance of each model the relative
mean deviation (RMD) was calculated for the adsorption of
each system tested:

1 Np ’P?al _ P;‘«XP’

RMD (%) = ]7[)2 Pexp
i=1 i

x 100 % (39)
where P¢“! and P{* are the pressures obtained by the model
and the experimental values, respectively, in each experi-
mental point and Np is the number of points. In the case of
mixtures, the relative mean deviation (RMD) was calcu-
lated for two types of variables (VAR): the total adsorbed
amount and the adsorbed molar fraction. The general
expression is analogous to those presented in Eq. (39):

@ Springer

Adsorbate ri [-] K; [103 Pa ! u; / R [K] DMR
(%)

H-mordenite-W" = 29.93 mmol/g

C;Hy 12.65 0.060 20.5 15.1

CO, 1 0.021 —14032.7 14.4

H,S 1.51 0.487 —10523.2 3.9
13X —T = 298 K-W" = 6.23 mmol/g

C,H, 1.80 0.298 —377.9 10.6

i-C,H,o 2.86 15.151 —657.1 233

C,Hg 2.07 0.013 336.8 45

CO, 1 0.378 —1453.7 13.5
13X —T = 323 K-W" = 6.28 mmol/g

C,H,. 1.80 0.070 —267.7 7.7

iC,H,o. 3.43 0.770 120.0 15.0

C,H, 2.04 0.005 311.2 2.8

CO, 1 0.093 —1349.3 5.7
BPL Carbon-W" = 49.10 mmol/g

C,Hy 1.02 21.69 —20586.0 39.3

CeH,,0 1 17.69 —18568.6 20.8

C/Hyy 1.77 16.96 —13370.8 26.8
Y-zeolite DAY 13-W" = 2.76 mmol/g

C,Hg 1.42 15.284 1375 19.8

C3HgO 1 15.429 —414.3 4.1
Y-zeolite DAY 55-W" = 2.85 mmol/g

C,Hy 1.52 18.029 10.7 8.1

C;HO 1 1.191 498.6 7.2
Y-zeolite DAY 100-W" = 2.88 mmol/g

C,Hg 1.51 9.860 324.1 224

C3HgO 1 1.600 356.0 5.8
ZSM-5 (Si/Al = 15)-W" = 3.94 mmol/g

CO, 1 3.155 —3073.5 12,5

C,H, 111 15.015 —3619.8 27.8

C;Hy 2.24 18.845 —506.7 16.2

1 ok, |VAR: — VARS™|
RMD (%) = —~ ’ ’
%) Np; VAR

where VAR can be either the total adsorbed amount or the
adsorbed molar fraction. The superscripts cal and exp indi-
cate the calculated and experimental values, respectively.

x 100 % (40)

4 Results
4.1 Pure correlation

The parameters for all models were estimated by fitting the
experimental data from single component adsorption.
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Table 4 Parameters of the MSOM-M (Z = 4) fitted from experi-
mental data of the pure components

Table 5 Parameters estimated for VSM-W by fitting the experi-
mental data of the pure components

Adsorbate ri [-] K; [10° Pa™ ! u; / R [K] DMR (%)
H-mordenite-W" = 29.93 mmol/g

C;Hg 12.53 0.059 59.5  15.0

CO, 1 0.021 —14032.7 144

H,S 1.55 0.487 —9673.9 3.9
13X -T = 298 K-W" = 6.23 mmol/g

C,H, 1.79 0.299 —354.1 10.6

i-C4H;q 2.86 14.918 —5759 233

C,Hy 2.07 0.013 325.7 45

Co, 1 0.378 —1453.7 135
13X T = 323 K-W" = 6.28 mmol/g

C,H, 1.80 0.070 —2459 7.7

iC,H, 3.43 0.750 1417 149

C,H, 2.00 0.005 277.2 3.0

CO, 1 0.093 —1349.3 5.7
BPL Carbon-W" = 49.10 mmol/g

C,Hy 1.10 21.7 —181225 393

CeH,,0 1 17.7 —18568.6  20.8

CH,, 1.82 17.0 —12108.6 267
DAY 13-W" = 2.76 mmol/g

C,Hg 1.42 15.388 1344 198

C3Hg0 1 15.429 —4143 4.1
DAY 55-W" = 2.85 mmol/g

C,Hy 1.51 18.063 145 114

C;HO 1 1.191 498.6 7.2
DAY 100-W" = 2.88 mmol/g

C,Hg 1.51 8.940 3712 223

C3HgO 1 1.600 356.0 5.8
ZSM-5 (Si/Al = 15) -W" = 3.94 mmol/g

CO, 1 3.155 —3073.5 125

C,H, 111 14.939 —3599.8 278

C;Hy 224 18.578 —4530 162

Tables 2, 3 and 4 present the estimated parameters and the
relative mean deviation (RMD) for the multi-site occu-
pancy models tested: MSOM, MSOM-M (Z = 4) and
MSOM (Z = 5), respectively.

Tables 5 and 6 present the estimated parameters and the
relative mean deviation (RMD) for the VSM models using
Wilson and NRTL equations (VSM-W and VSM-N),
respectively

Figure 1 shows a typical result found in the correlation
of the pure adsorption data by the models MSOM, MSOM-
M, VSM-W and VSM-N. It can be observed that the
models are able to represent, to a good extent, the pure
component experimental isotherm.

In Tables 2, 3 and 4 we can observe that the parameters
for all the multi-site occupancy models are very similar. As

Adsorbate  K; N*° [mmol/ A,, A, RMD
[10*Pa~'] g (%)

H-mordenite

C;Hg 2.100 1.61 722 213 183

CO, 2.101 322 0.18 552 32

H,S 8.817 3.36 528 223 84
13X —T =298 K

C,H, 1.161 2.97 045 330 74

i-C4H;p  28.990 2.19 8.40 230 248

C,Hg 0.082 2.54 1.09 053 33

CO, 6.383 4.44 021 488 6.8
13X —T =323 K

C,Hy 0.182 2.83 0.62 221 63

i-C4H;y  2.609 1.95 1631 040 142

C,Hg 0.034 2.29 124 034 2.1

CO, 0.075 4.21 0.04 462 3.7
BPL Carbon

C,Hg 4,301.9 11.01 0.13 891 7.8

CgHi,0  3,620.0 51.57 0.16 13.24 11.0

C;Hyy 3,961.3 34.13 0.06 1571 3.9
DAY 13

C,Hg 78.920 2.08 541 0.18 10.6

C3HgO  16.345 2.71 0.02 433 53
DAY 55

C,Hg 77.322 1.90 264 080 82

C3;HgO  3.553 2.80 0.80 045 65
DAY 100

C,Hg 31.894 1.89 0.12 280 26.2

C3;HgO  4.876 2.82 1.03 042 49
ZSM 5 (Si/Al = 15)

CO, 10.057 2.96 523 3.04 174

C,H, 18.062 2.49 7.85 235 484

C3Hg 25.023 1.88 11.00 0.79 15.7

expected, the major difference is observed in the adsor-
bate—adsorbate interaction (#*/R).

The majority of the experimental adsorption data used
to evaluate the parameters were obtained under low
pressure, and therefore, present small coverage fraction.
In this region the adsorbate—absorbate interaction does not
play an important rule. Then, in order to observe how this
parameter affects the performance of the multi-site
occupancy models (MSOM and MSOM-M), some runs
were made at pressures higher than those of the experi-
mental data. Figure 2 presents these runs for the adsorp-
tion of H,S in H-mordenite at 303.15 K and C,Hy, in 13X
at 323.15 K. The effect of adsorbate—adsorbate interaction
could be observed, especially for the case of the H,S
adsorption.
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Table 6 Parameters estimated Adsorbate K; [10° Pa™!] NS> [mmol/g] Ap Ay % RMD (%)
for VSM-N by fitting the H-mordenite
experimental data of the pure
components C3Hg 1.540 2.17 0.37 —5.63 0.10 14.0
CO, 1.006 3.87 —-1.97 1.85 0.35 5.1
H,S 20.357 4.54 —1.80 —-1.77 0.29 39
13X T =323 K
C,Hy 2.626 297 -1.03 0.47 0.47 7.7
i-C4Hiq 7.530 2.98 3.60 —8.86 0.08 22.0
C,Hg 0.083 2.54 1.06 —0.47 0.22 33
CO, 4.056 4.32 —-1.22 1.18 0.64 7.4
13X T=323K
CHy 0.469 2.79 —1.11 1.54 0.52 6.2
i-C4Hyo 3.345 2.52 —2.32 —7.23 0.23 12.0
C,Hg 0.035 2.32 1.28 —0.49 0.29 2.1
CO, 0.686 4.06 -1.03 0.97 0.58 4.3
BPL Carbon
C,Hg 5,290.7 4.85 —-1.57 0.94 0.65 11.6
CeH;,0 3,504.3 5.49 —2.22 0.45 0.42 4.9
C;Hy, 4,314.0 2.97 —3.00 2.85 0.24 34
DAY 13
C;Hg 30.429 2.80 —1.10 —4.05 0.40 11.2
C3;HgO 29.026 2.90 0.45 —0.91 0.63 3.7
DAY 55
C,Hg 3.373 1.83 —1.00 4.92 0.62 7.2
C3HgO 3.123 2.87 0.02 0.83 0.23 7.8
DAY 100
C;Hg 0.668 1.89 —0.76 5.06 0.38 25.0
C3HgO 4.944 2.82 1.59 —0.69 0.17 4.7
ZSM-5 (Si/Al = 15)
CO, 39.053 4.15 —2.31 —1.71 0.30 8.4
C,H, 2.776 1.99 9.60 —-2.96 0.25 23.3
C3Hg 65.116 1.71 —0.56 —1.38 0.42 17.1

It is important to pointed out that, because of the number
of parameters (5) of the VSM-N, the optimization proce-
dure presented several minima. It means that more than one
set of parameters are statistically equivalent. Therefore, the
set of parameters presented in Table 6 was chosen by
imposing extra restrictions. By definition, when o; is zero,
the mixture is completely random (Renon and Prausnitz
1968) and negative numbers are meaningless. Also,
according to Prausnitz et al. (1999) a typical choice is
oij = 0.3. Therefore, we selected the set of parameters with
the smallest but positive value of the randomness param-
eter (o).

4.2 Mixture prediction

Using only the parameters obtained from the pure
adsorption experimental data, we show the performance of

@ Springer

5 models (MSOM; MSOM-M (Z = 4); MSOM-M (Z = 5);
VSM-W, and VSM-N) in terms of predictive calculations
of binary and ternary adsorption mixtures.

To illustrate the results, we selected one binary mixture
from each solid to present the typical phase diagram.
Figure 3 presents the results obtained for the system of
C;Hg-H,S in H-mordenite at 303 K at P = 8.14 x 10> Pa.
This mixture presents a highly non-ideal behavior,
including an inversion of selectivity (azeotropelike
behavior). Among all models studied, just the MSOM-M
proposed here, using both coordination numbers (Z = 4
and Z = 5), were able to predict this behavior.

Figure 3 shows that the MSOM-M models presented
similar performance with both coordination numbers
(Z=4 and Z =5). This equivalent performance was
observed for this and other mixtures in the same solid.
However, all these systems are at low pressure, condition
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Fig. 1 Pure gas adsorption isotherms (i—-C4H;o, C,H4, CO, and
C,Hg) on 13X zeolite at 298 K. Experimental data are of Hyun and
Danner (1982)
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Fig. 2 Adsorption isotherms of pure components (C,Hs on 13X
zeolite at 323 K—exp. data of Hyun and Danner 1982 and H,S on
H-mordenite at 303 K—exp. data of Talu and Zwiebel 1986)

at which the adsorbate—adsorbate interaction parameter
has a small contribution. In order to notice the effect of
this parameter at a higher pressure, the MSOM-M models
were used to predict the adsorption of C3zHg—CO, in
H-mordenite at 303 K at P = 3 x 10° Pa. Figure 4 shows

1
— C3H8(1 )'st(z)
® @ @ CExperimental data
— MSOM
08— ... MSOM-M (Z=4)
—_— MSOM-M (Z=5)
- — — vsmw
— - — VSMN
0.6 —
o
0.4 —
0.2 —

Y4

Fig. 3 Phase diagram for adsorption of C;Hg—H,S on H-mordenite at
303 K and P = 8.14 x 10® Pa. Models and experimental data (Talu
and Zwiebel 1986)

1
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Fig. 4 Phase diagram for adsorption of C3Hg—CO, on H-mordenite at
303 K and P = 3 x 10° Pa

the results for the MSOM-M using Z=4 and Z = 5.
Even at this condition, they show undistinguishable per-
formance. Therefore, from now on, only results obtained
from the MSOM-M with Z = 4 are explicitly presented in
the figures. Results for all models and mixtures are
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Table 7 Deviations (RMD and ARMD) observed in the prediction of all binary mixtures adsorption

Mixture (1)—(2) RMD [%]
MSOM MSOM-M (Z = 4) MSOM-M (Z = 5) VSM-W VSM-N
Xy wT X wT X wT X; wT X wT

H-mordenite T = 303 K

C3Hg—CO, (P = 4.10 x 10* Pa) 17.0 8.0 137 9.9 14.7 94 27.0 8.7 24.0 94

C;Hg-H,S (P = 8.14 x 10° Pa) 38.7 39 1.0 15.7 1.1 15.7 48.4 7.6 54.2 7.0

CO,-H,S (P = 1.51 x 10* Pa) 107.8 203 7.4 4.9 9.5 53 18.4 2.0 25.6 1.6

ARMD [%)] 54.5 10.7 7.4 10.2 8.4 10.1 31.3 6.1 34.6 6.0
13X T=298 K

i-C4,H;o-C,H, (P = 1.38 x 10° Pa) 13.1 29 134 2.9 134 3.0 21.6 9.9 67.8 8.4

C,H4~CO, (P = 1.38 x 10° Pa) 8.1 6.7 7.8 6.4 7.8 6.5 54.3 1.4 24.0 1.6

i-C4H,o~C,Hg (P = 1.38 x 10° Pa) 33.2 54 334 5.1 333 5.1 17.0 7.3 27.9 4.6

ARMD [%] 18.1 50 182 4.8 18.2 4.9 30.9 6.2 39.9 4.9
13X T=323K

i-C4H,o~C,H, (P = 1.38 x 10° Pa) 5.1 3.0 43 3.0 4.3 3.0 26.8 11.1 85.8 9.7

C,H,~CO, (P = 1.38 x 10° Pa) 7.8 6.6 74 6.3 7.6 6.4 21.1 234 7.6 1.3

i—-C4H,o~C,Hg (P = 1.38 x 10° Pa) 327 73 303 6.6 29.7 6.4 12.5 8.0 67.0 2.7

ARMD [%)] 15.2 5.7 14.0 53 13.9 53 20.1 14.2 534 4.6
BPL Carbon T = 298 K

C;H;4~C;Hg (P = 1.00 x 10° Pa) 11.6 26.1 10.1 22.3 10.2 24.2 9.5 5.8 49.0 54

C;Hg-CsH;,0 (P = 1.00 x 10° Pa) 13.0 125 12.7 12.8 11.6 14.0 13.8 19.5 58.3 13.3

C;H;4~C¢H;,0 (P = 1.00 x 10° Pa) 804 329 58.6 28.5 63.2 294 8.5 12.6 4245 19.0

ARMD [%)] 350 238 27.1 21.2 28.3 22.5 10.6 12.6 177.3 12.6
DAY 13T =318K

C;Hg—CeH;,0 (P = 3.50 x 107 Pa) 25.6 9.6 223 7.1 224 7.2 22.5 11.8 50.4 11.6

C;Hg-CeH;,0 (P = 1.05 x 10° Pa) 20.3 42 178 2.8 17.9 2.9 20.5 7.8 69.9 4.1

ARMD [%] 229 69 20.1 5.0 20.1 5.0 21.5 9.8 60.1 7.9
DAY 55T =318 K

C;Hg x CgH1,0 (P = 3.50 x 10% Pa) 19.0 129 178 11.8 17.8 114 14.6 8.6 20.0 7.3

C;Hg—CeH;,0 (P = 1.05 x 10° Pa) 16.1 6.5 16.2 6.3 16.1 5.8 9.6 1.8 14.0 1.3

ARMD [%] 17.5 9.7 17.0 9.0 16.9 8.6 12.1 5.2 17.0 43
DAYI100 T = 318 K

C;Hg—CeH;,0 (P = 3.50 x 107 Pa) 12.6 8.2 8.4 7.1 8.2 6.3 4.6 4.8 43 33

C;Hg—CeH;,0 (P = 1.05 x 10° Pa) 8.8 42 8.9 2.9 8.7 2.7 3.7 1.3 4.7 1.5

ARMD [%] 10.7 6.2 8.6 5.0 8.4 4.5 4.2 3.1 4.5 2.4
ZSM-5 (Si/Al = 15) T =293 K

CO,—-C,Hy4 (P = 1.00 x 10* Pa) 4.1 7.0 1.5 7.8 14 7.8 2.7 13.4 61.7 16.8

CO»—C,H, (P = 9.03 x 10* Pa) 4.0 2.6 4.6 1.9 4.6 1.9 6.3 1.8 98.6 1.8

CO»,—C3Hg (P = 9.14 x 10* Pa) 284 138 268 13.2 27.5 134 14.2 2.8 206 162

C,H,—C;Hg (P = 1.01 x 10* Pa) 102 15.1 9.5 14.5 9.6 14.6 39.1 7.2 78.3 2.2

C,H,—C;Hg (P = 8.75 x 10" Pa) 190 166 179 154 18.0 15.5 279 1.5 79.8 74

ARMD [%] 13.1 11.0 121 10.6 12.2 10.6 18.0 53 67.8 8.9

RMD calculated by Eq. (40), ARMD means average of RMD

presented in terms of their relative mean deviations in
Tables 7 and 8, for all tested binary and ternary mixtures,

respectively.
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Figure 5 presents results for C;Hg-CgH[,O mixtures

adsorbed on carbon at 1 Pa. Although the selectivity is very
small, the mixture present an inversion of selectivity. Only
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Table 8 Relative mean deviation observed in the prediction of ter-
naries mixture adsorption

Model RMD [%]*
CO,— CHy,~CHg— COr CO,—
HaS— CeH,,0° C,H,— C,H,—
CsHb C3Hg C5H§
MSOM  x;, 99.7 65.6 28.4 16.4
x> 53 15.0 17.3 139
x; 318 17.5 8.5 11.2
n 5.3 26.0 25.7 14.7
MSOM- x, 82 403 28.4 157
M
Z=4 x 19 14.5 16.3 132
x; 16 15.4 8.1 10.8
n 5.1 229 25.0 13.9
MSOM- x, 89 44.9 29.8 16.2
M
Z=5 x 22 12.6 16.6 13.4
x; 15 15.5 8.1 10.8
n 5.4 24.8 252 14.1
VSM-  x, 525 429 28.8 14.4
w
x99 18.2 472 425
x; 216 16.8 9.4 18.0
n 263 20.0 1111 1.9

* RMD calculated by Eq. (40)

° H-mordenite/303 K/1.34 x 10* Pa
¢ BPL/298 K/1 Pa

4 ZSM-5/293 K/3.04 x 10* Pa

¢ ZSM-5/293 K/8.19 x 10* Pa

the VSM-W predicted the azeotropelike behavior shown by
this mixture. For this case, none of the multi-site occu-
pancy models, MSOM or MSOM-M, present selectivity.
The adsorbed molar fractions predicted by the MSOM and
MSOM-M models are about the same as the molar fraction
of the gas phase.

Figure 6 presents the predictive calculations of binary
mixtures of i-C4H;(p-C,H4 adsorbed in 13x at 298 K and
1.38 x 10° Pa. Among all the tested models, only the
MSOM predicted the azeotropelike behavior.

Figure 7 presents results of predictive calculations of
binary mixtures of C,H4-C3Hg adsorption in ZSM-5 at
293 K. Once again, only the MSOM and MSOM-M
models predicted the azeotropelike behavior. However,
these models over predicted the total amount adsorbed.

Table 7 gives the results for all binary mixtures tested in
this work. It is remarkable to see in this Table that the
VSM-N presented the worst performance in predicting
mixture behavior for all binary adsorptions studied here.
This result is somewhat surprising because this model

13
1
0.8 —
0.6 —
-—
* —
0.4 —
C/Hg(1)-CeH,0(2)
[ ] Experimental data
0.2 — — MSOM
————— MSOM-M (Z=4)
—_— VSM-W
— - — VSM-N
0 T T T T 1
0 0.2 04 0.6 0.8 1

Y1

Fig. 5 Phase diagram for adsorption of C;Hg-C¢H;,0 on BPL
Carbon at 298 K and P = 1 Pa. Models and experimental data (Yu
and Neretnieks 1990)

presented, in general, the best adjustment for the pure
adsorption data. One possible explanation is that the quality
of the adjustment is more related to the large number of
parameters (5) than to the physical characteristics of the
model. We noticed a high degree of parameter correlation
for the VSM-N model. In general, the multi-site occupancy
models (MSOM and MSOM-M) presented better results,
excluding the mixtures adsorbed in BPL Carbon, for which
the VSM-W presented the best performance. This could be
explained by the low coverage fraction or low pressure
(1 Pa) of the experimental data. At this condition, the most
important contribution to describe the adsorption behavior
is related to the adsorbate-adsorbent interaction. In the
MSOM there is only one parameter related directly to this
interaction, while in the VSM-W three parameters are
related to this interaction: the equilibrium constant (K), A;,
and A,,. Another point to be highlighted is the fact that the
adsorption experimental data of the pure components used
in the parameter fitting were collected in a very narrow
range of low pressure. The lack of data at higher pressures
undermined the quality of the majority of the MSOM-M
parameters, such as W" and uz;. On the opposite side, just
one (1) of the 4 parameters of the VSM-W was under-
mined by the lack of experimental data at higher pressure.

From all 23 binary mixtures tested here, 13 of them
present azeotropelike behavior. The models MSOM,
MSOM-M, VSM-W, and VSM-N could predict 8, 10, 6,
and 3 of them, respectively.

Among all ternary mixtures studied here, we pres-
ent graphically the adsorption of CO,-H,S-C3Hg in
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Fig. 7 Adsorption of C,H4—C3Hg on ZSM-5 at 293 K: a adsorbed molar fraction; b total amount adsorbed, versus gas molar fraction. Models

and experimental data (Calleja et al. 1998)

H-mordenite at 303 K and 1.34 x 10* Pa. This mixture
presents azeotropelike behavior (as shown in the Fig. 8.
Table 8 shows the results of predictive calculations of
all adsorbed ternary systems that were evaluated is this
work. Because calculations using the VSM-N model pre-
sented unphysical results, these calculations are not shown
in this table. The good performance of the multi-site
occupancy models (MSOM and MSOM-M) can be
observed. Among the 6 azeotropelike crossover behaviors
presented by the ternary mixtures, the MSOM-M proposed

@ Springer

here was able to predict 5 of them, using both coordination
numbers (Z=4 and Z =15). The original multi-site
occupancy model (MSOM) and VSM-W predicted 1 and 4,
respectively.

It can be seen in Fig. 8a, b that the proposed MSOM-M
correctly predicted the azeotropelike crossover presented
by the molar fraction of propane. Even thought the VSM-
W model predicted the selectivity inversion in terms of
molar fraction in propane, it describes this behavior in the
opposite direction, as shown in Fig. 8b.
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Fig. 8 Adsorbed molar fraction of propane as a function of the increase of gas molar fraction of: (a) COx—(y3/y, = 1.0621); (b) HyS—(y3/
y1 = 0.9635); on H-mordenite at 303 K and 1.34 x 10* Pa. Experimental data of Talu and Zwiebel (1986)

5 Conclusion

Here, we presented a modified version of the multi-site
occupancy model (MSOM-M) proposed originally by
Nitta et al. (1984). The performance of the proposed
model (MSOM-M) was evaluated in terms the capacity of
its predictive description of binary and ternary adsorption
mixtures. The model parameters were estimated by fitting
the experimental adsorption data of pure substances. The
performance of the proposed model was compared to
those obtained from the original MSOM and to the
vacancy solution model (VSM) presented by Suwanayuen
and Danner (1980a, b). In general, the proposed model
showed better performance in predicting the binary and
ternary mixtures studied, when compared to the Vacancy
Solution Models (excluding the mixtures adsorbed in BPL
Carbon, for which the VSM-W presented the best per-
formance). This fact suggests that the relative size of the
molecules is an important parameter to describe adsorp-
tions, especially for mixtures that present azeotropelike
behavior.

The poor performance presented by the multi-site
occupancy models in predicting binary and ternary mix-
tures, on BPL carbon at 1 Pa, can be attributed to the very
narrow range of low pressure of the experimental data of
the pure components, which undermined the quality of the

estimated parameters, and therefore, the mixture
prediction.
Acknowledgments The authors wish to acknowledge FAPEMIG

and CAPES for the financial support.

References

Buss, E., Heuchel, M.: Adsorption equilibria of methane and
tetrafluoromethane and their binary mixtures on silicalite.
J. Chem. Soc. Faraday Trans. 93, 1621-1628 (1997)

Calleja, G., Pau, J., Calles, J.A.: Pure and multicomponent adsorption
equilibrium of carbon dioxide, ethylene, and propane on ZSM-5
zeolites with different Si/Al ratios. J. Chem. Eng. Data 43,
994-1003 (1998)

Cavenati, S., Grande, C.A., Rodrigues, A.E.: Adsorption equilibrium
of methane, carbon dioxide, and nitrogen on zeolite 13X at high
pressures. J. Chem. Eng. Data 49, 1095-1101 (2004)

Dunne, J., Myers, A.L.: Adsorption of gas mixtures in micropores:
effect of difference in size of adsorbate molecules. Chem. Eng.
Sci. 49, 2941-2951 (1994)

Durimel, A., Altenor, S., Miranda-Quintana, R., Du Mesnil, P.C.,
Jauregui-Haza, U., Gadiou, R., Gaspard, S: pH dependence of
chlordecone adsorption on activated carbons and role of
adsorbent physico-chemical properties. Chem. Eng. J. 229,
239-249 (2013)

Fowler, R.H., Guggenheim, E.A.: Statistical Thermodynamics. Cam-
bridge University Press, London (1939)

Grande, C.A., Gigola, C., Rodrigues, A.E.: Propane-propylene binary
adsorption on zeolite 4A. Adsorption 9, 321-329 (2003)

Haghtalab, A., Farzad, S.: A new gas adsorption isotherm using the
vacancy solution theory and NRTL activity coefficient model.
Fluid Phase Equilib. 292, 3641 (2010)

Hamdaoui, O., Naffrechoux, E.: Modeling of adsorption isotherms of
phenol and chlorophenols onto granular activated carbon: Part I.
Two-parameter models and equations allowing determination of
thermodynamic parameters. J. Hazard. Mater. 147, 381-394
(2007)

Heymans, N., Alban, B., Moreau, S., De Weireld, G.: Experimental
and theoretical study of the adsorption of pure and binary
systems containing methane, carbon monoxide, carbon dioxide
and nitrogen. Application to the syngas generation. Chem. Eng.
Sci. 66, 3850-3858 (2011)

@ Springer



16

Adsorption (2015) 21:3-16

Hill, T.L.: An introduction to statistical thermodynamics. Addison-
Wesley Publishing Company, London (1962)

Honig, .M., Mueller, C.R.: Adaptation of lattice vacancy theory to
gas adsorption phenomena. J. Phys. Chem. 66, 1305-1308
(1962)

Hyun, S.H., Danner, R.P.: Equilibrium adsorption of ethane, ethylene,
isobutene, carbon dioxide and their mixtures. J. Chem. Eng. Data
27, 196-200 (1982)

Jeong, B., Ahn, E., Yun, J., Lee, C., Choi, D.: Ternary adsorption
equilibrium of H,/CH4/C,H, onto activated carbon. Sep. Purif.
Technol. 55, 335-342 (2007)

Koopal, L.K., Avena, M.J.: A simple model for adsorption kinetics at
charged solid-liquid interfaces. Colloids Surf. A 192, 93-107
(2001)

Kowalczyk, P., Tanaka, H., Kanoh, H., Kaneko, K.: Adsorption
Energy Distribution from the Aranovich-Donohue Lattice Den-
sity Functional Theory. Langmuir 20, 2324-2332 (2004)

Langmuir, I.: Adsorption of gases on glass, mica and platinum. J. Am.
Chem. Soc. 40, 1361-1403 (1918)

Lisal, M., Cosoli, P., Smith, W.R., Jain, S.K., Gubbins, K.E.:
Molecular-level simulations of chemical reaction equilibrium for
nitric oxide dimerization reaction in disordered nanoporous
carbons. Fluid Phase Equilib. 272, 18-31 (2008)

Lucassen-Reynders, E.H.: A surface equation of state for mixed
surfactant monolayers. J. Colloid Interface Sci. 41, 156-167
1972)

Lucassen-Reynders, E.H.: Interactions in mixed monolayers I.
Assessment of interaction between surfactants. J. Colloid Inter-
face Sci. 42, 554-562 (1973)

Lucassen-Reynders, E.H.: Adsorption of surfactant monolayers at
gas/liquid and liquid/liquid interfaces. Prog Surf. Membr. Sci.
10, 253-360 (1976)

Malek, A., Farooq, S.: Comparison of isotherm models for hydro-
carbon adsorption on activated carbon. AIChE J. 42, 3191-3201
(1996)

Mofarahi, M., Gholipour, F.: Gas adsorption separation of CO,/CH4
system using zeolite SA. Microporous and mesoporous materi-
als. Microporous Mesoporous Mater. 200, 1-10 (2014)

Mohr, R.J., Vorkapic, D., Rao, M.B., Sircar, S.: Pure and binary gas
adsorption equilibria and kinetics of methane and nitrogen on 4A

@ Springer

zeolite by isotope exchange technique. Adsorption 5, 145-158
(1999)

Munakata, K.: Vacancy solution model formulated by the NRTL
equation for correlation of adsorption equilibria. J. Chem. Eng.
Jpn. 40, 398-409 (2007)

Nitta, T., Shigetomi, T., Kuro-Oka, M.E., Katayama, T.. An
adsorption isotherm of multi-site occupancy model for homoge-
neous surface. J. Chem. Eng. Jpn. 17, 39-44 (1984)

Okada, M., Nose, T.: Treatment of the hole theory for r-mers. I. Pure
liquids. Polym. J. 13, 399406 (1981)

Prausnitz, J.M., Lichtenthaler, R.N., Azevedo, E.G.: Molecular
thermodynamics of fluid-phase equilibria. Prentice Hall Interna-
tional Inc, New Jersey (1999)

Renon, H., Prausnitz, J.M.: Local composition in thermodynamic
excess functions for liquid mixtures. AIChE J. 14, 135-144
(1968)

Ribeiro, R.P., Sauer, T.P., Lopes, F.V., Moreira, R.F., Grande, C.A.,
Rodrigues, A.E.: Adsorption of CO,, CHy, and N, in activated
carbon honeycomb monolith. J. Chem. Eng. Data 53, 2311-2317
(2008)

Roque-Malherbe, R.: Complementary approach to the volume filling
theory of adsorption in zeolites. Microporous and Mesoporous
Mater. 41, 227-240 (2000)

Sakuth, M., Meyer, J., Gmehling, J.: Measurement and prediction of
binary adsorption equilibria of vapors on dealuminated Y-zeo-
lites (DAY). Chem. Eng. Process. 37, 267-277 (1998)

Suwanayuen, S., Danner, R.P.: A gas adsorption isotherm equation
based on vacancy solution theory. AIChE J. 26, 68-76 (1980a)

Suwanayuen, S., Danner, R.P.: Vacancy solution theory of adsorption
from gas mixtures. AIChE J. 26, 76-83 (1980b)

Talu, O., Zwiebel, 1.: Multicomponent adsorption equilibria of
nonideal mixtures. AIChE J. 32, 1263-1270 (1986)

Tvardovski, A., Tondeur, D., Favre, E.: Description of multicompo-
nent adsorption and absorption phenomena from a single
viewpoint. J. Colloid Interface Sci. 256, 239-244 (2003)

Yu, J.: Neretnieks. I.: Single component and multicomponent
adsorption equilibria on activated carbon of methilcyclohexane,
toluene and isobuthyl methyl ketone. Ind. Eng. Chem. Res. 29,
220-231 (1990)



	A modified multi-site occupancy model: evaluation of azeotropelike behavior in adsorption
	Abstract
	Introduction
	Adsorption isotherm models
	The proposed Multi-Site Occupancy Model (MSOM-M)

	Methodology
	Results
	Pure correlation
	Mixture prediction

	Conclusion
	Acknowledgments
	References


