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Equilibrium adsorption data are reported for methane, ethane, and ethylene on titanosilicate ETS-10
zeolite for pressures up to 1000 kPa and temperatures of (280, 300, 315, 325, and 350) K. The data are
modeled using Toth, unilan, and virial three-constant isotherms. Unconstrained and constrained
optimization techniques have been applied to derive the model parameters. Henry’s constant and limiting
enthalpies of adsorption are deduced from the virial three-constant model and compared to the values
derived for the Toth and unilan models. The saturation concentration is deduced on the basis of the
assumption of 95% occupancy of the free zeolite voidage with adsorbed-state molecular volumes estimated
from liquid densities.

Introduction

Titanosilicate ETS-10, an experimental titanium silicate,
was first synthesized in 1990.1 It is a microporous crystal-
line solid consisting mainly of an assemblage of titanium
oxide (TiO2) and silicate (SiO2). The pore sizes in titano-
silicate ETS-10 are uniform and similar in dimension to
large-pore classical zeolites. Titanium is octahedrally co-
ordinated in the framework and requires two counter-
balancing cations per titanium. The titanium atoms are
ordered in two perpendicular linear chains in the x-y plane
and displaced by half a unit cell in the z direction. The
chains are linked together by silica tetrahedra. The effec-
tive pore size of ETS-10 is about 8 Å, and it is thermally
stable in air up to 600 °C. The properties of titanosilicate
ETS-10 are presented in Table 1.1

Titanium zeolites such as ETS-4 and titanosilicate ETS-
10 are extensively used in ion exchange, gas separation or
purification, and catalytic studies. Studies have been
reported by Gervasini et al.,2,3 Bianchi et al.,4,5 and Carniti
et al.6 The properties of these adsorbents were originally
expounded on by Kuznicki et al.1 and have being further
examined by Pavel et al.7,8 X-ray diffraction, UV-vis, NMR,
EPR, and Raman studies have been used to characterize
these zeolites in original or ion-exchanged forms by
Zibrowius et al.,9 Otero Arean et al.,10 Anderson et al.,11

Grillo and Carrazza,12,13 Yang and Truitt,14 Kishiman and
Okubo,15 Sankar et al.,16 and Ashtekar et al.17 The limited
adsorption studies reported involve the adsorption of H2,
N2, CO, NO, and O2 on sodium and potassium titanosili-
cates,18 pure component adsorption on titanosilicate ETS-
10,19 and the use of methane as a probe molecule for basic
site determination.20 Unlike other zeolites, strong frame-
work deformations occur upon the adsorption of guest
molecules.17 Kuznicki et al.21 have used this property to
adjust the pore sizes of ETS-4 through systematic dehydra-
tion at elevated temperatures to “tune” the effective pores
of the crystal. This can be successfully applied to tailor
these adsorbents to give size-selective adsorbents for

commercially important separations of gas mixtures of
similar size in the 3 to 4 Å range, such as N2-CH4, Ar-
O2, and N2-O2.

The objective of the current study is to determine the
adsorption behavior of pure methane, ethane, and ethylene
on titanosilicate ETS-10 zeolite. The data are analyzed
using Toth, unilan, and virial isotherms. Henry’s constant
and isosteric enthalpies of adsorption are deduced from the
fit of these models to the data.

Theoretical Background

The equilibrium relationship in physical adsorption is
highly affected by the characteristics of the adsorbents. For
pure components and specified adsorbents, this relation is
governed by the system temperature and pressure. At low
pressure, the loading q (mol‚kg-1) is linearly related to the
system pressure P (kPa) by

The coefficient KH is known as Henry’s constant (mol‚kg-1‚
kPa-1) and is related to temperature by an Arrhenius-type
equation

where Ko is a constant, the preexponential factor (mol‚kg-1‚
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Table 1. Properties of Titanosilicate ETS-10 Zeolites1

chemical composition 66.1% SiO2, 17.4% TiO2,
10.0% Na2O,
4.8% K2O, 1.7% others

ion exchange capacity ∼4.0 mequiv/g (as shipped
hydrous) good stability for
exchange in acidic media

moisture content (as shipped) ∼15 mass %
surface area 300+ m2‚g-1

kinetic diameter 8 Å
stability stable in air up to 600 °C
pore volume (as synthesized) 0.1195 cm3‚g-1

structure three-dimensional network of
interconnecting channels
intersecting at the center pore

lim
Pf0

q ) KH × P (1)

KH ) Ko exp(-∆H
RT ) (2)
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kPa-1), -∆H is the isosteric enthalpy of adsorption
(kJ‚mol-1), T is the temperature (K), and R is the universal
gas constant (kJ‚mol-1‚K-1). Any thermodynamically con-
sistent model should satisfy eq 1 at very low pressure.

In the upper limit, the pressure at which the pores are
completely filled is the saturation pressure Ps (kPa), and
the corresponding loading is the saturation concentration
qs defined as

The saturation concentration and Henry’s constant are
important physical parameters of any thermodynamically
consistent model. The fraction of surface covered with
adsorbed molecules θ is defined as

The saturation concentration can be theoretically calcu-
lated for microporous zeolites22 by

where ε is the voidage of the adsorbent (119.5 cm3‚kg-1 for
titanosilicate ETS-10 zeolite (Table 1)) and v* is the molar
volume (cm3‚mol-1) at the system temperature T given by23

where Tc and Tb are the critical and boiling point temper-
atures respectively (K), and vb (cm3‚mol-1) and b (cm3‚mol-1)
are the molar volume at Tb and the van der Waal’s volume,
respectively. Above the critical temperature, v* is assumed
equal to b. The values of the saturation concentration
calculated from the above expressions are based on the
assumption of complete occupancy of the free voidage with
adsorbed molecules assumed to be analogous to a highly
compressed liquid state under the same conditions. How-
ever, the actual value is frequently a little less because of
steric effects.

Of the 10 models examined in the thesis of Al-Baghli,24

only three are reported here. The reason for the selection
of the 3 models reported (out of the 10 studied) is that they
gave the most physically realistic and consistent values of
the parameters, particularly the values of KH, qs, and -∆H.
The three models selected are the Toth, unilan, and virial
three-constant models.

Toth25 derived a model based on monolayer adsorption,
taking into account the heterogeneity of the adsorbent
where the energies of the sites are no longer equivalent:

where t is a heterogeneity parameter (dimensionless) and
b is an equilibrium parameter (kPat) This model reduces
to the Langmuir model for t ) 1, which refers to a
homogeneous surface. Applying eq 1 to Toth’s model, we
get

Honig and Reyerson26 have developed a model based
on a uniform distribution of energies of adsorption.
The model is a modified version of the Langmuir model

called the unilan model:

where c is an equilibrium parameter (kPa) and s is a
dimensionless constant related to the heterogeneity of the
surface. For a homogeneous surface, s vanishes, and the
unilan model reduces to the Langmuir model. Henry’s
constant can be obtained from

The Gibbs adsorption isotherm may also be used in
conjunction with an equation of state of the virial form

to obtain the virial adsorption isotherm27

This isotherm does not give information about the nature
of the adsorbed phase; therefore, it may be considered to
be correlative.

However, this isotherm possesses a unique property in
that it is independent of the saturation loading. The values
of Henry’s constant calculated from this model are thus
totally independent of the saturation loading and conse-
quently are deemed to be more accurate than models that
include this parameter. Models inclusive of Henry’s con-
stant and the saturation loading seem to possess an
interaction property that makes the calculation of either
parameter inaccurate.

In this paper, the isotherm equations of the Toth, unilan,
and virial models are used to model the experimental data.
Model parameters are obtained using the nonlinear least-
squares method

where ss is the sum-of-squares error, N is the number of
data points, and qmod and qexpt are the amount adsorbed
per unit mass of adsorbent calculated from the model and
experiment, respectively.

Both constrained and unconstrained optimizations have
been applied for each model. In the unconstrained regres-
sion, the saturation concentration parameter qs is obliged
to be greater than the highest experimental concentration
obtained at the highest pressure and lowest temperature,
and the remaining parameters are left to relax to their
optimum values. However, in the constrained regression,
the saturation concentration parameter is fixed equal to
95% of the theoretical value calculated from eq 5, taking
into consideration steric effects in the cavities. In addition,
the parameters for each model that give similar values at
different temperatures have been fixed to be constant at
values that minimize the total sum-of-squares error. In the
virial model, only the virial first constant has been fixed
to be constant.

Experimental Procedure

The volumetric method is used to collect the adsorption
data for all of the systems studied. Crystals of titanosilicate

lim
PfPs

q ) qs (3)

θ ) q
qs

(4)

qs ) ε

v*
(5)

v* ) vb + [ T - Tb

Tc - Tb
](b - vb) (6)

q )
qsP

(b + Pt)1/t
(7)

KH ) qsb
-1/t (8)

q )
qs

2s
ln[ c + P exp(s)

c + P exp(-s)] (9)

KH )
qs

cs
sinh(s) (10)

πA
qRT
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KH
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ETS-10 were obtained from Kuznicki28 of Engelhard, New
Jersey, and were extruded in the Research Institute at
King Fahd University of Petroleum & Minerals using a
negligible amount of Ludox 40 solution for binding. These
were placed in the apparatus used by Abdul Rehman et
al.29,30 The experimental procedure followed is reported
therein. The properties of the titanosilicate ETS-10 used
are the same as those presented in Table 1.

Results and Discussion

X-ray diffraction analysis of the extruded titanosilicate
ETS-10 sample indicated that the amount of noncrystalline
material is negligible. This conclusion was also supported
by the experimental values of qs obtained for methane,
ethane, and ethylene, which were very close to the theo-
retical values calculated for pure titanosilicate ETS-10
zeolite using eq 5.

The raw data for the adsorption of methane, ethane, and
ethylene on titanosilicate ETS-10 zeolite are given in the
Supporting Information. Five isotherms are reported for
each gas, and an extra isotherm was measured at one of
the temperatures to ascertain the reproducibility of the
data. It was observed that the worst reproducibility was
within 2%. The data and the fits of the unilan, Toth, and
virial three-constant model are plotted in Figures 1-3,
respectively. Because the data are measured using the
volumetric method,29 the experimental error in the calcu-
lated amount adsorbed, q, accumulates such that the last
measured point is the least accurate. For example, the data
for methane at high pressures deviate largely from the
prediction of the unilan model as shown in Figure 1.

Unconstrained optimization parameters for the sorption
of methane, ethane, and ethylene on titanosilicate ETS-
10 zeolite are analyzed initially. The unconstrained opti-
mization procedure revealed that the saturation concen-
tration qs in the Toth and unilan models varied significantly
for the different isotherm temperatures, giving unaccept-
able values. The theoretical values of the saturation
parameter qs for methane, ethane, and ethylene in titano-
silicate ETS-10 zeolite using eq 5 are 2.66, 1.75, and 2.00
mol‚kg-1, respectively. The unconstrained qs values for the

unilan model for ethylene ranged from 4.058 mol‚kg-1 at
280 K to 3.883 mol‚kg-1 at 350 K. These values are
practically twice the theoretical limit of 2.00 mol‚kg-1 and
are unacceptable. There was also a strong interaction
between Henry’s constant KH and the saturation concen-
tration qs parameters. For the virial isotherm, this interac-
tion is nonexistent because there is no saturation concen-
tration in this model. Accordingly, the variation of the KH

values between the different isotherms for the virial model
is much lower than for the other two models. On the basis
of this reasoning, we elected to pursue constrained opti-
mization based on sound physical principles.

The pore volume of titanosilicate ETS-10 is 110 cm3‚kg-1,
which is less than 50% of that for the A-type zeolite (274
cm3‚kg-1, Breck22). For the A zeolite, the volume occupied
at saturation is 252, 213, 261, 226, and 230 cm3‚kg-1 for

Figure 1. Fit of the unilan model to the isotherms of methane
on titanosilicate ETS-10: 2, 280 K; 4, 300 K; [, 315 K; ], 325 K;
1, 350 K.

Figure 2. Fit of the Toth model to the isotherms of ethane on
titanosilicate ETS-10: 2, 280 K; 4, 300 K; [, 315 K; ], 325 K; 1,
350 K.

Figure 3. Fit of the virial three-constant model to the isotherms
of ethylene on titanosilicate ETS-10: 2, 280 K; 4, 300 K; [, 315
K; ], 325 K; 1, 350 K.
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CO2, O2, Ar, n-butane, and light hydrocarbons, respec-
tively.22 There appears to be significant steric hindrance
to the occupation of the total volume for small pore volume
zeolites. Accordingly, in the calculation of qs only 95% of
the theoretical volume (110 cm3‚kg-1) was considered to
be available for occupancy at saturation.

In the constrained regression, the saturation concentra-
tions for methane, ethane, and ethylene are fixed at (2.66,
1.75, and 2.00) mol‚kg-1, respectively. These values cor-
respond to 95% of the theoretical values calculated from
eq 5. Other model parameters exhibiting no trend in the
unconstrained regression are optimized at a constant value
intermediate between the minimum and maximum values
obtained from the unconstrained regression corresponding
to each parameter until a minimum sum-of-squares error
is reached. The constrained regression results are given
in Table 2 for methane, ethane, and ethylene.

As a result of constraining the model parameters, the
total sum-of-squares error obtained from each model
increases. However, the values of KH become more con-
sistent, with the exception of the KH values for ethylene,
which still exhibit a significant difference between the
virial model and the models of Toth and unilan.

The van’t Hoff equation parameters for the sorption of
methane, ethane, and ethylene on titanosilicate ETS-10
zeolite are given in Table 3. The isosteric heat of adsorption
parameters calculated for methane data using all models
are consistent at approximately 21 kJ‚mol-1. Similarly, the
preexponential factor Ko values are consistent at ap-
proximately 4.2 × 10-6 mol‚kg-1‚kPa-1.

The values of the enthalpy of adsorption of Toth and
unilan models for ethane data are comparable to the value
obtained from the virial model at approximately 34 kJ‚mol-1.
The preexponential factor for the Toth model approaches
the value obtained for the virial three-constant model, but
that for the unilan model is 50% larger.

The van’t Hoff parameters obtained by all models for
ethylene data deviate significantly from the values ex-
tracted for the virial three-constant model. This is at-
tributed to the large deviation of Henry’s constant values
for these models.

Table 2. Constrained Optimization Parameters

methane
Toth modela

ethane
virial three-constant modelf

T/K 280 300 315 325 350 T/K 280 300 315 325 350
ss 0.0803 0.0227 0.0368 0.1553 0.0699 ss 0.0266 0.0217 0.0098 0.0106 0.0279
b/kPat 10.92 13.30 20.63 22.99 29.34 A2/kg2‚mol-2 0.000 0.000 0.000 0.000 0.099
KH/mol‚kg-1‚kPa-1 0.0431 0.0307 0.0144 0.0119 0.0078 A3/kg3‚mol-3 1.040 1.095 1.040 1.032 0.881

KH/mol‚kg-1‚kPa-1 2.218 0.691 0.379 0.256 0.120

methane
unilan modelb

ethylene
Toth modelg

T/K 280 300 315 325 350 T/K 280 300 315 325 350
ss 0.0898 0.0331 0.0175 0.0899 0.0569 ss 0.0217 0.0104 0.0427 0.0191 0.1783
c/kPa 207.27 291.60 625.95 748.05 1114.32 b/kPat 0.203 0.290 0.369 0.369 0.899
KH/mol‚kg-1‚kPa-1 0.0341 0.0242 0.0113 0.0094 0.0063 KH/mol‚kg-1‚kPa-1 88.956 38.170 21.433 10.259 2.574

methane
virial three-constant modelc

ethylene
unilan modelh

T/K 280 300 315 325 350 T/K 280 300 315 325 350
ss 0.0095 0.0477 0.0007 0.0275 0.0569 ss 0.0136 0.0244 0.0846 0.0809 1.2085
A2/kg2‚mol-2 0.0000 0.2250 0.2830 0.1950 0.5190 c/kPa 0.299 0.758 1.340 2.795 8.939
A3/kg3‚mol-3 0.3160 0.1420 0.1590 0.2590 0.0000 KH/mol‚kg-1‚kPa-1 99.279 39.145 22.147 10.619 3.321
KH/mol‚kg-1‚kPa-1 0.0306 0.0203 0.0100 0.0083 0.0057

ethane
Toth modeld

ethylene
virial three-constant modeli

T/K 280 300 315 325 350 T/K 280 300 315 325 350
ss 0.0060 0.0618 0.0541 0.0573 0.0236 ss 0.0008 0.0001 0.0001 0.0001 0.0004
b/kPat 0.571 1.169 1.733 2.172 3.207 A2/kg2‚mol-2 0.000 0.092 0.305 0.035 0.263
KH/mol‚kg-1‚kPa-1 4.681 1.331 0.667 0.449 0.227 A3/kg3‚mol-3 0.858 0.847 0.782 0.890 0.739

KH/mol‚kg-1‚kPa-1 10.907 5.436 3.102 1.643 0.584

ethane
unilan modele

T/K 280 300 315 325 350
ss 0.0228 0.1584 0.4282 0.1881 0.1737
c/kPa 1.368 5.181 7.205 14.140 27.641
KH/mol‚kg-1‚kPa-1 5.068 1.338 0.962 0.490 0.251

a t is constrained at 0.580, and qs is constrained at 2.66 mol‚kg-1. b s is constrained at 2.650, and qs is constrained at 2.66 mol‚kg-1.
c A1 is constrained at 0.550 kg‚mol-1. d t is constrained at 0.570, and qs is constrained at 1.75 mol‚kg-1. e s is constrained at 3.25, and qs
is constrained at 1.75 mol‚kg-1. f A1 is constrained at 0.480 kg‚mol-1. g t is constrained at 0.420, and qs is constrained at 2.00 mol‚kg-1.
h s is constrained at 5.00, and qs is constrained at 2.00 mol‚kg-1. i A1 is constrained at 0.270 kg‚mol-1.

Table 3. van’t Hoff Sorption Parameters for Methane,
Ethane, and Ethylene

model ∑ssa
Ko/

106mol‚kg-1‚kPa-1
-∆H/

kJ‚mol-1

Methane
Toth 0.3651 4.3810 21.445
unilan 0.2872 4.2356 21.049
virial three constant 0.1423 4.1354 20.784

Ethane
Toth 0.2028 0.9965 35.428
unilan 0.9712 1.5227 34.658
virial three constant 0.0966 0.9725 33.846

Ethylene
Toth 0.2722 1.2331 42.795
unilan 1.4121 4.7473 39.570
virial three constant 0.0014 5.0614 34.340

a Total sum of square error for all temperatures.
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Plots of the isotherms of methane, ethane, and ethylene
data on titanosilicate ETS-10 zeolite have been constructed
together with the fit of the Toth, unilan, and virial three-
constant models using the constrained parameters. The
plots are shown in Figures 1, 2, and 3. The fit of the
Arrhenius equation for the virial model is shown in Figure
4.

Detailed measurements in the literature for these sys-
tems on titanosilicate ETS-10 are scarce. The only study
located is that of Talu and Kuznicki,19 who studied the
adsorption of methane on the same zeolite in the temper-
ature range of 5 to 35 °C and pressure range 0 to 3447
kPa. They analyzed their system using the virial three-
constant model with parameters Ai also as a function of
temperature. Their calculated results are compared to this
work in Table 4, and their calculated KH values are also
plotted in Figure 4 in the units employed in this study.
The enthalpies of adsorption values differ by 6.96%. The
KH values plotted in Figure 4 reflect this difference but
there is still remarkable agreement between both studies,
as may be observed from the van’t Hoff plot in Figure 4.
The Ai values are similar, but there is a wider variation
than for the other two parameters.

Conclusions

The fits of the three models (Toth, unilan, and virial) to
the pure adsorption equilibrium data of methane, ethane,

and ethylene on titanosilicate ETS-10 zeolite are excellent.
The virial three-constant model appears to be the best
model for deducing the true Henry’s constant information.
Using 95% of the theoretical value of the saturation
concentrations improves the estimates of the Henry’s
constant in the Toth and unilan models. However, the
Henry’s constants of these models still differ slightly from
the Henry’s constants deduced from the virial model. This
is a reflection of a numerical interaction between the
Henry’s constant and the saturation loading in optimizing
these model parameters.
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