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Performance of CaX Zeolite for Separation of C2H6, C2H4,
and CH4 by Adsorption Process; Capacity, Selectivity,
and Dynamic Adsorption Measurements

S. Hosseinpour,1 S. Fatemi,1 Y. Mortazavi,1 M. Gholamhoseini,1 and
M. Takht Ravanchi2
1Chemical Engineering Department, Faculty of Engineering, University of Tehran, Tehran, Iran
2Catalyst Research Group, Petrochemical Research and Technology Company, National
Petrochemical Company, Tehran, Iran

Adsorption-based process for removal of ethane and ethylene, as
the main products of oxidative coupling methane reaction from
unreacted methane is discussed. The adsorption equilibrium of
methane, ethane, and ethylene was determined experimentally on
CaX, the calcium cation exchanged NaX zeolite, by the volumetric
measurements in a high pressure setup at three different tempera-
tures. The adsorption isotherms were well modeled by the extended
Langmuir-Freundlich isotherm and the adsorbed capacity, adsorp-
tion constants, and surface heterogeneity parameter were determined
by regression of the model to the isothermal experiments. The results
indicated that CaX zeolite would be a selective adsorbent for the
separation of ethane, ethylene, and methane from each other at
moderate temperatures and pressures. The breakthrough curves of
gases were determined in a dynamic adsorption experiment of the
gaseous mixture in a fixed bed of CaX zeolites for a feed with similar
molar composition of OCM hydrocarbon product. Significant differ-
ence of breakthrough times was observed for methane, ethane, and
ethylene. It is concluded that construction of an adsorption unit from
CaX zeolites at the OCM reactor downstream would be economic
and useful for the separation of methane from the C2 products.

Keywords adsorption; breakthrough curve; CaX zeolite; ethane;
ethylene; methane; OCM hydrocarbons

INTRODUCTION

Of the processes for converting natural gas into a more
useful chemical feedstock, the oxidative coupling of
methane (OCM) has been the most intensively investigated,
to form ethane and ethylene (C2s), in recent years. The low
yield of C2 products of OCM is the main limitation of the
process extension to the commercial scale. Up to date

the maximum yield of C2s is obtained 25% by the catalyst
developments of OCM reaction, although this efficiency is
still low and noneconomic (1). In the present work a process
of adsorption is proposed for the separation of the C2s
from unreached methane. Because of the complexity of
distillation and low required distilling temperature due to
the low boiling point of the OCM products, adsorption is
suggested as simple, high selective, and low cost method
of separation (2). Many researchers have worked on differ-
ent kinds of adsorbents, such as activated carbons (3–6),
titanosilicates (7), zeolites, and zeolite- like materials
(8–10) for the separation of light hydrocarbons. In this
study, after a deep literature survey on the adsorbents and
performing some prior experiments on different kinds of
zeolites (11), a kind of X zeolite, calcium cation exchanged
NaX, with a trade name of 10X, was prepared and
examined in equilibrium and dynamic adsorption experi-
ments for the separation of methane, ethylene, and ethane
from their mixture, as the outlet hydrocarbons of OCM
reaction.

The most important adsorption processes are cyclic and
require adsorption-desorption step by temperature and=or
pressure swing operations. Calculation of cycle time of
adsorption and desorption requires knowledge of isotherm
equations, capacity, and equilibrium adsorption parameters
of the components. Development of the isotherm models
allows prediction of the adsorption data for gaseous mixture.
Adsorption equilibrium experiments provide these data for
the best adsorbent selection as well as process design
operational conditions. In addition to the equilibrium
experiments, the dynamic adsorption experiments of the
mixed gases are examined in the bed of prepared CaX
zeolites to derive the breakthrough curves and breakthrough
times of methane, ethane, and ethylene to get the reasonable
results for possibility of efficient separation of C2s from
methane.
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EXPERIMENTAL

The experiments consist of two stages. The first part is
focused on the equilibrium adsorption study of the pure
gases––methane, ethane, and ethylene, to derive the
capacity, selectivity, and isotherm equations on CaX
zeolite. At the second stage, dynamic adsorption is con-
sidered in a packed bed of CaX zeolite at both adsorption
and desorption modes for a mixture of the gases to obtain
the breakthrough curves and breakthrough times of meth-
ane, ethane, and ethylene.

Materials

The gases—methane (99.995% pure), ethane (purity>
99.5%), and ethylene (purity> 99.99%) were used as the
adsorbate, Helium (99.999% pure) as an inert gas for the
dead volume corrections as well as the carrier gas and
Nitrogen (purity> 99.99%) as a purge gas in degassing of
the adsorbent was used.

NaX (or 13X) zeolite, an attrition-resistant molecular
sieve (supplied by Zeochem Co. Switzerland), were used
as extrudate beads with the nominal size of 1.6 to 2.6mm.
This material was cation exchanged by calcium to reduce
the pore size as well as increasing the positive charge of
the surface. The BET surface area was measured as
541m2=g with a bulk density of 650 kg=m3. The SEM graph
of the prepared CaX is observed in Fig. 1. This figure is a
view of the surface with magnification of 20000. The EDAX
measurements has shown substitution of calcium instead of
sodium cation with molar atomic ratio of 23% Ca=(AlþSi).

Apparatus and Procedure

A two-purpose adsorption apparatus was built and set
up as presented in Fig. 2 (11). At the static mode, this
apparatus was used to collect the single gas adsorption
equilibrium data and at the second step the system was
employed for the dynamic adsorption of the mixed gases.

Some of the features of this apparatus are its direct
measurement of pressure at a wide range of operating
conditions (pressures up to 4MPa and temperatures up
to 398K).

There is a loading cell for collecting initial gases and an
adsorption cell which allows contacting the adsorbate and
adsorbent. The system can operate at two modes; static and
dynamic, by closing and opening the bottom valve of the
adsorption cell, respectively. For isotherm measurements
of this research, two data points could be obtained during
one hour.

The adsorption cell, loading cell, and dead volumes were
measured using helium gas. Each cell was equipped with a
thermocouple, at the center point, which operated within
0.1K precision. The pressure was measured by a pressure
transducer (ECO-1, WIKA) with an uncertainty of
�0.1% full scale. The loading cell and the adsorption cell
were equipped with thermal jacket and they were main-
tained at a constant temperature during adsorption by a
circulating bath (LCP-R133, Lab Tech).

The data collection of dynamic experiments was carried
out by the GC analyzer with TCD detector on the exit
gaseous stream from the bed of adsorbent.

Single Component Adsorption

The equilibrium adsorption experiments were conducted
in the volumetric set up as shown in Fig. 2. The adsorption
cell was filled with the weighted amount of adsorbent, with
0.001 g precision, and it was pretreated under nitrogen
purge for 4 hr in 523K followed by vacuum condition for
one hour.

After setting the temperature of the loading and adsorp-
tion cell to the required level by heating =cooling jacket, the
adsorption experiment was initiated by opening the valve
between the loading and adsorption cell. The equilibrium
state was achieved when the pressure of the system
remained at a constant level for more than 30min. The
gas pressure was recorded using a pressure transducer,
working with 0.01 bar precision. The experiments were con-
ducted in various initial gas pressures from one up to 30
bars at constant temperature to derive the isotherm curve.
The adsorbed amount was calculated using the difference
of initial pressure and final pressure, at a constant tempera-
ture. The experiments were carried out at three different
temperatures of 288, 298 and 308K to determine the
adsorption capacity of each component and selectivity of
C2s=CH4, with temperature variation.

Dynamic Adsorption and Desorption

The dynamic adsorption-desorption experiments were car-
ried out in the packed bed of CaX at normal pressure for a
composition of CH4, C2H6, and C2H4 as similar as OCM
hydrocarbon products, to obtain the breakthrough curves
and breakthrough times of each component. ExperimentalFIG. 1. SEM image of the prepared CaX zeolite.
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conditions of running the dynamic adsorption and
desorption experiments were tabulated in Table 1.

The schematic of Fig. 2 shows the equilibrium as well as
the dynamic experimental set up. When the inlet and outlet
valve of column 15 were opened and the valve of the refer-
ence cell, 14, was closed, the equilibrium system was turned
off, and the dynamic method was ready to use. In this

situation, feed was entered to the adsorption bed, No. 15,
and the outlet gases were detected by GC at any time. This
operation was continued until the outlet composition
approached to the feed composition. In this way, the adsorp-
tion mode accomplished and the desorption mode was
initiated by setting the temperature of the bed at the higher
level, then replacing the feed with helium as the purge gas.

ISOTHERMS MODEL

In order to have a good insight to the dynamic adsorp-
tion experiments for the mixed gases, the equilibrium
adsorbed capacity and isotherm models are required to
be studied. For practical utility, the experimental data
should be correlated with an analytical expression that
includes the temperature dependency. Various isotherm
models might be tried on the experimental data, such as
the Langmuir isotherm which is introduced for homo-
geneous systems with mono-layer adsorption. The presence
of heterogeneity or=and multilayer adsorption can cause
deviation of the results from the Langmuir equation.

The experimental adsorption isotherms of methane,
ethane, and ethylene on CaX adsorbent were well fitted
on the Langmuir–Freundlich isotherm model, as the
following equation:

q� ¼ qmbP
ð1=nÞ

1þ bPð1=nÞ ð1Þ

where q� is the adsorbed amount at equilibrium pressure P,
qm the saturated adsorbed amount, B and n are the

FIG. 2. Adsorption apparatus; 1. Gasses cylinders, 2. Mass flow meters, 3. Mixing cell, 4–13. Needle valves, 14. Loading cell, 15. Adsorption cell, 16.

Pressure transducer, 17. Vacuum pump, 18. Metering valve, 19. GC apparatus, 20. Circulating bath.

TABLE 1
Experimental conditions for dynamic tests

Bed properties
adsorbent weight 16.334 g
inside bed diameter 1.27 cm
bed length 20 cm

Adsorption
condition

feed molar
composition

CH4 70%
C2H6 15%
C2H4 15%
feed flow rate 20N ml=min
temperature 308K
pressure Atmospheric

Desorption
condition

helium flow rate 20N ml=min
temperature 323K
pressure Atmospheric
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isotherm parameters. ‘b’ is the strength of the interaction
between the adsorbate and the adsorbent, and ‘n’ can be
regarded as the parameter characterizing the system
heterogeneity (12,13).

RESULTS AND DISCUSSIONS

Isotherms

The single adsorption equilibrium isotherms of methane,
ethane, and ethylene at 308, 298, and 288K are determined
from experimental results and presented in Fig. 3 (a–c),
respectively. Solid lines correspond to the Langmuir-
Freundlich model while dotted lines are due to the experi-
ments. It is observed that the saturation plateau at lower
temperatures is reached around lower pressures. The values
of L–F parameters obtained by regression are listed in
Table 2. Higher b values of ethylene suggest its strong
adsorption on the CaX zeolite surface, and higher n value
of ethylene indicates that the system of adsorbent-adsorbate
is more heterogeneous than the other systems.

For all components the equilibrium adsorbed amount
increased with increasing the pressure of the system
although the slope decreased at higher pressures because
the adsorption sites were getting close to the saturation.
For all temperatures methane was weakly adsorbed relative
to ethane and ethylene. Although methane, ethane, and
ethylene with respectively kinetic diameters of 3.8, 4, and
3.9 Å (12,14), can diffuse through CaX zeolite pores

(10 Å), the adsorbed capacity of ethylene and ethane was
obtained higher than the adsorbed capacity of methane.
It can be said because of the stronger attractive van-der-
waals forces of C2s with the surface, the adsorbed capacity
of C2s is more than methane. On the other hand ethylene
with higher quadropole moment showed higher affinity
to divalent calcium cations in CaX zeolite rather than
ethane.

The L-F equation, as shown in Eq. 1 was the best fitted
model on the experiments and its parameters were

FIG. 3. Adsorption isotherms at three temperatures: (a) 308K, (b) 298K, (c) 288K.

TABLE 2
L-F adsorption isotherm parameters for CH4, C2H6, and

C2H4 onto CaX zeolite

T (K) Components
qm

(mmol=gr)
b

(1=bar) n
%

AARD

308 CH4 1.985 0.073 0.904 3.21
C2H6 2.290 0.691 1.886 0.960
C2H4 3.340 0.619 3.274 0.420

298 CH4 2.073 0.110 1.001 0.463
C2H6 2.726 0.630 2.499 0.765
C2H4 3.650 0.595 3.421 0.255

288 CH4 2.295 0.137 1.076 1.132
C2H6 2.785 0.741 2.723 0.626
C2H4 3.214 0.862 3.200 0.291
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calculated and tabulated in Table 2 for each gas. The aver-
age absolute relative deviation (15) of experimental and fit-
ted results was calculated using Eq. 2 and exhibited in
Table 2. According to the low AARD, it is concluded that
the L-F model is in agreement with experimental results.

AARD ¼ 1

N

XN

i¼1

q
�Exp
i � q�Mod

i

���
���

q�Expi

ð2Þ

According to Table 2 in each temperature, the qm is greatest
for ethylene because of the strong adsorption tendency.
For methane, n is close to unity that means the L-F model
of methane is getting close to the Langmuir equation. It
means that methane-CaX system could be considered as
a nearly homogenous system.

Selectivity of C2s

The single component isotherm is a tool for calculating
the ideal selectivity of the adsorbent for C2s against meth-
ane. Various adsorbed amounts at different pressures and
temperatures are now available from the equilibrium model
to realize the ideal selectivity of ethylene and=or ethane
over methane as the following formula:

Selectivityði=CH4Þ ¼
q�i

q�CH4

ð3Þ

Figure 4 exhibits the selectivity of ethane and ethylene
against methane at 298K and various equilibrium pres-
sures, in which the results show higher selectivity of CaX
towards C2s at lower pressures, therefore atmospheric

pressure was suggested for dynamic experiments because
of higher separation efficiency.

Figure 5 reveals a comparison of the C2s selectivities at
three examined temperatures. As shown in this figure, the
highest selectivity of C2s is observed at higher temperature,
308K. Although the adsorbed capacities are decreased at
higher temperatures and require more amount of adsorb-
ent for the dynamic process, it was proposed to work at
308K to have higher separation efficiency of the mixed
gases at dynamic conditions.

Breakthrough Curves

The breakthrough curves of methane, ethane, and ethyl-
ene were obtained and presented in Fig. 6 as the ratio of
outlet molar fraction over inlet composition. Dynamic
experimental conditions were tabulated in Table 1. The
results showed that methane was passed through the bulk
phase at early times and appeared at the outlet stream.

FIG. 4. Selectivities of ethane and ethylene against methane at 298K

and various equilibrium pressures.

FIG. 5. Selectivities of ethane and ethylene against methane at atmos-

pheric pressure and various temperatures.

FIG. 6. Adsorption breakthrough curves of methane, ethane and ethyl-

ene on CaX zeolite at 298K.
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The breakthrough time of each component was calculated
whenever 1% of inlet molar fraction appeared in the effluent
and they were tabulated in Table 3. Methane breakthrough
time was observed between 6.6 and 9.8min, ethane break-
through time was obtained from 27 to 36.8min, and
ethylene breakthrough time was observed between 120.7
and 136.3min at dynamic adsorption processing.

Significant difference between the breakthrough times of
methane and ethane shows that methane can completely
exit until breakthrough time of ethane is appeared and
much difference between ethane and ethylene proves a high
efficient separation of ethane and ethylene from their
mixture. Therefore it would be possible for methane to
be separated from the products and return to the OCM
reactor as the reaction feed. Table 3 has shown the purity
and recovery of each gas when outgoing from the bed
within each section.

After saturation of the CaX bed from the gaseous
mixture, the regeneration stage was started by heating then
purging by helium. The trace amount of methane remained
within the bulk phase was purged at early times, then the
small amount of C2H6 was observed in the outlet and
approached to zero around 26min, finally C2H4 was
observed at the exit flow until 70min. It should be noted
that the bed and purge gas temperature were 323K with
20 Nml=min flow as shown in Table 1. The desorption
breakthrough curves are shown in Fig. 7 and the purity
of outlet gases are calculated and shown in Table 4. It
was observed that approximately after 26min, ethylene
with high purity (more than 97%) appeared at the outlet
stream.

The results of adsorption and desorption stages tell us
about capability of the CaX zeolite for the separation of
the gases by the dynamic adsorption process, in which
methane acts as a non-adsorbed material compared to eth-
ane and ethylene, and it exits from the bed whenever ethane
and ethylene are present in the feed. The desorption step
tells us the possibility of regeneration of the adsorbent
from the adsorbed ethylene using an inert gas such as
helium or nitrogen at the higher temperatures, in this case
at 323K.

CONCLUSION

CaX zeolite was prepared and examined for the separ-
ation of mixed gases of CH4, C2H6 and C2H4, in a packed
bed column at static and dynamic conditions. The static
experiments were conducted for equilibrium adsorption
and calculating the selectivity and isotherm parameters.
Dynamic adsorption was carried out for mixed gases, simi-
lar to the composition of OCM reaction and investigated at
the laboratory scale. Beakthrough curves of the gas mix-
ture at atmospheric pressure and temperature of 308K
with 20 Nml=min flow rate over 16 g CaX zeolite showed
good efficiency for the separation of methane from C2s.
The breakthrough curves at the adsorption-desorption
stage were obtained to find out the breakthrough times

TABLE 3
Purity and recovery of each component in dynamic adsorption step

Comp. Time, min 6.6 9.8 27 36.8 120.7 136.3 180.0

CH4 Purity 0

M
et
h
a
n
e

b
re
a
k
th
ro
u
g
h
ti
m
e 100 100

E
th
a
n
e

b
re
a
k
th
ro
u
g
h
ti
m
e 93.6 79.3

E
th
y
le
n
e

b
re
a
k
th
ro
u
g
h
ti
m
e 73.5 70.1

C2H6 0 0 0 6.4 20.7 16.6 14.5
C2H4 0 0 0 0 0 9.9 15.3
CH4 Recovery 0 100 100 100 100 100 100
C2H6 0 0 0 32.7 100 100 100
C2H4 0 0 0 0 0 90.4 100

FIG. 7. Desorption breakthrough curve of methane, ethane and ethylene

on CaX zeolite at 323K.

TABLE 4
Purity of each component in dynamic desorption step

Comp. Time, min 2.5 26.4 37.2 67.7

CH4 5.1 1.6 2.1 3
C2H6 Purity 38.4 0 0 0
C2H4 56.5 98.4 97.9 97
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and purity of the outlet gases. Ethylene with highly adsorp-
tion attraction on CaX zeolite was desorbed at 323K after
70min by the purge gas with a volume space velocity of
1min�1.

A cyclic adsorption system of TSA or PSA can be sug-
gested for the future experiments to produce methane from
the mixture at the adsorption stage and prepare ethane and
ethylene at the blow down and the desorption stage.
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