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ABSTRACT: Developing an efficient sorbent and adopting an ethylene adsorption separation
unit in downstream of an oxidative coupling of methane (OCM) process were the main focus of
the present study. Since the mole fraction of the generated ethylene in the OCM reactor outlet is
relatively low, the processing cost of the accompanying components and thereby the separation
cost per ton of ethylene using the conventional cryogenic separation are insupportable. Zeolite
13X was modified in this research, demonstrating outstanding ethylene adsorption capacity and
selectivity. The conducted adsorption experiments at a miniplant-scale unit enabled monitoring
the adsorption breakthrough times and measuring the sorbents’ capacity under different
operating pressures in the range of 1−5 bar while processing different feed flow and feed
compositions, representing the attachment of the adsorption unit to different parts of the OCM
process. The modified zeolite 13X showed superior performance than the reference sorbents
such as zeolite 4A and activated carbon. Physical treatment of zeolite 13X, by calcining it at 550
°C, proved to be efficient in increasing its adsorption capacity. Chemically treating zeolite 13X
via copper exchange on the other side increased its ethylene adsorption selectivity in competition to CO2 adsorption. In processing
the CO2-rich feed streams (with the CO2 content 2.25 times of its C2H4 content), the Cu-exchanged zeolite 13X showed a
promising ethylene adsorption capacity of 0.46 molC2H4

·kgs
−1 combined with an adsorption selectivity of 0.45 molC2H4

·molCO2
. In

processing the CO2-free feed streams (with the C2H4 content 2.75 times of its C2H6 content), using the calcined zeolite 13X secured
the highest adsorption capacity of 1.4 molC2H4

·kgs
−1 along with an adsorption selectivity of 3.8 molC2H4

·molC2H6
under 5 bar

adsorption pressure. These indicate the promising potentials of the developed sorbents and the designed adsorption unit for
processing the OCM reactor outlet gas stream before and after removal of its CO2 content.

1. INTRODUCTION

Ethylene is the largest-scale produced hydrocarbon and
arguably the most important intermediate for the petrochem-
ical industry as it is used for producing a variety of important
components including polyethylene, ethylene dichloride,
ethylbenzene, ethylene oxide, glycol, etc.1 Thermal cracking
of ethane and naphtha is the main technique used for ethylene
production today. To a lesser extent, cracking of other
hydrocarbons or catalytic conversion of methanol and ethanol
is also used for ethylene production.2,3 The resulting
hydrocarbons in the cracked gas of industrial-scale steam
crackers, mainly alkanes and olefins, are separated via energy-
intensive cryogenic distillation. Therefore, olefin/alkane
separation represents one of the most important but yet
expensive separations in the petrochemical industry.2 However,
as ethylene is the main component in the cracked gas, the
energy investment (in the range of 15−40 GJ/t-C2H4) and the
separation cost per ton of ethylene, mainly for separation of
light gases and ethylene purification, are contained to be still
economically justifiable.2

In the search for an abundant and inexpensive alternative
feedstock for ethylene production, oxidative coupling of
methane (OCM) has been extensively investigated in the last
four decades primarily using the methane content of natural
gas.3−8 In this promising process concept, methane will
undergo controlled catalytic oxidation to produce ethane and
then ethylene. These constitute a net exothermic reaction
system in which kinetics is determining the overall methane
conversion, yet the selectivity of some reactions such as water
gas shift (WGS) reactions is equilibrium-limited.7 The
required oxygen reactant can be supplied from air through
an inorganic membrane, for instance, and can be distributed
along the catalytic bed to secure a selective methane
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conversion.9 Major part of the reactant methane remains
unreacted in an OCM reactor, while hydrogen and water as
side products and carbon oxides as undesirable products are
also produced in significant portions.6−8 Typical OCM reactor
outlet stream is composed of approximately 5% ethylene, 2%
ethane, and 20−40% methane or carbon dioxide molar
fractions depending on the type and level of dilution.6−9

Therefore, the mole fraction of the generated ethylene in the
OCM reactor outlet gas stream is around 10 times lower than
the typically expected mole fraction of ethylene in the outlet of
ethane or naphtha crackers.6−10 Consequently, the separation
cost of the accompanying components, comprising more than
80% of the gaseous species in a demethanizer, amounts to
more than 65% of the total specific energy cost, invested for
processing a ton of ethylene.8 By increasing the portion of light
gases such as nitrogen, hydrogen, and carbon monoxide in the
OCM reactor outlet or its methane content, due to utilization
of a higher methane-to-oxygen ratio in the feed stream, the
operating cost of cryogenic separation can be dramatically
increased.3,4,8 Optimizing the structural and operating
characteristics of such energy-intensive separation is necessary,
yet not a game-changer.11,12 Having considered all of these, an
ethylene adsorption unit capable of efficient recovery of such a
low ethylene content in the diluted gas stream would be a
promising alternative separation concept for this application.
Typical performance of a benchmark cryogenic separation12 as
well as ethylene adsorption technique13 reported for OCM
application highlights the feasibility and energy efficiency of
such an alternative process. Developing a sorbent with high
affinity and selectivity toward ethylene is the key requirement
for this. To identify the best scenarios for setting up the
adsorption unit within an OCM process, the performance of
such sorbent in processing the streams with different gas
compositions and operating pressures should be analyzed. To
address these aspects, a systematic performance analysis of the
adsorption separation of ethylene in the OCM process was
conducted in this research. This includes a comprehensive
experimental study in developing an efficient sorbent and
testing its performance in a miniplant-scale adsorber unit.
As the first step in reporting the applied methodology and

the results of this analysis, the characteristics of the OCM
process and the expected composition of the potential feed
streams to be processed in the adsorption unit are reviewed.
Then, the modification of zeolite 13X, as one of the most
common sorbents that represent high affinity toward ethylene
adsorption and high potential for cation exchange, with the aim
to improve its ethylene selective adsorption will be explained.
The resulting characteristics of the sorbents and their

performance in selective separation of ethylene from different
gaseous mixtures under various operating conditions are also
discussed and reported in the form of the observed
breakthrough times of different involved gas species.

2. REVIEWING THE PROCESS CONCEPT: OPERATING
AND MATERIAL REQUIREMENTS

Reviewing the operating concept of the OCM process enables
identifying the required sorbent’s characteristics and the
operating scenarios for efficiently accommodating the
adsorption unit.

2.1. OCM Process Flowsheet. The main sections of an
OCM process are the reactor section, the carbon dioxide
removal section, and the ethylene purification section, as
shown in Figure 1.
In the reference OCM process flowsheet (middle-b

flowsheet in Figure 1), first CO2, then the unreacted methane
and other light gases, and finally ethane are separated to reach
a 99.9% purity ethylene product stream. Two process
flowsheets representing two scenarios for adopting an
adsorption unit are also shown in Figure 1. In one of them
(top-a flowsheet in Figure 1), right after the OCM reactor and
before the CO2 separation unit, ethylene is selectively
separated using an adsorption unit (Ad Scenario1). On the
other one (bottom-c flowsheet in Figure 1), complete
adsorption separation of ethylene is targeted after the CO2
removal section (Ad Scenario2). Comparing the performances
of these scenarios enables highlighting the tradeoff between
using a cryogenic distillation separation of ethylene and the
adsorption separation of ethylene from CO2-rich and CO2-lean
gases along with their different technical-economic implica-
tions.
The performances of these three alternative OCM process

configurations (a, b, c) were investigated in this research.
In addition to the need for establishing a stable-selective

catalyst and robust and safe reactor operation, choosing and
designing efficient downstream units are among the most
important design tasks for developing an efficient OCM
process.13,14 Water and CO2 are removed respectively by
condensation and absorption (e.g., using an aqueous amine
solution).14 Cryogenic separation is usually applied for
ethylene/ethane separation-purification,12,14 which is also
considered in this study as the reference unit operation
scenario for this task. Detailed information about the
conventional OCM process structure and its characteristics
can be found elsewhere.3,4 The main characteristics of the
ethylene adsorption separation are reviewed in this paper as an

Figure 1. Block flow diagram of alternative OCM process schemes: (top-a) OCM process scheme in which ethylene adsorption has been erected
before the CO2 separation unit, (middle-b) reference OCM process scheme in which ethylene is separated using conventional cryogenic
distillation, and (bottom-c) OCM process scheme in which ethylene adsorption has been erected after the CO2 separation unit.
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alternative downstream unit for the OCM process to be
utilized before or after the CO2 separation unit.
2.2. Sorbent Materials and Their Targeted Character-

istics. Various types of potential sorbents were tested for this
application. Starting with activated carbon, which is one of the
relatively inexpensive and widely used sorbents, it was
demonstrated15 that activated carbon does not show sufficient
good separation performance. This is mainly due to poor
ethylene/ethane separation and the required high desorption
cost, which nullify a promising economic perspective.
Zeolites, on the other side, are potentially good candidates

for adsorption separation of olefin/paraffin.13,16−18 Due to
their structural and chemical properties, they usually show high
adsorption capacity, excellent thermal−chemical stability, and
distinguished adsorption selectivity toward the targeted gas
species based on their size, shape, and polarity.18,19 Zeolites A
and X are the most common types of commercial zeolite
sorbents, which have been also widely investigated and applied
for olefin/paraffin separations.13,16−20 Both zeolites are nearly
saturated in their aluminum content, representing a molar ratio
of Si/Al ≈ 1. As a consequence, they provide a very high
number of cation exchange sites and thus the highest cation
content and exchange capacity. Due to its known high capacity
and affinity toward ethylene adsorption, zeolite 13X was
selected to be extensively tested in this research with regard to
its adsorption capacity and selectivity in the presence of other
involved components in the OCM application. The observed
adsorption performance is being compared with the ones
recorded for the reference sorbents, i.e., zeolite 4A and
activated carbon.
Adsorptions of methane and carbon dioxide on zeolite 13X

have been experimentally studied in wide ranges of pressure
(0−5 MPa) and temperature (298, 308, and 323 K),
respectively, showing isosteric heats of adsorption of 15.3
and 37.2 kJ·mol−1, indicating very strong adsorption of carbon
dioxide.21 With regard to ethane and ethylene (C2), because of
their stronger involved van der Waals interactions with the
surface, the adsorbed capacity of C2 molecules is expected to
be more than that of methane. The molecular sieving capability
of zeolite 13X with a pore diameter of 10 Å can be also
compared with the one of zeolite 4A, which can trap the
molecules with a critical effective diameter smaller than 4 Å.
C2H6, C2H4, and CO2 with approximate effective diameters of
4.4, 4.2, and 3.6 Å, respectively, can relatively easily pass
through the 10 Å pores in zeolite 13X along with other
involved gas species. However, these are better adsorbed on
the surface inside the pores due to their above-mentioned
interaction with the surface of zeolite 13X.22

On the other hand, zeolites can be modified to improve their
adsorption capacity and selectivity. For instance, in comparison
to ethane, ethylene with a higher quadrupole moment has
shown improved affinity to divalent calcium cations in CaX
(10X)-modified zeolite.23 Cu-loaded modified zeolites have
been also extensively studied for numerous adsorption
applications.24,25 Supporting metal cations such as copper
improve the adsorption selectivity of zeolite 13X toward
ethylene. The double bond of ethylene molecule can form π-
complexes with some transition metals, which signifies the
difference in the adsorption affinity between ethylene and
methane or ethane.24

This has been studied also in the adsorption application
cases, where the gas streams containing olefins and CO2 have
been processed.26 Treating the H forms of zeolites A and X

with alkaline and some transition-metal chlorides at high
temperatures has resulted in ion exchange between the metal
ion and the H+ in the zeolites.27,28 Moreover, hot mixing of
zeolite 13X with metal sulfates or soluble salts such as CuCl
and CuCl2 has resulted in improved ethylene adsorption
selectivity and capacity.29 The structural characteristics of the
sorbent such as its molecular sieving potential along with its
surface chemistry affect its adsorption capacity and selectivity.
These may be altered by cation exchange, preadsorption of
polar molecules, or chemical modification of the zeolite
structure. The type of the specific cation chosen for such
modification plays a decisive role in shaping the resulting
characteristics of the sorbent.19

Having reviewed these, combinations of physical and
chemical treatments of zeolite 13X were implemented in this
research to systematically study and establish the sorbent’s
desired characteristics and an improved selective adsorption
separation of ethylene in different parts of the OCM process
downstream. The performance of the sorbent under the
practically relevant sets of conditions was experimentally
studied by evaluating the resulting breakthrough behaviors in
each case. This enabled determining its adsorption capacity
and selectivity under different pressures, feed flows, and
compositions, as explained in detail in the following sections.
Accordingly, the required characteristics of the modified
sorbent and the adsorption unit for securing the most efficient
ethylene adsorption separation in the OCM process are
identified and discussed.

3. EXPERIMENTATION
3.1. Materials. Zeolite 13X was chosen as a reference

commercially available sorbent in this study. Spherical zeolite
13X with a particle size of 2.5−5 mm and a density of 2.1 g·
mL−1 was purchased from Zeo-Tech Company.
CuCl2·2H2O (CAS no. 10125-13-0, Sigma-Aldrich) with

more than 99% purity was used for the chemical modification
of zeolite 13X.
The purity of the gases used (CO2, CH4, C2H4, C2H6, N2,

and He) for adsorption tests were all more than 99.95%.
3.2. Methods. The Brunauer−Emmett−Teller (BET) test

conducted showed the surface area of the fresh zeolite 13X to
be 264 m2·g−1. The N2 adsorption/desorption isotherms and
pore size distributions of the samples are shown in Figures 2
and 3, respectively.
Zeolite 13X was modified (physically) by calcination under

air at 550 °C for 4 h. The resulting sorbent is referred to as
zeolite 13X-calcined in this paper. Furthermore, some of the
fresh zeolite 13X was modified (chemically) using a copper
chloride solution. The experimental procedure of this ion-
exchange modification procedure along with the characteristics
of the resulted sorbents is reported as follows.
A 5 wt % aqueous solution of CuCl2 was prepared and

mixed with zeolite 13X at 70 °C and kept stirred for 6 h. The
proportion of the used solution was 6.67 L/kg zeolite. Then,
the mixture was filtered and the zeolite was washed three times
with deionized water. The modified zeolite was then put in an
oven to be dried at 100 °C for 4 h. Finally, it was calcined for 4
h in a furnace at 550 °C to obtain the final modified zeolite.
The white fresh zeolite 13X changed its color to gray after this
modification. The modified zeolite was characterized using an
electron microscope equipped with energy-dispersive X-ray
spectroscopy (EDS) to analyze the atomic composition of the
cation-exchanged zeolite samples. The presence of copper on
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the sample indicates that ion exchange between the metal ion
and H+ in zeolite has occurred27 and zeolite NaX has changed
to the HX form.30,31 The observed compositions are reported
in Table 1.
The X-ray diffraction analysis (XRD) technique was applied,

and thereby, it was indicated that the structure of zeolite 13X
has not changed significantly during the modification. This can
be observed by comparing the recorded XRD patterns of the
fresh and modified zeolite 13X, as shown in Figure 4. Similar
observations have been reported for other types and
medications of zeolites.32,33

3.3. Miniplant Experimental Setup. The equilibrium
adsorption isotherms of individual targeted components (e.g.,
ethane and ethylene) and other components (methane and
carbon dioxide) on copper-exchanged zeolite 13X granules
have been experimentally studied using a lab-scale static
volumetric adsorption instrument.30,31

The procedure of the conducted experiments on the
miniplant scale for analyzing the adsorption breakthrough of
the sorbents under different sets of operating conditions is
reported in this section. This includes describing the

specifications of the miniplant-scale adsorber setup utilized
for testing the sorbents and the range of testing conditions.
The reference and the modified zeolites were tested in an

extensive comparative study in a miniplant-scale adsorber.
Zeolite 13X was regenerated for each experiment, and no
difference was observed in terms of the observed performance
of the fresh and regenerated zeolites. Figure 5a shows the
adsorption columns, each one equipped with a heater and
thermocouple to set and measure the temperature in the
desorption and adsorption steps. The adsorption column is
1100 mm long with the inner and outer diameters of
respectively 45 and 55 mm and contains 3 kg of sorbent.
The flowsheet of the adsorption unit is also presented in Figure
5b.
During the desorption step and in the case of running the

adsorption at temperatures above the atmospheric temper-
ature, the first column was used as a preheater column to heat
up and set the temperature for the inlet gas stream to the
second column. The flow rates of the gases comprising the
inlet feed stream were controlled using mass flow controllers
(MFCs), while the outlet flow rate was also measured using a
flow meter. Up to 6 bar pressure could be set during the
adsorption step using a backpressure regulator, while the inlet
and outlet gas mixtures were analyzed using an infrared (IR)

Figure 2. N2 adsorption−desorption isotherms at 77 K◆., NaX; ■:
CuX; solid, adsorption; hollow, desorption.

Figure 3. Pore size distribution. ●, NaX; ∗, CuX zeolite samples.

Table 1. EDS Analysis of the Sorbents in wt %

sample O% Si% Al% Na% Cu%

zeolite 13X 37.51 27.19 22.07 13.21 0
zeolite 13X−Cu 5% 33.14 37.75 17.28 6.36 5.46

Figure 4. XRD patterns of the fresh and modified zeolite 13X.
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gas analyzer (model S700, Sick Maihak) with a measurement
tolerance of 1%. The IR gas analyzer measures the gas
composition each second, ensuring continuous monitoring of
the gas composition. In doing so, the adsorber’s outlet gas
stream passes through the IR cell, where preferably a constant
volumetric flow should be secured. It implies that there will be
air dilution to compensate for the dynamic pressure and
maintain the overall pressure inside the IR measurement cell in
such a large-scale IR device when the inlet gas flow is not
enough high. The setup is fully automatically controlled
through the user interface of the PCS-7 Siemens control
system operated from the miniplant control room. More
details on the specifications of the experimental facility are
available elsewhere.15

3.4. Testing Procedure. In the inertization step before
starting each run of adsorption, helium or nitrogen was
injected (usually in 5 L·min−1 flow) into the column to remove
all gases left from the previous experimental runs. The
column’s temperature was increased to 120 °C while injecting
nitrogen without pressurizing the column. The concentrations
of CH4, C2H4, C2H6, and CO2 in the resulting gas stream were
continually (every second) measured via IR, and when they
were reduced to zero, the inertization process was considered
to be completed. After inertization of the column and the
pipes, the column was set at the designed operating
temperature and pressure and then the feed gases were
injected into the column with the known flow rate regulated
with the MFCs for CH4, C2H4, C2H6, and CO2 (also N2 and
He) and the adsorption step was started. Carbon monoxide
and hydrogen are also the products of the OCM reactor, but
their presence was assimilated in the experimentation with
extra nitrogen and helium mainly because of safety concerns
regarding possible leakage of such toxic and explosive
components. Detailed information about this34 as well as
general adsorption behavior of carbon monoxide and hydrogen
is available elsewhere.35,36 This will not have any significant
impact on the reported adsorption results including the
observed breakthrough behavior and the measured adsorption
capacity of the sorbents because of the very low potential of
these components (He [equivalent to H2] and N2 [equivalent

to CO]) to be adsorbed on the investigated sorbents in this
research.
The duration of the adsorption step varies based on the

experimental conditions and the type of the tested sorbent.
Starting the adsorption under ambient temperature, the gas
temperature in the column might be increasing up to 50 °C in
some cases, indicating the exothermic character of the
adsorption operation.
The switching from the adsorption to desorption state

usually passes through purging and reduction of pressure
(pressure swing adsorption, PSA) as well as increasing the
temperature (temperature swing adsorption, TSA) by heating
the column and introducing a preheated (up to 120 °C usually
preheated in the first column) sweeping gas, which was
nitrogen in most of the conducted experiments. In this manner,
the sorbent is regenerated and the adsorbents are released by
quickly decreasing the partial pressure of the components in
the gas phase resulted from reducing the total pressure while
blowing down the trapped gas to the vent or equalization-
pressurizing to another adsorption column. Desorption
duration in the TSA heating step usually took near 1 h and
was terminated when the monitored concentrations of ethane
and ethylene in the leaving sweep gas could not be detected
any longer by IR. After the desorption step, the system was left
to be cooled down to 30 °C again, making it ready for the next
cycle of experiments.
The breakthrough curves and the breakthrough times of

appearance of methane, ethane, ethylene, and carbon dioxide
were monitored during the adsorption experiments for
different feed compositions assimilating the OCM reactor
outlet stream and the stream leaving the CO2 removal section.
CO2 was included in the processed feeds in most of the
experiments to examine the possibility of any successful
selective separation of C2H4 in the presence of CO2, which
significantly improves the energy efficiency of the process by
avoiding the need for preceding CO2 removal and extra gas
compression duty. In this context, the effects of various
operational parameters, such as temperature, pressure, feed
flow rate, and feed composition, on the performance of the
adsorption unit were investigated.

Figure 5.Miniplant-scale adsorption unit: (left-a) photo of the two columns from which only one is in adsorption operation at the time and (right-
b) flowsheet of the setup indicating the main equipment and the control loops.
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4. RESULTS AND DISCUSSION
General characteristics and the results of single-component
isothermal adsorption analysis of CH4, CO2, C2H4, and C2H6
over the investigated sorbents have been provided in our
previous publications.30,31 These indicate the general behavior
of the developed sorbent in interaction with each of these
components. To systematically analyze the impact of the
modification of the sorbents on their selective ethylene
adsorption performances, the experimentally measured adsorp-
tion durations for processing different multicomponent feed
streams were compared. The studied sorbents are fresh zeolite
13X, calcined zeolite 13X, and the zeolite 13X cation-
exchanged with different amounts of copper (0.1 and 5%
Cu). These sorbents were tested under different sets of
operating conditions for treating the feed streams specified in
Table 2, assimilating alternative scenarios for retrofitting the

adsorption unit into the OCM process, before (e.g., A, B, C, D,
G) or after the CO2 removal (e.g., E, F, H) section. Light gases
including CH4, CO, H2, and nitrogen act similarly in the
adsorption step. Therefore, they could be lumped together in
some of these assimilated feed streams. Depending on the
reactor’s inlet feed composition, for instance, affected by the
applied methane-to-oxygen ratio or the amount and type of gas
dilution (e.g., CO2), the gas stream to be processed in an
adsorber could contain more or less methane, carbon dioxide,
nitrogen, etc.
An overview of the conducted experiments along with their

operating conditions and the observed adsorption duration in
each case is reported in Table 3.
In this table, the type of sorbents tested along with the

composition of the processed feed, the feed flow, and the
operating pressure and temperature have been specified. The
first temperature, among the two reported temperatures for
each run, is the column temperature, and the second one is the
recorded temperature of the gas stream entering the column.
The reported observed ethylene adsorption duration in the
table indicates the time between the start of ethylene
adsorption until it cannot be adsorbed any longer after the
bed becomes saturated.
Run nos. Z13-1 to Z13-21 have been performed using

zeolite 13X without any modification. However, in Run nos.
Z13C-1 to Z13C-7, Cu-exchanged zeolite 13X impregnated
with 0.1 wt % aqueous solution of CuCl2 has been tested.
Using this later sorbent, which has been modified with the
minimum concentration of CuCl2 and calcined at a high
temperature, the observed prolonged adsorption time could be
mainly associated with the impact of calcination. To

specifically demonstrate this, three experiments were per-
formed using the solely calcinated zeolite 13X (Run nos.
Z13Cal-1 to Z13Cal-3). The results of these experiments show
that calcination of zeolite 13X significantly increases the
capacity of the sorbent and prolongs the adsorption time.
To investigate the effect of copper impregnation of zeolite

13X, the weight percentage of copper in the aqueous solution
of CuCl2 was increased to 5 wt %, resulting in the Cu-
impregnated sorbents that were tested in Run nos. Z13Cu-1 to
Z13Cu-3. Even though the resulted adsorption times for
ethylene have not changed significantly in these cases, the
breakthrough time for CO2 was shortened noticeably. In other
words, copper impregnation increases the selectivity of zeolite
13X toward ethylene. This is confirmed by comparing the
recorded adsorption breakthrough patterns of 5 wt % Cu-
exchanged zeolite 13X (Run nos. Z13Cu-1 to Z13Cu-3) with
the ones recorded for fresh zeolite 13X, the calcined zeolite
13X, and the 0.1% Cu-exchanged zeolite 13X. For instance, the
results of Run Z13-5 and Run Z13C-1, Run Z13Cal-2, and
Run Z13Cu-1 show that the adsorption capacity of the
calcined zeolite 13X increases mainly due to a change in its
structure and transformation of the NaX zeolite to HX zeolite,
as also reported elsewhere.27

Among the investigated samples, the high-concentration Cu-
exchanged sample (Run Z13Cu-1) has shown distinguished
breakthrough behavior. In the recorded breakthrough curves in
this case, more selectivity toward ethylene can be identified
based on the relatively longer time difference between the
appearance of rising peaks of ethylene and carbon dioxide, as
shown in Figure 6. The breakthrough curve of the calcined
zeolite 13X (Run Z13Cal-2) is also shown in this figure to
represent a typical behavior of the less or non-chemically
modified zeolites, for which the simultaneous appearance of
CO2 and C2H4 indicates a tight competition of these
components to be adsorbed over these sorbent samples.
Fresh zeolite 13X showed similar breakthrough behavior with a
significantly shorter adsorption time (35 min).
As seen in Figure 6, the adsorption selectivity and affinity

toward CO2 are reduced by impregnating zeolite 13X with
high concentrations of copper. This is an important feature
that leads to an increase in the capacity of the sorbent for
selective adsorption of ethylene from CO2-rich streams. It also
improves the energy efficiency of the desorption step in case
CO2 is used as the sweeping gas. Therefore, in these cases,
zeolite 13X impregnated with high concentrations of copper
increases the efficiency of the ethylene adsorption/desorption
process.
Comparing the adsorption time of fresh zeolite 13X in

processing the OCM reactor outlet gas stream before and after
removing its CO2 content (e.g., by comparing Run Z13-15 and
Run Z13-19) indicates that a significant portion of the
adsorption capacity of this sorbent is already occupied by
the adsorbed CO2.
Insignificant impact of helium (assimilating the hydrogen

content of the targeted feed streams) on the adsorption
performance of the investigated sorbents can be highlighted by
comparing the recorded adsorption time of zeolite 13X in
processing the gas streams with and without the helium
content, e.g., by comparing Run Z13-15 and Run Z13-18 or
Run Z13-20 and Run Z13-21, which show similar adsorption
times.
It was observed that the impact of increasing the operating

pressure on prolonging the adsorption time is relatively less

Table 2. Alternative Feed Compositions (Represented by
the Mole Fraction of the Involved Components) Processed
in the Adsorber in Different Experimental Runs

feed composition
(mol %) C2H6 C2H4 CH4 CO2 N2 He

A 2.7 8.5 82.2 6.6
B 3.3 8 70.7 18
C 3.3 8 65 18 5.7
D 3 8 44.5 18 5.5 21.5
E 3 9.5 81 6.5
F 3.3 9.3 60 6.3 20.6
G 3 8 44.5 18 26.5
H 4 11 85
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significant in processing the feed stream containing a
significant portion of CO2 (CO2-rich) in comparison to
processing the CO2-free feed streams. The observed perform-
ances of the zeolite samples impregnated with high
concentrations of copper were the only exceptions in this
regard. This is mainly due to the fact that even at low
pressures, CO2 adsorption is significant because of the strong
adsorption affinity of zeolite 13X toward CO2, which will be
reduced by impregnating it with copper as explained earlier.
For processing the CO2-free gas streams in the OCM

process, applying the highest tested operating pressure resulted
in the best adsorption performance in terms of extending the
adsorption time. By tuning the relative proportion of the feed
flow and sorbent-bed volume, even longer adsorption time can
be secured as can be seen by comparing the results of Run
Z13C-5 and Run Z13C-6. The recorded breakthrough curve
for one of the longest adsorption operations is depicted in
Figure 7.
Analyzing the recorded variation trends of the mole fractions

along the time, shown in these experimentally observed
breakthrough patterns, enables making a conclusion regarding
the qualitative impact of sorbent modification. However, due
to the mechanism and precision of the IR measurements,
which is partially affected, for instance, by the interactive effect

of simultaneous measuring the methane and ethane or
ethylene, calculating the exact values of ethylene recovered
and ethylene lost is not quite straightforward. The impacts of
these interactions have been taken into consideration by
continual calibration of the IR and thereby calculating the
quantitative values of the adsorption performance indicators.
The IR measured data directly recorded by the PCS-7 Siemens
control system used for drawing the breakthrough curves are
provided in Table 1. The above-mentioned aspects can be
tracked by following these recorded data along the time.
Zeolite 4A was another reference sorbent previously

investigated15 and newly tested in this research under similar
ranges of temperatures, pressures, and feed specifications to
those applied for zeolite 13X. The longest adsorption times
recorded for zeolite 4A in processing the CO2-rich and CO2-
free feeds have been previously observed to be shorter than 5
min.15 The typical recorded breakthrough curve for zeolite 4A
tested in current research is represented in Figure 8. As shown
in this figure, the adsorption capacity and selectivity are
relatively low.
Having compared the recorded breakthrough curves, all

forms of zeolite 13X (fresh, calcined, impregnated with low or
high concentrations of copper) showed superior adsorption
performance, in terms of capacity, selectivity, and duration of

Table 3. List and Results of the Experimental Runs Testing the Performance of the Fresh, Calcined, and Copper-Impregnated
Zeolites 13X

run no. adsorbent T (°C) P (bar) flow rate (L·min−1) feed type adsorption duration (min)

Run Z13-1 zeolite 13X 30/24.5 4 3.77 A 34
Run Z13-2 zeolite 13X 30/24.5 4 3.77 A 40
Run Z13-3 zeolite 13X 30/25.2 4 3.77 A 49
Run Z13-4 zeolite 13X 30/24.4 2 3.77 A 28
Run Z13-5 zeolite 13X 30/25 5 3 B 35
Run Z13-6 zeolite 13X 30/24.5 3 3 B 35
Run Z13-7 zeolite 13X 30/22.9 1 3 B 35
Run Z13-8 zeolite 13X 30/24.2 5 4 B 30
Run Z13-9 zeolite 13X 140/29 3 3 B 15
Run Z13-10 zeolite 13X 30/24 5 3 C 40
Run Z13-11 zeolite 13X 30/22.7 5 3 E 60
Run Z13-12 zeolite 13X 22/22.5 5 3 C 41
Run Z13-13 zeolite 13X 30/23.1 3 3 C 36
Run Z13-14 zeolite 13X 30/23.4 1 3 C 36
Run Z13-15 zeolite 13X 30/24.3 3 3 D 32
Run Z13-16 zeolite 13X 30/25 3 3 E 58
Run Z13-17 zeolite 13X 30/25 1 3 E 42
Run Z13-18 zeolite 13X 30/24.5 3 3 G 30
Run Z13-19 zeolite 13X 30/27 3 3 F 52
Run Z13-20 zeolite 13X 30/26 5 3 D 35
Run Z13-21 zeolite 13X 30/27 5 3 G 34
Run Z13C-1 zeolite 13X−Cu 0.1% 30/24.8 5 3 B 65
Run Z13C-2 zeolite 13X−Cu 0.1% 30/24.5 5 3 B 68
Run Z13C-3 zeolite 13X−Cu 0.1% 30/25 3 3 B 57
Run Z13C-4 zeolite 13X−Cu 0.1% 30/24.8 1 3 B 54
Run Z13C-5 zeolite 13X−Cu 0.1% 30/25 5 3 H 105
Run Z13C-6 zeolite 13X−Cu 0.1% 30/25.4 5 4.5 H 70
Run Z13C-7 zeolite 13X−Cu 0.1% 30/25.8 5 4.5 B 45
Run Z13Cal-1 zeolite 13X-calcined 30/27.4 5 3 B 62
Run Z13Cal-2 zeolite 13X-calcined 30/25.8 5 3 B 63
Run Z13Cal-3 zeolite 13X-calcined 30/25.2 5 6 B 30
Run Z13Cu-1 zeolite 13X−Cu 5% 30/24.5 5 3 B 57
Run Z13Cu-2 zeolite 13X−Cu 5% 30/24.5 3 3 B 62
Run Z13Cu-3 zeolite 13X−Cu 5% 34/26 1 3 B 37
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the adsorption step, than zeolite 4A and activated carbon. The
relatively small pore diameter (<4 Å) of zeolite 4A prevents the
relatively large molecules of C2H6, C2H4, and CO2 with
effective diameters of respectively 4.4, 4.2, and 3.6 Å to
penetrate into its pores. On the other hand, these molecules
can easily pass through the 10 Å pores in zeolite 13X.

Therefore, zeolite 4A shows low adsorption capacity and

selectivity toward ethylene, and based on its experimentally

observed adsorption duration, it can be clearly concluded that

its adsorption capacity is lower than the capacity of zeolite

13X.

Figure 6. Recorded breakthrough behaviors for the tested sorbents at 30 °C, 5 bar pressure, and a feed flow rate of 3 L·min−1 (feed composition B:
3.3% C2H6, 8% C2H4, 70.7% CH4, 18% CO2): (a) high-concentration Cu-impregnated sample (Run Z13Cu-1) and (b) calcined zeolite 13X (Run
Z13Cal-2).

Figure 7. Recorded breakthrough behaviors for 0.1% Cu-impregnated zeolite 13X (Run Z13C-5) at 30 °C, 5 bar pressure, and a feed flow rate of 3
L·min−1 (feed composition: 4% C2H6, 11% C2H4, 85% CH4).
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The observed ethylene selective adsorption performance of
the Cu-modified zeolite 13X demonstrated the potential of an
adsorption unit for efficient recovery of the ethylene content of
the OCM reactor outlet, even before separating its CO2
content. This can at least partially reduce the load of cryogenic
ethylene separation and purification section in the reference
OCM process.

5. CONCLUSIONS
Sorbents with different characteristics were tested for
separation of ethylene from different gas streams, each
representing different potential feed streams in the OCM
process. Especially zeolite 13X and its alternative physically
and chemically modified forms, namely, the calcined and
copper-exchanged forms of zeolite 13X, were tested for
ethylene removal from the CO2-rich and CO2-free gas streams
in the OCM process downstream. Simple physical treatment in
the form of calcination of zeolite 13X improved its adsorption
capacity to up to 100%. Modifications of zeolite 13X with
copper ions increased its adsorption selectivity by reducing its
adsorption affinity toward CO2 as indicated by its 25% shorter
CO2 breakthrough time. Recording an earlier CO2 break-
through time for copper-exchanged zeolite 13X was a general
observation for the whole range of operating pressures. Using
Cu-exchanged zeolite 13X (impregnated with high concen-
trations of copper) in processing the CO2-rich feed streams
(e.g., with the CO2 content 2.25 times of its C2H4 content)
primarily enhances the adsorption selectivity rather than its
capacity such that it has resulted in an ethylene adsorption
capacity of 0.46 molC2H4

·kgs
−1 with an adsorption selectivity of

0.45 molC2H4
·molCO2

. For instance, even in such a low-pressure
range ≤ 5 bar, the promising adsorption capacity of 1.4
molC2H4

·kgs
−1 and adsorption selectivity of 3.8 molC2H4

·molC2H6

were observed for the investigated CO2-free feed compositions
representing the OCM reactor outlet gas stream after the CO2
removal section. Therefore, in processing the CO2-free feed
streams, physically treated (calcined) zeolite 13X could
provide enough adsorption capacity, while Cu-modified zeolite
13X was preferred to be applied for treating the CO2-rich
streams.
The results of this study indicated that not only in

comparison to zeolite 4A and activated carbon zeolite 13X
shows superior ethylene adsorption potential, but its absolute

value of ethylene adsorption capacity even under low-pressure
operation is outstanding. Besides the main performance
indicators, such as the stability and capacity of the sorbent,
its lower affinity toward carbon dioxide was found to be a
crucial factor in improving the energy efficiency of adsorption
separation of ethylene in an OCM process, especially in the
desorption step when CO2 is used as the sweep gas. These
highlight the potentials of zeolite 13X to be utilized for
efficient ethylene adsorption separation downstream of the
industrial-scale OCM process.
This experimental study can be completed by including a

systematic desorption effluent analysis and precisely calculating
the separation performance. Nevertheless, it was demonstrated
that, preferably, a sorbent with a lower affinity toward CO2
should be used for adsorption separation of ethylene. It was
also demonstrated that the developed adsorption system in this
study has an advantage over the cryogenic distillation
technique in directly processing the gas streams containing
CO2. When the processed feed gas contains significant
portions of light components such as nitrogen or unreacted
methane, the advantage of using an adsorption separation
would be further highlighted.

■ APPENDIX

Table A1, Excel files containing the raw data recorded by the
IR (each second) used for drawing the breakthrough curves.
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