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ARTICLE INFO ABSTRACT

Keywords: There is a growing industrial interest in the recovery of ethylene from the gaseous products obtained in oxidative
Porous carbon coupling of methane (OCM). The key challenge of employing OCM is the separation of ethylene from the product
Adsorption

mixture that usually consists of ethylene, ethane, methane, carbon dioxide, carbon monoxide and hydrogen. In
this work, we have synthesized Cu(I) doped mesoporous carbons as ethylene selective adsorbents to separate
ethylene from the product mixture of OCM. The pristine mesoporous carbon was synthesized from resorcinol as
carbon precursor and F127 as surfactant template. Cu(I) doping on mesoporous carbon was performed by CuCl as
the precursor of Cu(I) with total Cu content of 0.3-3.3at.% in the resultant carbon. The structural identity of
carbons was confirmed by pore textural properties, scanning electron microscopy (SEM), Energy dispersive X-ray
(EDX), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). It was revealed that the selectivity
towards ethylene is a function of Cu content of the mesoporous carbon indicating a possible z-complexation
between ethylene and Cu(I). Pure component adsorption isotherms confirmed that ethylene adsorption is the
highest followed by carbon dioxide, ethane, methane, carbon monoxide and hydrogen. IAST-based selectivity
values for CoHy4/CoHg, CoHy4/CHy, CoH4/CO4, CoHy/CO and CoHy4/Ho were calculated as 8-4, 80-48, 22-4, 251-36,
7644-18120767, respectively. The isosteric heat of adsorption of ethylene was in the range of 54-26 kJ/mol and
it was higher than that of the other gases. The adsorbent also demonstrated good cyclability of ethylene
adsorption. Finally, the simulated dynamic breakthrough results for fixed bed adsorption column demonstrated a
large interval between the breakthrough times of ethylene and other gases, confirming its separation. The overall
results confirm that Cu(I)-doped mesoporous carbons have a high potential for ethylene separation from OCM
gas mixtures.

Oxidative coupling of methane (OCM)
Ethylene recovery

1. Introduction

The separation of alkenes from alkanes and other gas mixtures is one
of the key separation needs of the modern world [1]. Ethylene is one
such high-demand alkene due to its role in the synthesis of polyethylene,
which is the one of the most widely used plastics of modern world. For
polymerization, the purity of ethylene must be greater than 99.95%.
Besides, polymerization, ethylene is also used in oxy-fuel in metal cut-
ting and welding, fruit ripening, refrigerating, anesthesia, car glass
manufacturing, rubber extraction and many other specialty chemical
synthesis [2]. Ethylene is one of the most highly produced industrial
feedstocks around the world, the total amount exceeding 150 million
tones every year [3]. Now-a-days, ethylene is mostly produced by cat-
alytic cracking of naphtha and ethane [4]. As those sources are highly
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dependent on fossil fuel, the production of ethylene is generally not
considered as sustainable.

Production of ethylene by the oxidative coupling of methane (OCM)
may be regarded as a more sustainable approach to generate ethylene in
industrial scale [5-7]. This is because methane is considered as the
cleanest fossil fuel and as a bridge between the traditional fossil fuel and
complete sustainability. Methane causes 23-85% of low emission of
carbon [8]. Current availability of natural gas (methane) in many sectors
and new technological development in the extraction of methane from
shell gas, like hydraulic fracturing will increase in the usages of methane
by 50% in 20 years [9,10]. A typical OCM reaction by which ethylene
could be obtained from methane can be formulated as the following
reaction scheme [5], [11-14].
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This exothermic reaction is carried over a heterogeneous catalyst
which activates CH, to generate methyl free radical that couples in the
gas phase to generate ethane (CoHg), which subsequently undergoes
dehydrogenation to produce ethylene (CyH4) and hydrogen (Hj).
However, at the same time, the non-selective methyl radical also reacts
with oxygen to produce carbon dioxide (CO2) and carbon monoxide
(CO) which are considered as the byproducts of the reaction. Needless to
say that unreacted methane and ethane also remain in the product
mixture making the overall yield of CoHy in the final product is very low.
In a typical product mixture of OCM, the compositions of CoHy, CoHg,
CH4, Hy, CO3 and CO are 6%, 4%, 72%, 11%, 5% and 2%, respectively
[4]. The reactions by which the byproducts are synthesized are given
below [5].

1 0 kJ
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Along with a few other drawbacks of OCM, like low methane to
ethylene conversion, that hinders its successful industrial implementa-
tion, the separation or enrichment of CoHy from the product stream is
probably the most difficult obstacle of this process. The physical prop-
erties of the individual gases, including kinetic diameter, boiling point,
dipole moment, quadruple moment and polarizability are listed in detail
in the literature [4]. Owing to the very close physical properties of many
of the product gas mixtures with each other, conventional separation
processes, like distillation, absorption or scrubbing are not useful for this
process. Owing to the high volume of methane in the product stream
(around 72%), methane needs to recycle in the process to maximize the
cost and carbon efficiency of the process [4]. Among all the hurdles of
the separation of OCM gas mixtures, the challenging one is the separa-
tion of ethylene from ethane. Owing to a the small difference in the
boiling point of ethylene and ethane in the cryogenic range, cryogenic
distillation is the state-of-the-art technology to separate them, which are
extremely extensive, hazardous and hence not sustainable. The presence
of other gaseous components such as CO, makes the separation of OCM
product gases even more challenging. Therefore, the purification of the
product mixtures of the OCM process may be associated abnormally
high energy input and capital investment that makes this process prac-
tically infeasible [4].

Compared to traditional separation processes, adsorption can be
highly benign, sustainable and cost-effective process if a suitable
adsorbent can be designed. Despite the similarities between the physical
properties of the OCM product mixtures, the unique property of ethylene
that can enable separation is the presence of an unsaturated double, or =
bond. A few typical unsaturated metallic sites can attract the = bond of
ethylene by so-called = complexation to selectively adsorb an unsatu-
rated alkene like ethylene [15-18] in the product mixture. In the liter-
ature, it was demonstrated that a Metal-Organic Framework (MOF),
Mns(m-dobdc) (where m-dobdc*: 4,6-dioxido-1,3-benzenedicarboxy-
late) was successful to separate the product mixtures of OCM reaction
[4]. In past, we have demonstrated that Ag(I)-doped porous carbon can
successfully separate light alkenes (ethylene and propylene) from its
corresponding alkane (ethane and propane) [19]. In this report, we have
synthesized Cu(I)-doped mesoporous carbon as an ethylene selective
adsorbent and successfully implemented to separate ethylene from the
product mixture of the OCM reaction.
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2. Experimental
2.1. Synthesis of Cu(I)-doped mesoporous carbons

The first step in the fabrication Cu(I)-doped mesoporous carbon is
the synthesis of the pristine mesoporous carbon, similarly to our previ-
ous publications [20-22]. Typically, 5.0 g resorcinol (Sigma-Aldrich) as
carbon precursor and 4.0 g Pluronic F127 (BASF) were dissolved in 25
mL mixture of 1:1 (v/v) DI water and Ethanol. After that, 0.45 mL 36%
HCI was added and the mixture was stirred overnight. Then, 5 mL 37%
formaldehyde was added in the mixture as the cross-linking agent and
stirred for 24 h. After that, the white polymer was separated from the
system and sprayed in a Petri dish for a 24 h curing. The polymer film
was transferred into a porcelain boat and inserted in a Lindberg-Blue
tube furnace for heating. The polymer was heated up to 400 °C with a
2 °C/min rate and then up to 1000 °C at the rate of 10 °C/min. After
cooling to room temperature and the product was taken out of the
furnace. All the heating and cooling operations were performed under
N, gas flow.

The produced pristine mesoporous carbon (2 g) was mixed with 8 g
of sodium thiosulfate (Na3S203) in a commercial coffee grinder and the
mixture was put in a porcelain boat. The porcelain boat was inserted in
the same tube furnace and it was heated upto 800 °C at the ramp of rate
of 10 °C/min and cooled down to room temperature under N, gas flow.
After that it is taken out from the furnace and resultant product was
washed several times with DI water until a completely clear wash so-
lution was obtained with pH close to neutral. The carbon was filtered out
and dried in oven at 80 °C. This sulfurized carbon was mixed different
amounts of anhydrous CuCl (Sigma-Aldrich, freshly opened from am-
pule) and ground in a mortar and pestle for 45 min. After that, the
mixture was inserted in the porcelain boat and heated in the tube
furnace at 500 °C at a rate of 5 °C/min under N5 gas flow and then cooled
to room temperature. The resultant carbon was washed with DI water,
filtered and dried in the same fashion. In these three batches of Cu(l)
doping, 1.16 g, 1.10 g, and 1.2 g of sulfurized mesoporous carbons were
mixed with 0.057 g, 0.107 g, 0.151 g CuCl and they are named as MC-
Cu-1, MC-Cu-2 and MC-Cu-3, respectively. The schematic of synthesis
of Cu(I) doped mesoporous carbon is shown in Fig. 1.

2.2. Materials characterizations

X-ray diffraction experiments were obtained in a Bruker D8 model
A25 with a CuKa x-ray source. Scans were done at a step size of 0.05°
and dwell time of 1s per step. Scanning electron microscopy (SEM)
imaging and energy dispersive x-ray (EDX) were performed in a FEI
Quanta 600 FEG Mark II Environmental Scanning Electron Microscope
(ESEM). X-ray photoelectron spectroscopy (XPS) data were obtained in a
Thermo-Fisher K- alpha instrument using an AlKa x-ray source (1486.7
eV) and with an overall resolution of 0.7 eV. Charge compensation was
performed by using a combination of low energy electrons and ions. The
pore textural properties including the BET surface area and the total
pore volume were obtained by analyzing N, adsorption isotherms ob-
tained 77 K. The pore size distribution was obtained by non-local density
function (NLDFT) theory that was applied in N adsorption isotherm at
77 K and COs adsorption at 273 K. The narrower pore widths (less than
10 A) were obtained from CO; adsorption isotherm whereas the larger
pore widths (greater than 10 A) were obtained from N, adsorption iso-
therms [23,24]. The isotherms were measured in a Quantachrome’s
Autosorb iQ-Any Gas instrument.

2.3. Adsorption experiments

All the gas adsorption isotherms were obtained in the same Autosorb
iQ-Any Gas instrument at 298 K and pressure upto 760 torr. All the gases
were of ultra-high purity (UHP) grade or higher. The temperature was
maintained by an external chiller (Julabo). The kinetic data of the gases
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Fig. 1. Schematic of synthesis of Cu(I)-doped mesoporous carbon.

were obtained in the same instrument under vector dose mode. The
continuous cycles of adsorption and desorption were measured under
hysteresis mode.

3. Results and discussion
3.1. Materials characterizations

3.1.1. Electron microscopy

Scanning electron microscopic (SEM) images of MC-Cu-1, MC-Cu —2
and MC-Cu —3 are shown in Fig. 2(a—c). It is observed that the carbons
have no specific shape or size. In general, particles in MC-Cu-1 and -3
have a similar size range of 2-12 ym. The particle size of MC-Cu-2 is
much smaller, in the range of 0.25-1.3 ym. The energy dispersive X-ray
(EDX) mapping for carbon (C-K), oxygen (O-K), sulfur (S-K), copper
(Cu-K) and chlorine (Cl-K) of Cu-MC-2 are shown in Fig. 3(a—f). The
corresponding information for MC-Cu-1 and MC-Cu-3 is shown in the
supporting information (Figs. S1 and S2). From the mapping, it is clear
that these atoms are distributed in the carbon matrix quite uniformly.
EDX spectra, indicate that the total Cu contents of MC-Cu-1, MC-Cu-2
and MC-Cu-3 are 0.6 at.%, 3.3 at.% and 0.3 at.%, respectively. The total
Cu content of MC-Cu-1 and MC-Cu-2 increased monotonically with
increasing CuCl load (or the ratio of CuCl/sulfurized carbon) as
mentioned in the experimental section, but it decreased rapidly with
further increase in MC-Cu-3. Although such phenomenon may be
regarded as counter-intuitive, further investigation of the overall sulfur
content within the three adsorbents provide some answer. The sulfur
content of MC-Cu-1 and MC-Cu-2 is quite high (4.8 and 4.3 at.%
respectively), but quite low in MC-Cu-3 (0.4 at.%). As all the initial
sulfurized carbons had the same sulfur content, it can be concluded that
an excess amount of CuCl in the reaction phase does not increase the Cu
loading of the resultant carbon. Instead, CuCl reacts with sulfur func-
tionalities and gets removed from the system under the form of soluble
salts, probably during washing. Pore textural properties studies, as will
be seen, points to another major role for the excess CuCl precursor.

3.1.2. X-ray photoelectron spectroscopy (XPS)
In order to provide further light on the type of functionalities present

in our adsorbent carbon material, X-ray photoelectron spectroscopy
(XPS) was performed. The XPS results revealed that MC-Cu-2 has total
carbon and copper contents of around 73.49 at.%. and 3.27 at.%,
respectively. MC-Cu-2 also possesses O, S and Cl with percentages of
19.68, 3.28 and 0.29 at.%, respectively. The deconvolution results of Cu-
2p and S-2p peaks are shown in Fig. 4. Similar deconvolution results for
C-1s, O-1s and Cl-2p peaks are provided Fig. S3 of the supporting in-
formation. From the deconvolution of the S-2p peak, it was revealed that
Cu-S bond is 0.23 at.%, whereas other sulfur functionalities are 3.05 at.
%. It is obvious that, during thermal reaction, CuCl reacted with some
sulfur functionalities present on the carbon surface and partly converted
to Cu-S functionalities. The remaining S-functionalities were attributed
to the pristine sulfur functionalities present at the carbon surface. From
the Cu-2p peak deconvolution, it was also revealed that 2.51 at.% cop-
per was present as Cu(Il), whereas 0.76 at.% copper remained as Cu(I) or
Cu(0). It is quite imperative to think that a large fraction of Cu(I) was
oxidized to Cu(Il) in the course of thermal reaction, whereas a smaller
part remained as Cu(I). Since the diffraction peak of Cu(0) was not
noticed in the XRD pattern (Fig. 5), possibly only Cu(I) was present in
the amount of 0.76 at.%. Moreover, by the deconvolution of Cl-2p peak,
it was revealed that 0.29 at.% Cu—Cl bond was present in the system that
originated from the main the precursor of CuCl.

3.1.3. X-ray diffractions (XRD)

The X-ray diffraction (XRD) patterns of all the Cu(I)-doped carbons
are shown in Fig. 5. In all the patterns, the broad peaks at around 20 ~
24° and 44° belonged to the residual (002) and (101) reflections of
graphitic structures and can be observed in almost all porous carbons
[25]. From XRD, different peaks of CuCl have been observed, at around
25°, 43" and 57°. In the course of reaction, most likely, some of the Cu(I)
is converted to Cu(Il), probably in the form of CuCl;, CuO, CusS,
CuSO4-5H20 and Cu(OH)CI [26-29]. Those Cu(Il) species have been
identified as 2, 3, 5, 6 and 7, respectively and marked in the XRD plot.
Besides CuCl, the possible Cu(l) species that have been identified as
CuyO. It is also important to note that these peaks are weaker in MC-Cu-3
compared to two other carbons due to the smaller amount of copper
present in them.
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Fig. 2. Scanning electron microscopic image (SEM) of MC-Cu-1 (a), MC-Cu-2
(b) and MC-Cu-3 (c).

3.1.4. Pore textural properties

The BET surface area and total pore volume of all the carbons were
obtained by analyzing No adsorption isotherms at 77 K. The Ny
adsorption isotherms are shown in Fig. 6(a). All the isotherms are of
type- IV according to IUPAC nomenclatures and the hysteresis loop
signifies the presence of mesoporosity. The pore textural properties of
the adsorbents are tabulated in detail in Table 1. The BET specific sur-
face area (SSA) of MC-Cu-1, MC-Cu-2 and MC-Cu-3 are 320, 343 and
438 m?/g, respectively. It is evident that BET SSA and pore volume

Microporous and Mesoporous Materials 328 (2021) 111488

increased with the increase in the dosing of CuCl in the reaction phase.
The pore size distribution of all the three adsorbents is shown in Fig. 6(b)
with the magnified view of narrow micropore distribution in the inset
figure (Fig. S4, supporting information). The pore size distribution re-
sults were obtained from Ny adsorption at 77 K and CO, adsorption at
273 K. As observed in the figure, all the carbons have a mesopore width
in the range of 35-38 A and a super micropore in the range of 15 A. In
the ultramicropore width region, the carbons have the pores in the
widths in the range of 4.3 A and 5.2 A. MC-Cu-2 has an additional pore
width of 6.2 A. The narrowest pore present in 3.49 A is probably not a
true pore but a graphite layer spacing.

As mentioned in section 3.1.1, MC-Cu-3, which was synthesized with
the highest loading of CuCl, manifests the lowest amount of total Cu,
unlike the two other adsorbents. Such an anomaly can be explained with
the hypothesis that additional CuCl in the reaction phase causes an
excess reaction with the carbon and its functionalities, thereby lowering
the Cu amount in the final product. This hypothesis can be strengthened
by the unusually high surface area and porous nature of MC-Cu-3
compared to the two other carbon adsorbents. It becomes obvious that
higher loading of CuCl acts more or less like an additional ‘activating’
agent reacting with the carbon matrix, and generating higher porosity
instead of being a ‘doping’ agent, depositing Cu on the matrix. We
therefore did not attempt to further increase the Cu loading. The rela-
tionship between the CuCl dose and the final Cu content and BET surface
area is further exemplified in Fig. 7.

3.2. Pure-component adsorption of OCM gas components

Since the separation of ethylene from ethane is the challenging part
of the separation, we made an initial attempt to measure the isotherms
of pure ethylene and ethane in all the adsorbents and the results are
shown in Fig. 8. As observed in the figure, MC-Cu-2 demonstrates the
largest difference between the ethane adsorption and ethylene adsorp-
tion. MC-Cu-1 in comparison, only shows a smaller difference and while
MC-Cu-3 indicates no difference. As observed in the same figure, the
adsorbed amounts of both ethylene and ethane are highest for MC-Cu-3,
which can be attributed to highest surface area and pore volume
compared to the other adsorbents.

All the isotherms were modeled with Langmuir-Freundlich or Sips
model, given by

bp*
=Gou——— 5
q9=q tl—i-bp" 5)

where, q is the adsorbed amount (mmol/g), p is the pressure (Pa) and,
Qsat, b and v are constants. The value of those constants are given in the
supporting information (table s1-S3).

In order to investigate the separation performance of an adsorbent
based on the pure component gas adsorption isotherm data, it is a
common practice to report the selectivity values based Ideally adsorbed
solution theory (IAST) [30]. IAST-based selectivity component “1”
(preferred component) over component “2” (non-preferred component)
It is given by

=£]1/112 (6)

ayjn
Y pi/p2

where q;, gz are the molar loadings (units: mmol g_l) in the adsorbed
phase in equilibrium with a gas mixture with partial pressures p;,p; in
the bulk gas. The IAST-based selectivity of ethylene over ethane in an
equimolar mixture for all the three adsorbents is shown in Fig. 9. As
observed in the figure, MC-Cu-2 has the highest selectivity of ethylene
over ethane, which are in the range of 8-4. MC-Cu-1 and MC-Cu-3
demonstrated very low selectivity that are only slightly higher than 1.0.

It needs to be noted that the selectivity values for ethylene are
monotonically related to the Cu content of the adsorbents and increases
from MC-Cu-3 to MC-Cu-2. The higher adsorption isotherms of an
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Fig. 3. SEM of MC-Cu-2 (a) and the corresponding K-shell EDX mapping for C (b), O (c), S(d), Cu (e) and Cl (f). Similar figures for Cu-MC-1 and Cu-MC-2 have been
provided in the supporting information.
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70

alkene, like ethylene compared to that of an alkane, like ethane, can be
explained by © complexation. = complexation is a type of selective
chemical bond sharing between the m orbitals of olefins and partially
vacant orbitals few cations, like Ag(I) or Cu(I) [31-34]. At the sufficient
proximity of the olefin and Cu(l) ion, the partial overlap between n
orbital of olefin and s- or d-orbital of Cu(I) will take place. The full =
orbital of olefin overlaps with the empty s orbital of the Cu(I) and
electron donation takes place from olefin towards Cu(l) ion. At the same
time, the full d, orbital of the Cu(I) overlaps with n* antibonding orbital
of olefin resulting in a backdonation of electrons from filled d-orbital
towards n* antibonding orbital. Such a complexation partially loosens
the C-C bond of olefins but the overall molecular entity of olefins re-
mains completely intact [35]. Lowering of pressure or gentle heating of
the system breaks down the complexation. The schematic of =n
complexation is shown in Fig. 10.

As MC-Cu-2 demonstrated the best separation efficiency of MC-Cu-2,
we have selected it for the adsorption of all the gaseous components of
OCM product mixture. The pure-component adsorption isotherms of
CoHy, CoHg, CHy, CO2, CO and Hy on MC-Cu-2 are shown in Fig. 11. As
observed in this figure, MC-Cu-2 is an ethylene selective adsorbent with
ethylene adsorbed amount is higher than that of any gas measured. CO,
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Table 1

Pore Textural Properties of the adsorbents.
Adsorbents  BET SSA Micropore Mesopore Total Pore

(m%/g) volume (cm®/g) volume (cm®/g)  volume (cm®/
)

MC-Cu-1 320 0.112 0.106 0.218
MC-Cu-2 343 0.137 0.110 0.247
MC-Cu-3 438 0.120 0.218 0.338

adsorbed amount is slightly higher than that of CyHg followed by CHy,
CO and H,. Like all other adsorbents, Hy gas is always minimally
adsorbed at the ambient temperature. All the adsorption isotherms were
modeled by Sips isotherm according to equation (5). The values of
model constants are given in the supporting information (Table S2). As
there was no Cu(I) doped carbonaceous adsorbents were reported in
literature, we have compared the adsorption capacity of CoHg with Cu(I)
functionalized MOFs [36], Cu!@UiO-66-COOH and Cu'!@UiO-66-(-
COOH),. It was reported that the CoH4 uptake was in the range of
1.4-1.8 mmol/g at 298 K and 1 bar that are lower than that of MC-Cu-2,
as observed in Fig. 11. Both of those MOFs also selective to CoHy
compared to that of CoHg. Another series of Cu bearing and ultra-
microporous MOFs [37] demonstrated elevated CoH,4 adsorbed amount
of around 2.5 mmol/g, although those materials demonstrated lower
selectivity of ethylene in presence of ethane and those are further
elaborated in the following sections. A copper bearing MOF, Cu-MOF-74
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and H, at 298 K on MC-Cu-2.

demonstrated a high CoH4 uptake of ~4 mmol/g, but its selectivity
compared to CyHg was not reported [38]. Nonetheless, the only
ethylene-selective MOFs* that are reported to successfully separate OCM
mixture, My(m-dobdc) (M = Fe?" and Mn?") have very high uptake
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Fig. 12. Kinetics of C;H4, CoHg, CHy, CO, and CO adsorption at 298 K on MC-
Cu-2.
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capacity of ~7 mmol/g that is most likely caused by both high surface
area and stronger interactions with the open metal sites.

The kinetics of adsorption of the CoHy4, CoHg, CH4, CO5, and CO on
MC-Cu-2 are shown in Fig. 12. It is observed that ethane and ethylene
have similar kinetics and achieved the saturation level of adsorption at
around 150 s. The kinetics of CO, was slightly faster whereas kinetics of
CH4 was slightly slower. The kinetics of CO was noisy owing to its low
adsorption amount and fast kinetics. We did not report kinetics of H; as
it has a very low adsorbed amount and kinetics was extremely noisy. The
kinetic data can be modeled with the first-term approximation as
[39-41].

q 6 —n?D.t
(1) =er (5 @
where, g; is the adsorbed amount at time t, D, is intra-crystalline
diffusivity and r. is the intracrystalline radius. For materials like

porous carbon, the intracrystalline radius cannot be defined and there-
fore it is a common practice to report the diffusive time constant as % .

The diffusive time constant can be calculated linear regression of t
versus In <1 7(%:) within the ;TZ value of 75%-99%. The diffusive time

constants for CoHy, CoHg, CHy, CO5 and CO are 0.142 s’l, 0.143 s’l,
0.129 571, 0.181 s ! and 0.132 s~ %, respectively.

Owing to the difficulty in performing binary gas adsorption, it is a
common trend to perform the pure-component gas adsorption and
report the IAST-based selectivity. IAST-based selectivity of ethylene
with respect to other gases of OCM mixture, i.e., CoH4/CyHg, C2H4/COo,
CoHy4/CHy, and CoHy/CO at the equimolar mixtures are shown in Fig. 13,
while the selectivity for CoHy/Hy are shown in the inset of the same
figure. It is observed that selectivity of C;H4 with respect to CO3 is very
similar to that of CoHg, except selectivity of COs is slightly higher at the
lower pressure. Selectivity of CoHy with respect to CHy is the highest
among all the hydrocarbons followed by CO. Quite obviously, its
selectivity to CoHy with respect to Hj is the highest ranging from 8400 to
18120767. The Cu bearing MOF, Cu'@Ui0-66-COOH was reported to
have the similar selectivity of CoH4 with respect to CoHg (~10), how-
ever, Cul@UiO—66—(COOH)2 had a selectivity that is one of magnitude
higher [36]. The other Cu-bearing MOF [37], Cu(Qc)2 and Cu(ina)y
demonstrated much lower CyH4/CyHg selectivity of more than 3.5.
Although Fe?" and Mn?" based MOF, My(m-dobdc) demonstrated
higher CyH4/CyHg selectivity of 10-20 in the course of separating OCM
mixture [4], Ni2t, Co?", Mg?" and Zn%" -based My(m-dobdc) demon-
strated quite inferior selectivity in a different study [42]. The selectivity

1000
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- C,H,/CH, //“""M«“r‘
2 C,H,/CO,

~ C,H,/CO

Pressure (Torr)

IAST Selectivity

0 100 200 300 400 500 600 700 800

Pressure (Torr)

Fig. 13. IAST-based selectivity of CoH4/CoHg, CoHa/CHy, CoHs/CO2 and CoHy/
CO on MC-Cu-2. The inset shows the IAST-based selectivity for CoH4/H,.
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of CoH4/CHg4, CoH4/CO4 and CoH4/CO for Cu-MC-2 is lower compared to
that of Fe?* and Mn®" based MOF, Ma(m-dobdc) [4].

The efficiency of an adsorbent is dependent on its constant working
capacity in the repeating cycles of adsorption and desorption. The
working capacity may be defined as the difference between the adsorbed
amount at the pressure of 1 bar during adsorption cycle and 0.1 bar
during consequent desorption cycle [38,43]. In order to study the
working capacity of CoH4 on Cu-MC-2, we have performed 8 continuing
cycles of adsorption and desorption of CoHy4 at the temperature of 298 K.
The results are shown in Fig. 14. It was observed that Cu-MC-2 main-
tained a fairly constant working capacity throughout all the cycles with
a standard deviation not more than 2.7%.

Isosteric heat of adsorption (AH) can be calculated by the Van’t Hoff
equation, given by

AH dln P
R ( or ) ®)

where AH is the isosteric heat of adsorption, T is the temperature, P is
pressure and q is the adsorbed amount. An integration of Van’t Hoff
equation yields to

AH

=P+ C (€)
where, C is the constant of integration. The isosteric heat of adsorption
(AH) can be calculated from the linear regression of In P versus 1/T. The
isosteric heat of adsorption values were calculated from the pure
component isotherms at 273 K, 298 K and 318 K and as a function of
adsorbed amount. The heat of adsorption for CoHy, CoHg, CHy4, CO2 and
CO are provided in Fig. 15. It is observed that CoH4 has the highest
absolute heat adsorption values of 54-26 kJ/mol within the adsorbed
amount of 0.16-1.62 mmol/g. Ethane has the lower heat of adsorption
compared to that of ethylene followed by other gases. Higher heat of
adsorption of CoH4 compared to other gases confirmed its affinity-based
adsorption possibly by n -complexation and the better selectivity of CoHy
compared to other gases. In this regard, it needs to be emphasized that
the heat of adsorption of CoHy4 is higher compared to that of both CoHy
and CyHg in other ethane selective carbonaceous adsorbents, including,
fructose derived porous carbon [44], carbonized polydopamine adsor-
bent [45] and glucosamine-derived porous carbon [46]. The reported
heat of adsorption [36] of CoH4 in Cul@UiO-66-COOH was lower than
that of Cu-MC-2, but it is higher for cu! @Ui0-66-(COOH), at the
elevated loading, which supports its better selectivity for CoHy at the
higher pressure. It needs to be noted that the heat of adsorption in these

1
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Fig. 14. Cyclability CoH4 adsorption on MC-Cu-2. The working capacity was
calculated between 1 bar (adsorption pressure) and 0.1 bar (desorption pres-
sure) at 298 K.
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Fig. 15. Isosteric heat of adsorption of CoHy4, CoHg, CH4, CO, and CO on MC-
Cu-2.

MOFs demonstrated an unusual linear profile that may signify an
energetically heterogeneous surface. The heat of adsorption of MC-Cu-2
is also higher than another Cu bearing MOF [47], DUT-8(Cu), but it is
selective to CoHg.

In order to understand the separation performance of the respective
adsorbent in a fixed bed adsorption column, the transient breakthrough
response should be studied. Due to the difficulty in measuring the
experimental breakthrough response for a large number of gaseous
components owing to the high instrument needs, it is a common practice
to simulate the breakthrough response of the fixed bed adsorption col-
umn from the isotherm and selectivity data. In our study, we have
simulated a fixed bed adsorber containing MC-Cu-2 as the adsorbent
along with a six-component feed mixture consisting of CoHy4, C2Hg, CO,
CH4, Hy, CO; in ratio of 6, 4, 2, 72, 11 and 5%, respectively [4]. The
operating conditions were 200 kPa pressure and 298 K temperature. The
breakthrough simulations were carried out using in-house custom-built
code methodology described in the previous publications [48-51]. For
the breakthrough simulations, the following parameter values were
used: length of packed bed, L = 0.3 m; voidage of packed bed, ¢ = 0.4;
superficial gas velocity at inlet, u = 0.04 m/s.

Fig. 16 shows the simulated breakthrough plot. The x-axis of the plot
is defined as the dimensionless time, 7 =2 , which is calculated by
dividing the actual time, t, by the characteristic time, Lf The sequence of
breakthroughs is Hy, CO, CH4, CO;, CoHe and CyH4. Particularly

Ci/Co, at exit of adsorber

0 100 200 300 400 500 600 700

Dimensionless Time

Fig. 16. Simulated fixed bed column breakthrough results on MC-Cu-2.
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noteworthy is the large time interval between the breakthroughs of CoHg
and CgpHy. It is evident that MC-Cu-2 is eminently suitable for use in the
OCM process scheme that is illustrated in literature [52].

4. Conclusions

In this research, we have successfully synthesized Cu(I)doped mes-
oporous carbon from resorcinol as carbon precursor and CuCl as copper
precursor. The material characterization confirmed the presence of Cu
(I) species in the adsorbents. The BET surface area of the Cu(I) doped
mesoporous carbons were in the range of 320-438 m?/g. It is observed
that the selectivity toward ethylene increases with increasing Cu content
and this trend indicates the possible interaction of Cu(I) species with z
bond of olefin. The adsorbent with 3.3 at.% of total copper content
demonstrated the best selectivity towards ethylene and manifested itself
as the ethylene selective adsorbent in the presence of an oxidative
coupling of methane (OCM) product mixture, consisting of six gases
including ethylene, ethane, methane, carbon dioxide, carbon monoxide
and hydrogen. Calculation of IAST based selectivities also confirmed the
selectivity of this adsorbent towards ethylene compared to the five other
gases present in the system. Finally, simulations of transient break-
through response from a fixed bed adsorption column containing this
adsorbent demonstrated large time interval between ethylene and other
gases. The overall results suggest that the Cu(I) doped mesoporous
carbon can be a potential candidate to separate the product gas mixtures
in the OCM reaction.
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Supporting information

Synthesis of Cu(I) Doped Mesoporous Carbon as
Ethylene Selective Adsorbent: Role in Separation of Gas-
Mixtures in Oxidative Coupling Reaction of Methane
(OCM)

Dipendu Saha, Marisa Comroe, Rajamani Krishna,

Table S1. Sips fit parameters for C2Ha, and C2He in MC-Cu-1 at 298 K.

{sat b 1%
mol kg'! Pa™” dimensionless
CoHy 3 2.595E-03 0.55

CaHe 3 2.142E-03 0.55




Table S2. Langmuir-Freundlich fit parameters for C2Ha, C2He, CO, CH4, H2, and CO2 in MC-

Cu-2at 298 K.
Gt b y
mol kg Pa™ dimensionless
C,Hy 35 3.090E-03 0.52
CyHs 23 4.938E-04 0.7
CcoO 3.6 1.200E-06 1
CH4 1.2 1.300E-05 1
H, 0.3 1.200E-06 1
CO2 24 2.084E-05 1




Table S3. Sips fit parameters for C2Hs, and C2Hs in MC-Cu -3 at 298 K.

{sat b 1%

mol kg Pa™ dimensionless
CoHy 3.8 4.365E-03 0.5
C>He 3.8 4.208E-03 0.5

Figure S1. SEM of MC-Cu-1 (a) and the corresponding K-shell EDX mapping for C (b), O (c),
S(d), Cu (e) and CI (f)
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Figure S2. SEM of MC-Cu-3 (a) and the corresponding K-shell EDX mapping for C (b), O (c),
S(d), Cu (e) and CI (f)
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Figure S3. Core levels measured in XPS for MC-Cu-2 and peak fitting scheme: C-1s (a), O-1s
(b) and Cl-2p (c) . C 1s and O 1s, possessing too many overlapping components and a
complex structure, the fits presented are only use for total content estimation and not for
chemical characterization.
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Figure S4. COz adsorption isotherms at 273 K
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