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Ethylene is a vital intermediate in the petrochemical industry, and its purification from a Cy ternary mixture of
up to 99.9% is essential to obtain a polymer-grade gas in an energy-demanding process. Adsorption-based
separation offers an alternative approach for ethylene purification in a one-step process. Here, we report the
fabrication of a monolithic composite from a zeolite-like metal-organic framework with a sodalite topology (sod-
ZMOF) incorporated into a divinylbenzene polymer (ZMOF@DVB), to purify ethylene from binary and ternary
mixtures of Cy hydrocarbons. The monolithic structure provides the composite with mechanical stability and
high permeability, while only 2.31 wt% loading of sod-ZMOF nanoparticles has increased the BET surface area
by 2.5 times, focused the pore size at 10.1 A, and allowed for specific interactions. Gas chromatography was used
to investigate the separation performance of the composite, reviling a quite satisfying selectivity of ethane/
ethylene (1.89) and acetylene/ethylene (1.28), with comparable values to those of benchmark adsorbents used
for similar applications and calculated via the ideal adsorbed solution theory (IAST). It is proposed that the
anionic framework boosted the high polarizable ethane molecules’ adsorption over ethylene; on the other hand,
the Lewis basic nature of the extra-framework imidazolium cations neutralizes the anionic ZMOF structure drives
acetylene’s preferential adsorption over ethylene. As a proof of concept, imidazolium cations were exchanged in-
situ by Na™ cations, and selectivities decreased to 1.37 for ethane/ethylene and 1.15 for acetylene/ethylene. An
inverse gas chromatography approach was utilized to evaluate the thermodynamic parameters and showed an
enthalpic-entropic motivated separation before cation exchange. However, after removing bulky imidazolium
cations, separation became more entropic-driven.

1. Introduction cracked olefins using organic solvents. Afterward, ethane can be sepa-

rated from ethylene by employing conventional cryogenic distillation

Ethylene is a fundamental intermediate in the petrochemical in-
dustry, with a 214 million tons production capacity in 2021 [1], ac-
counting for 0.3% of global energy consumption with propane
production [2]. Ethylene is usually obtained by steam cracking and
thermal decomposition of either naphtha or ethane. This process pro-
duces acetylene and ethane as downstream byproducts. Consequently, it
is essential to remove acetylene and ethane from the ternary mixture in
order to obtain polymer-grade ethylene with a purity of more than
99.9% [3]. Currently, ethylene purification is executed in an
energy-demanding, eco-unfriendly stepwise process. Acetylene is first
eliminated through catalytic hydrogenation or solvent extraction of
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[4]. Therefore, many research endeavors have strived for sustainable,
less energy-consuming alternative approaches.

Adsorption-based industrial separation is a promising technology for
demarcating the high energy consumption associated with chemical
separation processes [5-8]. In this context, metal-organic frameworks
(MOFs) provide an excellent adsorbent for light hydrocarbon separa-
tions due to their tunable pore size and tailor-made functionality [9-12].
Binary mixture separations of either ethane/ethylene or acetylene/-
ethylene were addressed in several researches using MOFs [13-17]. In
contrast, the more desirable purification of ethylene from a ternary
mixture via MOFs is still scarce [18-22]. Although it is ultimately
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efficient to purify ethylene from a ternary mixture in a one-step process,
it is a challenging mission for a single adsorbent. The separation diffi-
culty of the ternary mixture originates from the similarity in C, gases’
kinetic and physicochemical properties (Table S1); ethylene properties
lie between ethane and acetylene, hindering the existence of a high
selectivity adsorbent.

The most common adsorption preference in MOFs is in favor of
acetylene, the molecule with more & electrons and the highest quadru-
pole moment among the ternary mixture, followed by ethylene and then
ethane. Therefore, enhancing acetylene adsorption is usually motivated
by integrating highly polar moieties, such as open metal sites, or by fine-
tuning pore openings [23-27]. Simultaneously, boosting acetylene
adsorption will enhance ethylene adsorption over ethane. On the other
hand, motivating ethane adsorption over ethylene could be achieved by
utilizing nonpolar pores nature or ethane-selective sites relying on eth-
ane’s high polarizability [28-32]. Favoring ethane adsorption strategies
also strengthens ethylene adsorption over acetylene.

Several studies discovered MOFs with an unintentionally higher af-
finity toward ethane and acetylene than ethylene without purposeful
design and relatively low selectivity [33-39]. However, the persistent
need has led Gu et al. to develop a strategy to fabricate MOFs specific for
adsorption-based one-step ethylene purification from a ternary mixture
[40]. They immobilized a Lewis basic amino group (—NHy) as an acet-
ylene affinity site into an inert pore structure ethane selective Zr-based
MOF (UiO-67). The proposed strategy simultaneously boosted the se-
lectivities of acetylene/ethylene (2.1) and ethane/ethylene (1.7) at
ambient conditions, as evaluated by the ideal adsorbed solution theory
(IAST). The same successful method was adopted in recent work by
replacing the amino with the trifluoromethyl functionalization of
UiO-66 [41]. As aresult, the selectivity values of acetylene/ethylene and
ethane/ethylene on UiO-66-CF3 were estimated to be 1.4 and 1.9,
respectively, allowing for one-step ethylene purification from a ternary
mixture.

Recently, we have explored the light hydrocarbons separation per-
formance of an indium-based zeolite-like metal-organic framework with
a sodalite topology (sod-ZMOF) incorporated into divinylbenzene
(DVB) monolithic composite (ZMOF@DVB). The McReynolds polarity
study revealed that the nonpolar nature of the material increased with
the percentage of sod-ZMOF in the composite [42]. Accordingly, the
nonpolar nature of the material disclosed an expected ethane-affinity
nature. On the other hand, the extra-framework imidazolium cations
neutralize the anionic sod-ZMOF structure and have a strong Lewis basic
character that can enhance acetylene selectivity [43-45]. Lee et al.
demonstrated a higher affinity of imidazolium-based MOF (JCM-1) to-
ward acetylene over ethylene and carbon dioxide [46]. Based on the
strategy mentioned above to prepare an adsorbent to purify ethylene
from a ternary mixture in a one-step process, ZMOF@DVB monolithic
composite was a promising candidate with its nonpolar structure and
immobilized imidazolium cations.

This work exhibits the utilization of ZMOF@DVB composite mono-
lith to separate the ethane/ethylene binary mixture and Cy ternary
mixture with preferential adsorption of ethane and acetylene over
ethylene. The composite material under study was in the form of 18 cm
long x 0.25 mm internal diameter monolithic chromatographic column,
and the separation efficiency was examined using a conventional gas
chromatograph. The monolithic structure provides the composite with
higher mechanical stability, efficient mass transfer, and high perme-
ability [47], in addition to consuming minimal MOF material (10 mg
mL™Y). As a proof of concept, the in-situ cationic exchange of imidazo-
lium ions with Na™ ions was tested to evaluate the effect of removing the
Lewis base from the framework. Gas chromatography (GC) was intro-
duced as a fast, practical alternative to simulation techniques to detect a
particular guest-host preferential adsorption with comparable selec-
tivity to that of IAST. Furthermore, thermodynamic parameters were
calculated for the composite through inverse gas chromatography
technique (IGC) before and after cation exchange to understand the
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adsorption mechanism better.
2. Experimental section
2.1. Chemicals and materials

Indium (III) nitrate hydrate, 4,5-imidazoledicarboxylaic acid (4,5-
ImDC), PVP30, dimethylformamide (DMF), imidazole, and divinylben-
zene (DVB) monomers were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Fused silica capillaries (250 pm i.d.) were purchased from
CM Scientific Ltd (Bradford, UK). Azobisisobutyronitrile (AIBN) and 3-
(trimethoxysilyl) propyl methacrylate (TMSM) were purchased from
Fluka (Buchs, Switzerland). High-purity grade (99.9999%) gases
(methane, ethane, ethylene, acetylene, helium, hydrogen, nitrogen, and
air) were purchased from SIGAS (Riyadh, Saudi Arabia). Acetonitrile,
dimethylformamide (DMF), 1-dodecanol, and methanol were obtained
from Merck (Darmstadt, Germany). None of the compounds were
further purified before usage.

2.2. Instrumentation

PXRD patterns were conducted on a D8 Advance X-ray diffractom-
eter (Bruker, Germany) with Cu K-alpha radiation (A = 1.5406 fo\). ATA
Instruments hi-res TGA Q500 thermogravimetric analyzer was
employed for thermogravimetric analysis (TGA) under a constant Ny
flow and a heating rate of 278 K per minute. A Zeiss DSM 950 scanning
electron microscope and an FEI QUANTA 200 3D scanning electron
microscope with a tungsten filament as the electron source operating at
10 kV were used to collect the SEM pictures.

A Shimadzu 2025 Series conventional gas chromatograph was used
for all chromatographic investigations. A split/splitless injection unit
(SPL), an oven with a temperature range of +283-673 K and a heating
rate of 287.5 K s’l, and a flame ionization detector (FID) with a fuel
mixture of 1:10 (hydrogen: air) are all included in the system. Samples
were injected manually after the bulk temperature of the injector and
detector was set to 523 K. The carrier gas was dry, high-purity (99.9999)
helium.

2.3. Sod-ZMOF nanoparticles preparation

A 20 ml sonication vial was filled with 15 mg of In(NO3)3, 2H>0
dissolved in 1 ml of DMF, 15 mg of 4,5-ImDC dissolved in acetonitrile,
0.2 ml of 1.47 M imidazole DMF solution, and 0.5 ml of 0.01 M PVP30 in
DMF. During 24 h, the mixture was heated at 358 K while stirring. The
item was thoroughly washed with DMF three times before being solvent
exchanged with methanol every 12 h for two days.

2.4. Monolithic composite preparation

The monolithic material preparation method was tuned to provide a
high permeability with relatively large pores [48]. In order to immo-
bilize the monolithic bed inside the capillary columns, pretreatment of
the inner wall was performed before polymerization. A two meter empty
tubing (250 pm i.d) was flushed with 1.0 mol L~! NaOH solution,
distilled water, 0.2 mol L™ HC, distilled water again, and then with
acetone for 30 min each, followed by drying under a nitrogen stream for
2 h. The capillary tubing was then filled with 40 wt% acetone solution of
3-(trimethoxysilyl) propyl methacrylate (TMSM) and left to stand for 2
h, rinsed with acetone, and dried for 2 h using Nj. A syringe pump was
utilized in all flushing steps under a flow rate of 20 pL min~L.

A polymerization mixture was then prepared in a 2 ml vial with 42.3
wt% of divinylbenzene, and 57.7 wt% of 1-dodecanol and toluene bi-
nary porogen, 52.3 wt% and 5.4 wt%, respectively, in addition to 1 wt%
Azobisisobutyronitrile (AIBN) initiator, then sonicated for 10 min and
purged with helium for 10 min. Only 18 cm out of 30 cm of the capil-
lary’s middle part was filled with polymerization mixture by hanging the
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Fig. 1. Characterization of sod-ZMOF nanoparticles, neat-DVB, and 10-ZMOF@DVB. (A) PXRD pattern of sod-ZMOF nanoparticles compared with its simulation
pattern. (B, C, and D) SEM images of sod-ZMOF nanoparticles, neat-DVB monolith, and 10-ZMOF@DVB monolithic composite, respectively. (E) TGA curve of the 10-
ZMOF@DVB. (F) Pore size distributions calculated via DFT method for neat-DVB and 10-ZMOF@DVB monoliths.

column in a U-shape to avoid continuously exposing the polymerized
monolith to the gas chromatograph’s inlet and outlet high temperature
(523 K). After adding the polymerization mixture to the pretreated
capillary tubing and capping it with GC septa, thermal polymerization
was conducted inside the GC oven at 346 K for 30 min for the columns
and the remaining solution in the vials for characterization.

In addition to the blank polymer column batch (neat-DVB), another
batch incorporated with 10 mg mL ! sod-ZMOF (10-ZMOF@DVB) was
also prepared. A post-polymerization washing step was conducted
overnight under a constant flow of methanol using an HPLC pump,
flushing out the unreacted molecules and residual solvents. Next, all the
prepared columns were preconditioned, firstly under a constant tem-
perature of 313 K and a pressure up to 10 bar with an increasing rate of
0.1 bar min~?, secondly under a constant pressure of 5 bar and a tem-
perature program starting with 313 K (10 min) up to 523 K (30 min)
with a ramp rate of 276 K min L. Finally, bulk monolithic samples were
thoroughly washed with methanol for 12 h using Soxhlet extraction and
then dried at 333 K for 2 h before being used for characterization.

All the working columns, whether neat-DVB or 10-ZMOF@DVB,
underwent an in-situ cationic exchange procedure using Na* solution
to evaluate the cation exchange effect on separation efficiency without
affecting the material’s morphological characters. A 1 mmol L~! NaCl in
95% aqueous methanol solution was used to wash the columns under a
constant flow of 0.03 mL min ! for 24 h, followed by 3 h of washing with
pure methanol under the same flow rate.

2.5. Chromatographic conditions and calculations

Gas-tight syringes were used in all chromatographic experiments,
and the flow rates (F,) were determined via a soap bubble method using
a 100 pL pipette. Methane gas was considered an unretained probe to
determine the dead time (ty) under experimental conditions. Perme-
ability (K°) of the monolithic composites was estimated by the modified
Darcy’s law [49]:
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Where u is the carrier gas velocity and 1) is its viscosity, L is the column

length, AP is the column inlet minus outlet pressure, and j' is the Halasz
compressibility correlation factor:

o 3P -1)P+1)
=———~+ = where P Is P; P, 2
j 4(P3 — 1) , where P equals 2

The average channels diameter (R) of the monolithic material was
determined using Hagen-Poiseuille equation [50]:
. APR’

T 8L

3)

The separation performance of ethane, ethylene, and acetylene using
the prepared monolithic columns was evaluated by calculating separa-
tion selectivity and resolution, where selectivity (a) is the stationary
phase chromatographic differentiation ability between two probes:

=1 )
ki — o

Where tg is the retention time, and tg is the dead time.
And resolution (Rg) describes the degree of separation between
successive peaks:

try —
Rg=1.18 —2 R (5)
W(0.5)1 T W0.s)2

Where wyg 5) is the peak width at half height.
2.6. Physicochemical calculations

A specific retention volume (V) is considered equivalent to the in-
flection point in breakthrough studies [51,52], and it was the basic value
to calculate all of the thermodynamic parameters at infinite dilution and
the range 313-333 K under 5 bar using equation (6):

273.15 (tg — tn)F. j
Vg:S/Z {M 6)
wT

Where T and w are the working temperature and the weight of the
stationary phase, respectively, while j is the James-Martin gas
compressibility factor which is calculated as follows:

2
i 3 (P3 -1) o

2(P° 1)
as P is the ratio between the column and outlet pressure [53].

The enthalpy change of adsorption (AH,) can be estimated by plot-
ting the logarithm of the specific retention volume versus the inverse of
absolute temperature. The adsorption enthalpy change represents the
adsorbate-adsorbent interaction strength at zero surface coverage:

dInV,
d(1/T)

AH,= —R (€))

The standard free energy change of adsorption (AGp) is determined
using equation (9) [54]:

Vv, P°
AGAszTln( £ ) 9
Sﬂ:o

Where S is the specific surface area of the adsorbent, the reference two-
dimensional surface pressure is represented by ny, and P° is the vapor
pressure of the adsorbate, which can be estimated using Antoine’s
equation:
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Fig. 2. Gas chromatograms of ethane/ethylene binary mixture separations at
323 K, using (A) neat-DVB column, (B) 10-ZMOF@DVB column, and (C) 10-
ZMOF@DVB-Na column (18 cm long x 0.25 mm inner diameter). The injec-
tion volume was 4 pL, and the data was recorded at 5 bar constant heli-
um pressure.

B
L P)=A—-|—— 10
og (%) (t n C) (10)
Where A, B, and C are the Antoine coefficients [55], and t is the working
temperature in Celsius.
The standard entropy change of adsorption (ASp) is calculated at
zero surface coverage using equation (11):
AHp — AGy

ASA:f 11
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Fig. 3. Ethane/acetylene/ethylene ternary mixture. (A) Gas chromatogram at 323 K, using 10-ZMOF@DVB column (18 cm long x 0.25 mm inner diameter), in-
jection volume 4 pL and the data was recorded at 5 bar constant helium pressure. (B) Chromatographic selectivity comparison of 10-ZMOF@DVB with reported
adsorbents based on IAST selectivity at ambient conditions.



K. Yusuf et al.

3. Discussion
3.1. Characterization of sod-ZMOF and ZMOF@DVB composite

The phase purity of sod-ZMOF was verified with PXRD, and a very
good concordance between the calculated and as-synthesized sod-ZMOF
patterns was confirmed (Fig. 1A). In addition, a nano-size of 200 nm was
estimated for sod-ZMOF particles via SEM, showing no aggregates
(Fig. 1B). The neat-DVB monolith’s SEM results revealed well-developed
macropores with an average diameter of 5-10 pm surrounding medium
size microglobules with a diameter range of 1-2 pm (Fig. 1C). In
contrast, adding 2.31 wt% sod-ZMOF nanoparticles to the monolithic
structure had a deforming effect and formed smaller clusters (Fig. 1D).

Nitrogen adsorption-desorption experiments were performed to
characterize the neat-DVB monolith and the 10-ZMOF@DVB monolithic
composite (Fig. S1). The BET surface area increased 2.5 times from
99.24 m? ¢! in the neat-DVB to 243.76 m? g~! in 10-ZMOF@DVB
monolithic composite by incorporating only 10 mg mL ™! sod-ZMOF of
the total polymerization mixture. In addition, the fabricated composite
showed excellent thermal stability up to 250 °C (Fig. 1E). The average
nano-pores sizes of the neat-DVB monolith calculated by the nonlocal
density functional theory (DFT) were distributed between 12.1 and 23.8
A (Fig. 1F). In contrast, for 10-ZMOF@DVB, pore size was concentrated
at 10.1 A, demonstrating the effect of ZMOF incorporation in decreasing
the average nano-pore size, bringing a closer adsorbate-adsorbent
contact.

3.2. Separation of C3 hydrocarbon mixture

Preferential ethane adsorption over ethylene using 10-ZMOF@DVB
monolithic composite immobilized inside a capillary column (18 cm
long x 0.25 mm i.d.) was confirmed by a gas chromatographic separa-
tion. However, no separation was detected using the neat-DVB monolith
for the 50/50 ethane/ethylene binary mixture with a retention time
similar to the dead time of methane, indicating no retention for either
gas (Fig. 2A). While the incorporation of 2.31 wt% sod-ZMOF nano-
particles into the DVB monolithic matrix dramatically boosts the
adsorption behavior of the material with a selectivity equal to 1.89 to-
ward ethane over ethylene and a resolution of 1.14 at 323 K, claiming a
complete separation (Fig. 2B and Table S2). We believe that the primary
motivation for the preferential adsorption of ethane is its higher polar-
izability than ethylene, boosting the favorable interactions with the
anionic framework and its hosted imidazolium cations [56]. On the
other hand, Lewis basic imidazolium cations also promote the adsorp-
tion of the more acidic ethylene molecules [40].

To verify this hypothesis, the 10-ZMOF@DVB composite monolith
was utilized to separate a ternary mixture of ethane, ethylene, and
acetylene with the ratio 1:1:1 (Fig. 3A). The location of the acetylene
peak after ethylene (acetylene/ethylene selectivity = 1.28) but before
ethane (ethane/acetylene selectivity = 1.44) proved the effect of imi-
dazolium basicity on the highest acidity acetylene molecules (pKa = 26).
Obviously, the polarizability effect still drives ethane adsorption to
outweigh acidity-driven acetylene adsorption.

Further proof of concept was demonstrated through a cation ex-
change of the Lewis base imidazolium ions with Na™ ions in-situ to form
a 10-ZMOF@DVB-Na, as described in the experimental section, to
examine the effect of removing imidazolium cations on ethane/ethylene
separation while keeping the same monolithic structure. Furthermore, a
similar Na™ cation exchange procedure was performed on the neat-DVB
column to detect the effect of the exchange process on the DVB structure
and composition. Carrier gas permeability across the monolithic skel-
eton of the neat-DVB monolith and the average channel diameter did not
change before and after the cation exchange procedure, 104 x 10713 m?
and 7.99 pm, respectively, indicating no effect of Na™ cation exchange
on either monolithic structure or DVB composition. Successful cation
exchange was indicated by a permeability elevation of the 10-
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Fig. 4. A typical GC chromatogram of ethane adsorption/desorption on 10-
ZMOF@DVB over a range of sample sizes at 323 K. Data recorded at 5 bar.

ZMOF@DVB-Na monolith to 8.52 x 107'* m? from 6.87 x 1073 m?
in ZMOF@DVB monolith, and the average channel diameter increased
from 2.05 pm to 2.28 pm, as a result of replacing the bulky imidazolium
cations with Na™ cations. A lower selectivity (1.37) and lower resolution
(0.54) in terms of chromatographic separation of ethane/ethylene bi-
nary mixture were detected when using 10-ZMOF@DVB-Na monolith at
323 K, revealing the case of decreasing separation efficiency after
excluding the Lewis basic imidazolium cations out of ZMOF structure
(Fig. 2C and Table S2). In the case of ternary mixture separation on the
10-ZMOF@DVB-Na monolith, acetylene separated from ethylene and
still adsorbed favorably but with a lower acetylene/ethylene selectivity
(1.15) may be due to the incomplete removal of imidazolium during the
in-situ cation exchange.

The genuine work of Pires et al. on ethane/ethylene separation using
IRMOF-8 reasonably compared chromatographic selectivity with IAST
selectivity [57]. Accordingly, the comparison of this work’s selectivities
with the benchmark adsorbents that are able to purify ethylene in a
one-step process showed that 10-ZMOF@DVB has a remarkable per-
formance at ambient temperature conditions and even at higher pres-
sure (Fig. 3B) [40,41,58-62]. It can be concluded that the effect of
imidazolium polarizability on ethane molecules with higher polariz-
ability, in addition to the anionic framework effect, had a decisive in-
fluence in favoring ethane adsorption on ZMOF@DVB composite
monolith. In contrast, the Lewis basic nature of imidazolium drives
acetylene’s preferential adsorption over ethylene.

3.3. Thermodynamic calculation

In order to gain a deeper understanding of the preferential adsorp-
tion of acetylene and ethane over ethylene on 10-ZMOF@DVB, ther-
modynamic parameters were estimated via inverse gas chromatography
(IGC) study and compared to those of 10-ZMOF@DVB-Na in the range
313-333 K and under a constant pressure of 5 bar. The retention vol-
umes of the probe molecules at infinite dilution (Henry’s region) are
used to calculate thermodynamic quantities. At Henry’s region, the
surface coverage unaffected the uptake, and the molecules interact
solely with high-energy sites. The zero coverage region of ethane on 10-
ZMOF@DVB was studied and confirmed (Fig. 4). Each peak in Fig. 4
represents a different ratio of surface coverage, and the peak area or
height is directly proportional to the number of molecules received by
the detector. As injection volume increases, there is a deviation from
Henry’s law and less symmetry of the chromatogram. However, for in-
jection volumes between 0.3 and 10 pL, there is no significant shift in
retention times with an RSD% of 5%, with perfect symmetry over the
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Fig. 5. Van't Hoff plots of ethylene, acetylene, and ethane, respectively, according to their elution order, on 10-ZMOF@DVB and 10-ZMOF@DVB-Na columns in the

range 313-333 K. Data recorded at 5 bar.

range. Accordingly, 4 pL was chosen as the experimental injection vol-
ume throughout the present work to ensure working at Henry’s region.

A linear relationship of Van’t Hoff plots suggested that the interac-
tion mechanism had not changed throughout the experimental tem-
perature range (Fig. 5). The spontaneous transfer of test probes between
the stationary phase and carrier gas was demonstrated by the negative
values of the Gibbs free energy of adsorption (AGp) (Table S5).

Adsorption enthalpies (AHp) were calculated using the slope of plots of
InVy versus 1/T (Fig. S2). This linear dependency suggests that AHy is
constant over the investigated temperature range. Adsorbate-adsorbent
interactions overwhelmed adsorbate—adsorbate interactions, indicated
by a higher enthalpy of adsorption values than the enthalpy of lique-
faction (AHjjq) for the studied materials (Table 1) [63]. The closeness
between AHp and AHj;q values revealed domination of the van der Waals
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Table 1

Entropy change of adsorption (AS,) at 323 K, the enthalpy change of adsorption
(AH,) at the range 313-333 K, and enthalpy of liquefaction (AHy;g), of ethylene,
acetylene, and ethane, respectively, according to their elution order, on 10-
ZMOF@DVB (ZMOF) and 10-ZMOF@DVB-Na (ZNOF-Na) columns. Data recor-
ded at 5 bar.

Probes -ASp (Jmol ' K™Y -AH, (kJ mol ™) -AHjiq (kJ mol ™)
ZMOF  ZMOF-Na  ZMOF  ZMOF-Na
ethylene 25.59 13.67 29.51 25.82 14.0
acetylene  28.49 22.16 30.36 28.31 16.3
ethane 29.46 32.58 31.27 31.61 15.3
M ethylene M acetylene ethane
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Fig. 6. Enthalpy of adsorption comparison of 10-ZMOF@DVB with reported
adsorbents able to separate ethane/acetylene/ethylene ternary mixture.

forces-driven interactions, demonstrating energetically homogeneous
interaction surfaces. It is worth noting that the calculated absolute
values of AHp of Cp adsorption on 10-ZMOF@DVB and
10-ZMOF@DVB-Na were comparable to the isosteric heat of adsorption
(differential enthalpy of adsorption) (Qs) estimated using the virial
equation or the Clausius-Clapeyron equation at zero coverage from
benchmark work on adsorption based one-step purification of ethylene
from C, ternary mixture (Fig. 6 and Table S6).

As expected, the enthalpy of ethane adsorption on 10-ZMOF@DVB
was the highest (31.27 kJ mol™1), followed by that of acetylene
(30.36 kJ rnol’l), and finally, the ethylene value (29.51 kJ mol’l), in
agreement with chromatogram’s elution order (Fig. 3A). Similarly, the
entropy of adsorption values (ASa) confirmed the stabilization of ethane
molecules throughout the material down to ethylene with the highest
degree of freedom and the lowest adsorption and demonstrated
enthalpic-entropic motivated adsorption (table 1, S7). After exchanging
the imidazolium cations with Na® cations, AH, of ethane slightly
increased, while ASy values increased significantly, indicating changing
the adsorption mechanism to become more entropic driven. This could
be due to the increasing ability of ethane molecules approaching the
anionic framework and to make use of its higher hydrogen content and
free rotation around the single bond to build more C-H ... © and
C-HeeeN interactions, and hence more stabilization. On the contrary,
AHp and ASp values of acetylene and ethylene adsorption on 10-
ZMOF@DVB-Na were markedly decreased without changing the fact
that ethylene has the lowest adsorbability as a result of an incomplete in-
situ exchange of the Lewis basic imidazolium residues.
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4. Conclusions

In conclusion, the chromatographic selectivity and the thermody-
namic study confirmed the applicability of ZMOF@DVB monolithic
composite for the one-step ethylene purification from a C, binary and
ternary mixture using only 2.31 wt% as-synthesized sod-ZMOF. The
anionic nonpolar nature of ZMOF brought a high affinity toward ethane
molecules with the highest polarizability among the ternary mixture. At
the same time, the extra-framework imidazolium Lewis bases boosted
the adsorption capacity of acidic acetylene molecules. Furthermore, we
anticipate that ZMOF@DVB monolithic composite can be used to purify
ethylene from a quaternary mixture as ZMOF has a high affinity toward
CO», as confirmed in our previous study because it has similar charac-
teristics of ethane in terms of high polarizability [64].

Future work could focus on optimizing the composite’s performance
by tuning the framework’s anionic nature and exploring different ZMOF
topologies. Additionally, utilizing various heterocyclic compounds with
higher Lewis basicity to exchange imidazolium cations could enhance
ethylene purification further. Finally, the proposed MOF@Polymer
composite presents a promising solution for ethylene purification taking
advantage of monolithic structure scalability, cost-effectiveness, high
mechanical stability, and permeability, in addition to MOFs tunability,
high surface area, and tailor-made functionality. Exploring the com-
posite’s stability under different operating conditions and scaling up the
synthesis process could be potential areas of future research.
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