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The poly deep eutectic solvents (PDESs), a potential substituent to ionic liquids, have
emerged as relatively new material and have been successfully applied in catalysis,
nanotechnology, and, more importantly, in gas separation. Herein, the PDESs were
incorporated for the first time in the CO2 capturing membranes to exploit their inherent
advantages in the acid gas capture. The PDESs were synthesized by mixing choline
chloride (hydrogen bond acceptor-HBA) and two hydrogen bond donors-HBDs
(polyacrylic acid and polyacrylamide) separately in different molar ratios. The
physical changes of the resulting homogeneous mixture along with the Fourier
Transform Infrared confirmed the successful synthesis of the PDESs. Afterward,
these PDESs were impregnated into microporous polyvinylidene fluoride (PVDF)
membrane support to fabricate supported liquid membranes (SLMs). The gas
performance of the prepared PDES-SLMs was tested under pure and mixed-gas
conditions for CO2, CH4, and N2. The PDES-SLMs showed a significantly high CO2/
CH4 and CO2/N2 selectivities of the order of 55.5 and 60, respectively. To evaluate
their practical implication, the SLMs were investigated systematically under different
operating conditions such as choline content, temperature, volume fraction of the CO2

in the feed, and the activation energy required for CO2 capture. The synthesized SLMs
showed exceptional results in both permeability and selectivity viewpoint. The
remarkable SLMs gas performance can be ascribed to the basicity, molar free
volume, and the H-bonding strength of the synthesized PDESs. The green
potential, low cost, and the promising gas separation performance make theses
PDESs a favorable alternative to the competing PILs in capturing the greenhouse
acid gases.
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INTRODUCTION

The carbon dioxide (CO2), primarily released to the environment
by the consumption of fossil fuels and other major industrial
processes, contributes to 60% of the greenhouse gases and, posing
the threat of global warming (Coninck et al., 2005). As a result,
there is an urgent requirement of effective CO2 capturing
technologies to control the emissions of greenhouse gases.
Primarily there are three methods of CO2 capturing, i.e., Pre-
combustion, Post-combustion, and oxy-fuel method. The
conventional technologies for CO2 suppression include
cryogenic distillation, adsorption, and absorption. In the
cryogenic distillation, CO2 is captured at low temperature, and
the process involves compression and expansion of the CO2, and
at the end, liquefied CO2 is obtained. This technology has
limitations of high energy consumption, special equipment
requirement, and small concentration of CO2, which make the
process uneconomical as it cannot be used at a large scale. The
absorption method usually employs the amine-based porous
adsorbents for CO2 capturing. This process involves both
physisorption and chemisorption of the acid gas. The main
disadvantage of the adsorption method is difficult regeneration
and scarcity of suitable adsorbents (Shen et al., 2020). In the
absorption technique, CO2 is separated based on solubility in the
solvent. CO2 is absorbed in a solvent, then separated from the
solvent at high temperature, and solvent is regenerated. The
absorption could be physical or chemical. The main issue with
absorption technology is high energy requirement and the need
for particular green solvents with high CO2 solubility values (de
Almeida Quintino, 2014; Songolzadeh et al., 2014). These
techniques are energy intensive because of the solvent
regeneration and elevated operating conditions (Tuinier et al.,
2010; Wang et al., 2011). The membrane technology provides
numerous advantages over other conventional techniques such as
eco-friendliness, low energy demand, ease of operation, and one-
step separation (Bernardo et al., 2009; Peng et al., 2014; Pan et al.,
2020). In particular, the supported liquid membranes (SLMs),
especially supported ionic liquid membranes (SILMs) have been
investigated broadly, which combine the highly processable and
flexible polymeric support impregnated with ionic liquids (ILs)
for CO2 capture (Malik et al., 2011; Uchytil et al., 2011).

The inherent advantages of ILs such as high thermal stability,
extremely low vapor pressure, and non-flammability, make them
suitable options for CO2 capture (Meine et al., 2010;
Emel’yanenko et al., 2014). Additionally, the relatively new
idea of combining polymer and IL as polymerized ionic liquid
(PIL) membranes was put forward by Bara et al. for the first time
in 2007 (Bara et al., 2007). The PIL membranes share the
advantageous properties of ILs along with high mechanical
stability of the membranes under high pressure. However, the
CO2 permeabilities of these PIL dense membranes were found to
be significantly lower because of low diffusion rate of the acid gas
through them (Bara et al., 2007; Bara et al., 2008a). The PIL based
SLMs have also been fabricated and investigated for their
potential in increasing CO2 permeability and CO2/light gas
selectivity by relying on the solubility selectivity (Bara et al.,
2008b; Bara et al., 2009b; McDanel et al., 2014). Despite these

many advantages discussed above, several drawbacks of ILs have
also been articulated, such as extremely high viscosity, toxicity,
synthesis cost, and non-biodegradability (Pham et al., 2010;
Biczak et al., 2014). Therefore, there is a need for green
substituent of ILs in the field of SLM that can selectively
separate the acid gas from the mixture of gases.

In this context, deep eutectic solvents (DESs), obtained
because of hydrogen bonding formed between the hydrogen
bond acceptor (HBA) and hydrogen bond donor (HBD), are a
promising alternative (Francisco et al., 2013; García et al., 2015).
The melting point of the DESs lies far below the melting points of
the individual precursors, which is a characteristic feature of the
eutectic solvents. The characteristic properties of the DESs can
also be tuned according to the application requirement by altering
the choice of HBA and HBD and their molar ratios (García et al.,
2015). The DESs have many advantages compared to ILs, such as
cost-effectiveness, biodegradability, ease of synthesis, and
biocompatibility (Smith et al., 2014). The very first DES
reported by Abbott et al. was formed between choline
chloride-HBA (a vitamin B component) and urea-HBD
(Abbott et al., 2003). Afterward, most of the DESs reported
were primarily obtained from the choline chloride because it is
a biodegradable and low cost, as the price of choline based DESs is
merely 4–9% of the conventional ILs (Ma et al., 2018).

In the past decade, a plethora of review articles on CO2

absorption by the DESs have been published so far, showing
high DESs affinity for CO2 (García et al., 2015; Aissaoui et al.,
2017; Sarmad et al., 2017; Zhang et al., 2018). The polymerized
deep eutectic solvents (PDESs), are a new class of DESs in which
the HBD part is polymerizable (Zhang et al., 2012; Mota-Morales
et al., 2013; Ren’ai et al., 2018). PDESs have also been investigated
like PILs, for CO2 capture in the absorption process by Isik et al.
(Isik et al., 2016a; Isik et al., 2016b), showed significantly high
CO2 uptakes. The polymerizable HBD was employed to
synthesize PDESs for CO2 absorption process, while the HBD
was polymerized using photo polymerization. The results of the
investigations revealed that the PDESs are excellent CO2 sorbents
(Isik et al., 2016a; Isik et al., 2016b). However, the risk of a
complete conversion of the HBD to polymerized HBD and the
maintenance of HBA-HBD interactions cannot be neglected.

To the best of our knowledge, PDESs have never been
investigated in membrane-based CO2 capturing. The ambition
behind this study is the findings of molecular dynamics
simulation work investigated by Shen and Hung (2017), which
revealed that the DESs family could efficiently be incorporated in
the porous support of SLMs for CO2 capture. Therefore, this study,
for the first time, used polymerized HBD to make DES with the
HBA to avoid the risk of incomplete polymerization; plus the energy
requirements reduced significantly for such chemistry. Polyacrylic
acid (PAA) and polyacrylamide (PAM)were chosen as polymerized
HBDs, and four types of PDESs were synthesized using choline
chloride as HBA. These novel PDESs were impregnated as
membrane liquids in the SLMs. The performance of the
synthesized SLMs was evaluated with the CO2 permeability and
CO2/CH4 selectivity to estimate the practical implication of these
SLMs. The effect of operating conditions on membrane separation
performance was also analyzed.
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MATERIALS AND METHODS

Choline chloride (≥99%), polyacrylic acid (Mn 1,500 g mol−1),
poly acrylamide (Mn 1,000 g mol−1) were used in the synthesis of
PDES. Polyvinylidene difluoride (PVDF) and N-Methyl-2-
Pyrrolidone (NMP) were used to prepare membrane support.
Sigma Aldrich supplied all materials. Chemicals were used as
provided by the company.

Synthesis of PDESs
PDESs were prepared using the choline chloride (ChCl) as HBA
and the polymers-HBDs (PAA and PAM) in two different molar
ratios of 15:1 and 20:1, respectively. In a typical procedure, HBD
and HBA were mixed in a suitable amount in a sample bottle
using a magnetic stirrer. The mixture was heated to 80°C with
continued stirring. A homogeneous viscous liquid (PDES) was
obtained at the end of 30 min of simultaneous heating and
stirring. The mixture was kept under the same reaction
conditions for 2 h to ensure complete conversion. By repeating
the similar procedure, four different PDESs were synthesized. The
composition and nomenclature of the PDESs are presented in
Table 1.

SLM Fabrication
PDES-SLMs were prepared by using a PVDF ultrafiltration
membrane as a support material. The phase inversion method
was used to prepare PVDF membrane support. 15 wt% solution
of PVDFwas mixed with NMP and stirred for 24 h. Subsequently,
a clear homogenous solution was formed that was then casted
using Elcometer. 250 μm thickness was maintained during the
casting process, and a cast film was formed. The phase
transformation was accomplished by dipping the cast
membrane in a nonsolvent (water) coagulation bath for
10 min to ensure the complete phase inversion. The
synthesized membrane support was placed in a desiccator for
24 h to remove any volatile or water content present. The PVDF
membrane sheet was placed in the desiccator overnight to ensure
the complete drying to facilitate the incorporation of the PDES
liquid on to the surface of the porous membrane. Subsequently,
the SLM-1 based on PDES-1 was prepared using the
impregnation method. In this typical method, 3 ml of the
PDES-1 liquid was evenly spread on the surface of the PVDF

support. Afterward, the membrane was placed in the circular
permeation cell at 2 bar nitrogen pressure for 1 h to ensure the
impregnation of the PDES-1 into the pores of the PVDF support.
As evidence of complete impregnation, a thin layer of the PDES-1
was obtained at the bottom of the PVDF support. The same
method was adopted for preparing SLM-2 SLM-3, and SLM-4
based on the corresponding PDES-2-4. The schematic image of
synthesized SLMs is presented in Figure 1.

Characterization Techniques
The interaction between HBD and HBA has been confirmed
through Fourier Transform Infrared (FTIR) spectroscopy. The
FTIR spectra of the HBD and HBA and the PDESs were obtained
in a scan range of 4000–800 cm−1 at room temperature with a
resolution of 8 cm−1. The FTIR spectra were taken using Thermo-
Nicolet (6700P) FTIR Spectrometer (USA). Viscosities of the
PDESs are very crucial in deciding their practical applications,
particularly as membrane liquid in SLMs. The viscosities of the
PDESs were determined at room temperature using Ubbelohde
viscometer. The vibrating tube densitometer Krüss DS7800
model was used to measure the density of the PDESs at
atmospheric pressure.

Membrane Performance Testing
Gas separation performance of the prepared membranes was
tested in a custom-built permeation setup by calculating pure

TABLE 1 | Composition and nomenclature of the synthesized PDESs.

Composition Molar ratio (HBD:HBA) Code Chemical structure

ChCl/PAA 15:1 PDES-1

ChCl/PAA 20:1 PDES-2

ChCl/PAM 15:1 PDES-3

ChCl/PAM 20:1 PDES-4

FIGURE 1 | Schematic representation of SLM.
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and mixed gas permeabilities and selectivities. Gas permeation
was tested at isochoric conditions (constant volume and
variable pressure). The pressure of the setup is increased
with time. A gas chromatograph equipped with two thermal
conductivity detectors, at the front and back of gas
chromatograph, was used to analyze the compositions of
retentate and permeate. The schematic gas separation setup
is shown in Figure 2. This setup is constructed of stainless steel.
The composition and flow rate of the feed gas is controlled by
Mass flow controller. The flow rate could vary from 0 to 1 L/
min. The functional area of membrane in single cell permeation
setup is 3.8 cm2. The working principle and specifications of the
setup are defined elsewhere (Khan et al., 2010). The prepared
membranes were positioned on the metallic porous support
and airtight. The gas feed was introduced at 1 L/min into the

membrane system. The prepared membranes were analyzed
within the feed temperature range of 298–338 K to investigate
the temperature effect on the gas separation performance. All
the experiments were repeated at least three times to eliminate
any ambiguity. The SILMs follow the solution diffusion
mechanism for the transport of the gasses through them,
according to this model

J � DS, (1)

where J Permeability, D Diffusion Coefficient, S Solubility
Coefficient.

The time lag method was adopted to calculate “D” and “S”
(Crank, 1975; Ash and Barrie, 1986). In this method, a high
vacuum is applied at one side of the test gas, andD is calculated by
calculating the lag time before the steady-state is achieved.

FIGURE 2 | Set-up for pure and mixed-gas evaluation of membranes.
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An auxiliary cylinder of 50 cm3 equipped with a pressure
transducer that records the rate of increase in pressure is joined
to a vacuum pump by valve V. The test gas was fed from one
side of the cylinder while keeping the other side at vacuum until
the steady-state achieved. The time lag intercept θ was
calculated from the plotted graph of increasing gas pressure
on the vacuum side. The following equation was used to
calculate “D”

D � l2

6θ
, (2)

where l is membrane thickness. After calculating the D, the S was
calculated using Eq. 1. The selectivity of the gas A over gas
component B was calculated using the following equation.

αA/B � PA

PB

. (3)

RESULTS AND DISCUSSION

Characterization of the PDESs
The FTIR spectra of the DESs and their individual precursors,
presented inFigures 3A,B, have confirmed the interaction between
individual precursors resulting in the formation of DES. The
characteristic peak analysis of the PDESs presented Figure 3
revealed that it is an approximately an overlap of its
constituting components. The characteristic peaks of all the
individual components did not disappear in the PDESs spectra
showing that the structural integrity of these components has been
maintained. The characteristic peaks of ChCl obtained at
3,200 cm−1 correspond to hydroxyl (OH bending) group. While
the peak obtained at 1,480 cm−1 corresponds to alkyl group present
in the structure of ChCl (Ullah et al., 2015). In case of pure PAA,
the broad vibrational band observed between 3,200 and 3,600 cm−1

exhibits the OH stretching in all the PAA containing samples. The
other important band that appeared at 1,682 cm−1 represents the
carbonyl group present in the PAA (Mota-Morales et al., 2013). In
case of pure PAM, the band obtained between 3,450 and
3,300 cm−1 represent the amine group (NH2 stretching). The
bands at 1,702 and 1,640 cm−1 attributed to the carbonyl group
(C�O) present. (Kumar et al., 2012). The peaks that appeared
between 1,300–1,180 cm−1 are ascribed to the–C–N–linkage and
CH2 groups (Dumitrescu et al., 2015).

The carboxylic group present in PAA was found to be in its
acid form that is reflected in the peaks obtained at 1,736 and
1,711 cm−1, in PDES-1 and PDES-2, respectively (Mota-Morales
et al., 2013). This feature revealed that the interaction between the
PAA and ChCl was through hydrogen bonding, a characteristic
property of the DESs. The band at 1,480 cm−1 in case of pure
ChCl is shifted toward shorter wave number as the percentage of
ChCl is increased. Interestingly, the NH2 bands are shifted toward
lower wave number, which confirms the formation of the
hydrogen bond between the HBA and HBD moieties (Yue
et al., 2012). Additionally, it may be observed in case of all the
PDESs spectra that the characteristic peaks undergo redshift as
the concentration of the choline content is increased in the
PDESs. This can be attributed to the strength of H-bond
formed between the polymer and the ChCl, i.e., lower the
wave number stronger the H-bond (Jiang et al., 2017).

The molar volume (V) of CO2 sorbent is a critical factor in
determining the maximum amount of the gas sorbed per unit
volume of the sorbent (Camper et al., 2006). Therefore, the molar
volume of the PDESs was measured by the experimental values of
density using the following equation.

V � MPDES

ρ
. (4)

In the above equation, MPDES and ρ are the molar mass and
density of the PDESs, respectively. Where the MPDES for the
prepared PDESs was determined by using the following equation
established for the DESs (Abbott et al., 2011; Peng et al., 2014),

MPDES � XHBAMHBA + XHBDMHBD

XHBA + XHBD

, (5)

FIGURE 3 | (A) FTIR spectra of PAA based PDESs. (B) FTIR spectra of
PAM based PDESs.
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where X and M represent the mole ratio and molar mass
(g mol−1) of the HBAs and HBDs, respectively. The physical
properties of the prepared PDESs are presented in Table 2. The
viscosity and density, being the critical parameters for SLM
fabrication, were measured three times with great care, and
the average of the values are displayed. It can be observed
from Table 2 that the prepared PDESs are moderately viscous.
However, these values are lower and comparable to most of the
ILs and DESs (García et al., 2015).

Performance of Synthesized PDES-SLMs
The gas performance of the synthesized PDES-SLMs was
analyzed by using pure gases CO2, N2, and CH4, and the
results are presented in Table 3. The solution-diffusion
mechanism is responsible for the transport of CO2 through
the SLMs. It is a three-step mechanism in which the CO2 is
first dissolved in the impregnated liquid, diffuses through it, and
then for the concentration gradient, is desorbed to the permeate
side of the SLMs. The CO2/CH4 and CO2/N2 selectivities for both
types of SLMs were found to be significantly higher between
45.37–50.71 and 56.05–60, respectively. In the case of CO2/CH4,
the SLM-2 membrane showed the highest selectivity, and for
CO2/N2, the SLM-4 was the membrane with the highest
selectivity. These significantly high selectivities can be
attributed to the high solubility of the CO2 in the DESs
(Abbott et al., 2004; García et al., 2015; Aissaoui et al., 2017).
The selectivity results can also be justified on the ground of
kinetic diameter of the analyzed gases (de Almeida Quintino,
2014). The PDES-SLMs prefer the permeation of small molecules
and renders large molecules to pass through the membrane. The
kinetic diameter of CO2 (3.30 Å) is small as compared to the N2

(3.64 Å) and CH4 (3.80 Å) that favors the improved selectivity of
CO2/CH4 and CO2/N2. Moreover, the higher values of selectivity
may also be ascribed to the lower molar volume of the prepared
PDESs. This can be satisfactorily explained by using Camper
model (Scovazzo, 2009), according to which the solubility of CO2

is higher in low molar volume liquids. The molar volume of the
prepared PDESs presented in Table 2 has lower values than most
of the commercially used ILs (Scovazzo, 2009). Interestingly, it

can be observed from Table 3 that the CO2/CH4 and CO2/N2

selectivities were found to be increased by increasing the ChCl
molar ratio. The increase in selectivity can be explained based on
molar free volume and the basicity of the DESs (Trivedi et al.,
2016; Ghaedi et al., 2017b). It is well established that the molar
free volume and basicity of the DESs increase on par with the
ChCl content in the DESs (Abbott et al., 2017). The increase in
the molar free volume and basicity of the DES give rise to the
permeability of the CO2, which resulted in high values of
selectivities.

The acid gas permeability through the prepared SLMs can be
illustrated using the hole theory explained by Abbott and
coworkers (Abbott et al., 2007). According to this theory,
free spaces between the individual ionic moieties of the
PDES permit the ions to move through it. Ion-HBD
interactions control the size of these holes (Abbott et al.,
2007). The PAA based SLMS (SLM-1 and SLM-2) showed
notable CO2 permeability of the order 19.45 and 19.9 Barrer,
respectively. The permeability of these novel PDES-SLMs is
comparable to the first-ever reported PIL membranes, which
were in the range of 9–32 Barrer (Bara et al., 2007). Although the
viscous membrane liquids are generally assumed to have lower
CO2 permeability values (Scovazzo, 2009), the prepared PDESs
have shown significant CO2 permeability values. This can be
ascribed to the high solubility of the acid gas in the membrane
liquid, as the molecular interaction is mainly assumed to govern
the permeability rather than the bulk properties (Iarikov et al.,
2011). This can also be supported by the reduced permeability
values of CH4 and N2, as witnessed in the case of permeability
results presented in Table 3. Moreover, the PAM based SLMs
coded as SLM-3 and SLM-4 exhibited higher permeabilities than
the SLM-1 and SLM-2. These SLMs showed significantly higher
CO2 permeability values than most of the functionalized
imidazolium-based PIL membranes (Bara et al., 2008a; Horne
et al., 2015). The SLM-4 showed the maximum CO2

permeability of the order of 25 Barrer. The reason for this
high permeation is the higher solubility, lower molar volumes,
and moderate viscosities than the PAA based PDESs (SLM-1,2),
as enlisted in Table 2.

TABLE 2 | Physical properties of the PDESs.

PDESs code MPDES (g mol−1) Viscosity (cP) Density (g cm−3) Molar volume (cm3 mol−1)

PDES-1 224.64 439.01 1.21 185.65
PDES-2 204.4 418.24 1.19 171.76
PDES-3 193.39 387.40 1.14 169.64
PDES-4 180.59 353.66 1.11 162.69

TABLE 3 | CO2/CH4 and CO2/N2 ideal gas permeability and selectivity.

SLMs code Permeability (Barrer) Selectivity

CO2 CH4 N2 PCO2/PCH4 PCO2/PN2

SLM-1 20.56 0.42 0.37 48.95 55.57
SLM-2 21.3 0.42 0.38 50.71 56.05
SLM-3 24.5 0.54 0.43 45.37 56.98
SLM-4 27 0.58 0.45 46.55 60.00

TABLE 4 | CO2/CH4 and CO2/N2 mixed gas permeability and selectivity.

SLMs code Permeability (Barrer) Selectivity

CO2 (Barrer) CH4 (Barrer) N2 (Barrer) PCO2/
PCH4

PCO2/
PN2

SLM-1 19.45 0.40 0.37 47.50 52.57
SLM-2 19.9 0.40 0.38 49.25 52.37
SLM-3 23.4 0.54 0.42 43.22 55.71
SLM-4 25 0.58 0.45 44.03 55.56
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The increase in ChCl concentration increases the
intermolecular interactions (H-bonding) between the ChCl and
HBD polymers, as anticipated in the FTIR spectra presented in
Figures 3A,B. Therefore, the CO2 permeability of the PDESs is
expected to decrease at higher ChCl concentrations because of
stronger intermolecular interactions between the PDES moieties,
which in turn reduced the attraction for third moiety CO2. On the
contrary, the CO2 permeability was found to be increased, instead
of decreasing, on a par with ChCl concentration in both types of
HBDs, i.e., 20.5 to 21.3 in PAA-SLMs and 24.5 to 27 Barrer for
PAM-SLMs when ChCl mole ratio was increased from 15 to 20.
This peculiar behavior of CO2 permeability of the PDES-SLMs
could be explained better through Lewis acid-base relation of the
acid gas and the PDESs. It is well established that the basicity of the
DESs increased to a significant level by increasing the ChCl
concentration in the DESs, thereby making the DESs more
attractive media for the acid gas capture (Abbott et al., 2017).

The mixed gas (50/50 wt%) permeability and the selectivity
results were also evaluated, and the results are presented in Table 4
to prove the application of the DESs on a commercial scale. The
permeability of the CO2 for polymeric membranes is generally
reduced under mixed-gas conditions because of the competitive
sorption through the membranes. This competitive phenomenon
also lowers the selectivity because of the hindrance created by the
CH4 and N2 molecules. Interestingly, the mixed gas results for
SLMs were not significantly different from the pure gas
measurements. This could be attributed to the fact that
solubility selectivity governs the membrane selectivity while the
gas diffusivity selectivity remains constant for a given gas pair,
which is the main difference between supported liquid and
polymeric membranes (Condemarin and Scovazzo, 2009).
Contrarily, with polymeric membranes, the solubility selectivity
remains the same, and diffusivity selectivity governs the overall
selectivity of the membrane (Camper et al., 2006). This can be
explained by considering the polymer matrix swelling, which alters
the diffusivity in polymeric membranes while the diffusivity
selectivity performs an insignificant role in case of SLMs.

Effect of Temperature on CO2 Permeability
The CO2 permeability through all SLMs is significantly affected by
changing the operating temperature, as reflected in Figure 4. The
CO2 permeability exhibits Arrhenius behavior with a coefficient of
determination (R2) higher than 0.99 for all of the PDES-SLMs. It is
well reported that the solubility of the CO2 in the DESs decrease
with the increment in temperature (Li et al., 2008). Moreover, the
solubility selectivity is governing the overall performance on the
SLMs. Thus, the permeability is expected to decrease with the rise
in the operating temperature. However, the CO2 permeability,
instead of decreasing, increased on par with the temperature for all
the synthesized PDESs-SLMs. On average, every SLM exhibited a
rise in the CO2 permeability of the order of 12 Barrer by increasing
the temperature in the range of 298–338 K. The maximum
increment in the CO2 permeability was witnessed in the case of
SLM-2 of the order of 13.2 Barrer. However, this increment in the
permeability can be explained by the viscosity and molar free
volume parameters. This increase in permeability can be attributed
to the lowering of the viscosities of the PDESs at elevated
temperatures (D’Agostino et al., 2011). Moreover, the increase
in temperature increases the ionic motions in the PDESs, which in
turn increases the chain mobility and the hole size of the PDESs,
thereby increasing the permeability of the acid gas through the
SLMs. It is a valid argument that themolar free volume of the DESs
also increased at the elevated temperatures resulting in the more
permeability of the penetrant gas through the SLMs (Ghaedi et al.,
2017a). The increment of CO2 permeability with temperature was
also found to be in good agreement with the ILs literature

FIGURE 4 | Arrhenius plot of temperature and CO2 permeability.

TABLE 5 | Activation energies of the PDES-SLMs.

Membrane code Activation energy—Ea (KJ/mol)

SLM-1 4.34
SLM-2 4.3
SLM-3 4.1
SLM-4 4.04

FIGURE 5 | Effect of CO2 concentration in feed on CO2/CH4 selectivity.
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(Jindaratsamee et al., 2011; Santos et al., 2014). Therefore, the
increase in temperature resulted in an increase in the CO2

permeability for all PDES-SLMs.
The acid gas permeability was correlated to the feed

temperature via activation energy (Ea) in the Arrhenius
equation as under

P � P0 exp(− Ea/RT), (6)

where P CO2 permeability, P0 pre-exponential factor, R gas
constant, T feed temperature.

The activation energies (Ea) of CO2 permeation for all the PDESs-
SLMs are listed in Table 5. The PDES-SLMs showed remarkably
lower Ea values in the range of 4.04–4.34 kJ/mol. Interestingly, the
SLMs Ea values found in this study were significantly lower than
most of the reported SILMs using the same PVDF support, which
exhibited the Ea values in a range of 16.55–19.37 kJ/mol
(Jindaratsamee et al., 2011; Santos et al., 2014). The practical
implication of this study and prolific addition to membrane
literature is evident from the lower experimental Ea values of the
SLMs. It can be observed fromTable 5 that the SLM-4 presented the
lowest Ea value of 4.04 kJ/mol, thereby making the CO2 easier to
permeate through the membrane. This can be ascribed to the molar
free volume and the lower viscosity of the polyacrylamide.

Effect of CO2 Concentration on CO2/CH4

Selectivity
The CO2 concentration in the feed has a significant effect on the
CO2/CH4 selectivity, as shown in Figure 5. In CO2/CH4 pair, the

selectivity decreased by increasing the CO2 concentration in the feed
from 10 to 70%. The higher values of selectivity at low feed
concentration is due to the relative ease of the CO2 solubility
and lesser possibility of matrix swelling by CO2 plasticization
through the PDESs. On increasing the CO2 concentration from
10 to 70%, the decrease in the selectivity was not significant that
supports the argument of the absence of facilitated transport. In
facilitated transport, the carriers become saturated at high CO2

concentration, which enormously lowers the selectivity of the given
gas pairs (Bao and Trachtenberg, 2006; Iarikov and Oyama, 2011).

Comparison With PIL Based SLMs With
Reported Literature
The gas performance of the synthesized PDES-SLMs and previously
reported PIL membrane literature is plotted on the Robeson plot
(Robeson, 2008) in Figure 6, which is considered as a benchmark in
gauging the performance of the membranes. The Robeson plot is an
illustration of ideal selectivity for a given gas pair against
permeability of the permeate gas. At the same time, the upper
bound line can be viewed as a target for themembrane developers to
design new materials (Robeson, 2008). It can be witnessed from
Figure 6 that the prepared PDES-SLMs lie very close to the upper
bound, characterized by higher selectivities and significantly high
CO2 permeabilities as compared to the neat PIL and PIL/IL
composite membranes. Most of the reported neat PIL
membranes lie on the top left side, exhibiting significant CO2/
CH4 selectivities. The very first neat PIL membranes incorporating
imidazolium cations on polystyrene and polyacrylate backbone

FIGURE 6 | CO2/CH4 separation performance comparison on upper bound [61]. The chart is plotted on a log-log scale and PIL and PIL/IL membrane data taken
from references (Bara et al., 2007; Bara et al., 2008a; Bara et al., 2008b; Bara et al., 2009a; Bara et al., 2009b; Tomé et al., 2013a; Tomé et al., 2013b; Carlisle et al.,
2013; McDanel et al., 2014; Horne et al., 2015).
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showed CO2 permeability as low as nine Barrer and moderate CO2/
CH4 selectivities from 17 to 39 (Bara et al., 2007). The second
generation of the functionalized PIL membranes improved the CO2

permeability from 8 to 14 Barrers, while reduced CO2/CH4

selectivity (29–37) (Horne et al., 2015). The cross-linked PIL
membranes showed extremely low CO2 permeabilities (3.8–4.4
Barrer) for low diffusivity and moderate CO2/CH4 selectivities
(22–28) (Bara et al., 2008a). The highly permeable PIL
membranes were also developed with a permeability of 130
Barrer, although CO2/CH4 selectivity was significantly reduced
(8.7), which rendered their practical implications where high
throughput is required (Carlisle et al., 2013). Conclusively, the
functionalization or the variation of cation of neat PIL
membranes was not sufficient to endorse the large improvement
in gas permeability along with the permselectivity.

These PIL/IL composite membranes were thought to
overcome the permeability drawbacks of neat PIL membranes.
Incorporating the free IL in PIL matrix increased permeability by
approximately 400% as compared to neat PIL membranes (Bara
et al., 2008b). However, the CO2/CH4 selectivity was reduced to
27, with the difference of minus 25% as compared to the neat PIL
membranes (Bara et al., 2008b). The functionalization of free IL
with ether, fluoroalkyl, siloxane, alkyl, and nitrile exhibited
increased CO2 permeabilities (47–53 Barrer). However, the
CO2/CH4 selectivity remained almost unaffected (Bara et al.,
2009b). The PIL/IL composite having nitrile group exhibited
the highest CO2/CH4 selectivity of 28 (Bara et al., 2009b).
Besides the functionalization, the amount of free IL was also
increased to 50, 60, and 75% to investigate the effect of the
concentration of the PIL/IL composite on the gas performance of
the membranes (McDanel et al., 2014). The highest CO2

permeability achieved was 100 Barrer, but the CO2/CH4

selectivity was only up to 20. It was concluded that the
increase of free IL above a certain level makes the PIL
membranes similar to SILMs (McDanel et al., 2014). It is
evident from Figure 6 that the PIL/IL composite membranes
also have a severe drawback of reduced selectivity, which makes
them impractical in the applications where high purity streams
are required.

The PDES-SLMs represents an improvement over the PIL and
PIL/IL composite membranes reported in the literature. The
synthesized membranes are approaching the upper bound, and
systematic research can be targeted to improve the CO2

permeability while retaining the CO2/CH4 selectivity. Besides,
the seemingly large combinations of HBAs and HBDs and the
tunable nature of the PDESs opens a wide research window in this
area. The initial proof of concept for PDES-SLMs is very
promising, and novel aspects of this work in synthesizing a
green and low-cost substituent of PIL membranes can
successfully be achieved with improved acid gas performance
as compared to the competitive PIL membrane literature.

Practical Implications of This Study
The membrane technology provides an energy efficient and robust
solution for environmental problems. This study focuses on
resolving the low permeability and selectivity plus the
environmental concerns posed by commonly used CO2

capturers. The comparison with the previously reported neat
PIL and PIL/IL membranes revealed that the novel synthesized
PDES-SLM has shown significant improvement in CO2

permeability and CO2/CH4 selectivity. Moreover, another
limitation of the membrane based separation systems is the
demand of the large surface area. This problem was successfully
resolved by the use of yet another membrane module called hollow
fiber membrane. The hollow fiber membrane provides a
significantly high surface area to volume ratio, and using PDESs
in this type of membrane is an interesting idea. This idea has been
tested using IL in the hollow fiber module and conceded prolific
separation results (Wickramanayake et al., 2013). However, the
mechanical stability of the membrane and the drawbacks of IL and
rendered the application of these membranes on a commercial
scale. The biocompatibility and low cost PDES-SLM should find
practical applications in CO2 sequestering and sweetening of
natural gas. The mechanical stability of the suggested
membrane system could also be enhanced by applying different
membrane fabrication methods and investigating the separation
performance under a wide range of pressure (Kim et al., 2011). This
study has investigated the novel PDES-SLMs and provided
promising results. The practical application of this work would
certainly be found by the encouraging idea of using the PDES based
hollow fiber membranes.

CONCLUSIONS

A novel study on synthesis, characterization, and the gas
separation performance of SLMs using PDESs obtained from
already polymerize HBDs is presented. The homogeneous clear
solution and FTIR analysis confirmed the formation of the
PDESs because of strong hydrogen bonding between the
HBAs and HBDs. The PDES prepared herein provided an
easy and energy-efficient approach of CO2 capture by
eliminating the complex synthetic steps. The CO2

permeability of the prepared PDES-SLMs was increased with
increasing ChCl content in the PDESs. The SLMs exhibited
significantly high values of CO2 permeability and CO2/CH4

selectivity in gas separation experiments. The CO2 permeability
in the PDES-SLMs increased with operating temperature for a
decrease in the viscosity of the PDESs at elevated temperatures.
The effect of increasing CO2 concentration in the feed gas
mixture proved the absence of facilitated transport in the
SLMs. The comparison of the results obtained in this work
with the competing literature indicated that PDESs are
promising alternatives to the PILs in the membrane-based
separations. The present work is one of the very first
milestones in this field of PDES based SLM for CO2 capture.
It will open a window of opportunity to design PDESs with task-
specific HBD and HBA that might reduce the permeability-
selectivity trade-off and surpass the upper-bound.
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