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Abstract

To slow down or even realize negative raising rate of the CO2 atmospheric levels, diminishing the 
CO2 emission from diverse large-scale sources has become increasingly urgent. Gas separation 
membrane technology has long been considered as one of the most promising solution for CO2

capture due largely to its high energy and cost efficiency, remarkable operational simplicity and 
reliability and overall environmental compatibility. Polymers have been the major gas separation 
membrane materials in commercial applications in the past 50 years because of the lower cost and 
superior processability. However, the performances of current polymeric membranes are still 
insufficiently to make the membrane process economically comparable to other CO2 capture 
technologies (i.e., amine-based absorption). Hence, the objective of this study is to develop a series 
of highly permeable polymeric membranes for post-combustion CO2 capture. Two approaches 
have been employed to achieve this objective.

First of all, cross-linked polyethylene glycol (PEG) membranes with interpenetrating networks 
have been developed based on click reactions. The single gas permeation results showed that the 
gas transport properties of the as-prepared membranes are strongly dependent on the cross-linker 
functionality, the ratio of interpenetrating networks and the length of linear monomers. Within 
investigated range, the less functionality of cross-linkers results in membranes with higher 
flexibility, and monomers with longer molecular chain lead to higher CO2 diffusivity, of which 
both increase the CO2 permeability. All the obtained membranes display almost constant CO2/N2

ideal selectivity. Moreover, free liquid additives, including low-molecular-weight PEG and several 
ionic liquids (ILs), have been added into the optimized cross-linked matrix at different loading 
levels to further enhance gas transport properties. It is found out that the CO2 permeability greatly 
increases with the free PEG content, due to the largely enhanced CO2 diffusivity and the CO2

solubility. Similar trend has been also obtained for CO2/N2 ideal selectivity. The optimization of 
the polymeric network and the incorporation of free PEG endow significant improvement in CO2

separation performances: CO2 permeability rising from 1.54 Barrer to 196.4 Barrer and CO2/N2

ideal selectivity rising from 29 to 54, respectively. Furthermore, the effects of adding ILs in cross-
linked PEG membranes have also been studied. The characterization results regarding to the 
material properties and CO2 separation performances show that the ILs play a different role on the 
cross-linked PEG membranes, which are greatly affected by the anion. CO2 permeability firstly 
decreases at low IL loading (< 20 wt.%) and then increases with further addition of ILs. Further 
analysis shows that unlike free PEG, the presence of ILs reduces CO2 diffusivity within the whole 
studied range. Considering CO2 solubility, adding ILs into PEG matrix firstly reduces CO2

solubility at low IL loading, further increasing ILs content may result in an unchanged or higher 
value, depending on the intrinsic CO2 affinity of ILs. Hence, the order of increment in CO2
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permeability matches to their CO2 affinity, which is [Bmim][NTf2] [Bmim][TCM] > 

[Bmim][BF4]. On the other hand, the CO2/N2 selectivity of all cross-linked PEG/IL hybrid 
membranes decreases with ILs content, regardless of the IL composition and the used cross-linking 
reactions, mainly because of the intrinsically lower CO2/N2 selectivity values of these ILs 
compared to PEG. 

Physically blending zeolitic imidazolate frameworks (ZIFs) particles into polymeric membranes
has also been taken as the second approach to improve the membrane performance. Firstly, a series 
of ZIFs cuboids with controllable thickness have been developed by synthesizing at room 
temperature in aqueous polymeric solutions, it is found out that the polymeric additives have great 
effect on the fabricated ZIF s morphologies and properties. Mixed matrix membranes (MMMs)
were fabricated by incorporating the obtained ZIF cuboids into Pebax 1657 matrix. The gas 
separation results show that the addition of ZIFs has positive effects on the overall gas separation 
performances, due largely to the extra molecular sieving and the increased free volume brought by 
the ZIFs and the altered polymeric chain packing. The one with the highest thickness (170 nm)
exhibits the highest CO2 permeability (387.2 Barrer, 4.6-fold) with a moderate CO2/N2 selectivity 
(47.1, 2.4-fold) under humidified conditions, compared to the other two analogies. Some of the 
membrane performance are close to or reach the Robeson upper bound for several gas pairs.
Secondly, in addition to the size effects, three ZIFs with different shapes (particle, needle, and leaf) 
were employed as the fillers in Pebax 2533 to study their influences on the CO2 separation 
performance. The gas permeation results show that there exists the optimized ZIFs contents for all 
Pebax 2533 + ZIFs membranes, which are 10 wt.%, 10 wt.% and 5 wt.% for particle-, needle- and 
leaf-like ZIFs, respectively. The highest CO2 permeability obtained from each series are similar,
and among them, the performance closest to upper bound in this work is Pebax 2533 + 10 wt.% 
needle-like ZIF. It is worth mentioning that the leaf-like ZIF suffers severe filler agglomeration 
and phase separation in membranes at high loading (20 wt.%), but it has comparable gas transport 
performance to the one containing 10 wt.% needle-like ZIF at lower loading (5 wt.%), which may 
reduce the cost of membrane materials. Thirdly, two almost identical leaf-like ZIFs with different 
metal ions have been incorporated into troger base (TB) -based polymers. Despite the similarity in 
crystal structure and particle morphology of the employed ZIFs, the membranes containing ZIF-
L-Co display higher gas permeabilities for all studied gases with similar gas selectivities than TB 
+ ZIF-L-Zn membranes. Combing with the material property results, it is believed that the stiffer
Co-N bonds reduce the pore size and thus restrict the transport of big molecules but benefit the 
small ones. Hence the membranes containing ZIF-L-Co have gained more in H2 permeability than 
other gases, which may make these membranes as good candidates for H2 separation application.
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A R T I C L E I N F O

Keywords:

Polymer cross-linking

Poly(ethylene glycol)

Interpenetrating networks

Aza-Michael addition

CO2 separation membrane

A B S T R A C T

For nearly two decades, membranes derived from polyethers have served as promising candidate materials for

CO2 separation. Due to the inherent tendency of high-molecular-weight poly(ethylene oxide) (PEO) to crystallize

and thus reduce its CO2 permeability, prior studies have focused on membranes produced from low-molecular-

weight poly(ethylene glycol) (PEG). In this work, a novel series of cross-linked PEG-based membranes composed

of interpenetrating polymer networks has been generated through the use of amine-terminated Jeffamine and

multiple acrylate-functionalized cross-linkers in a facile, solvent-free, two-stage reaction. Evidence of cross-

linked interpenetrating polymer networks formed by aza-Michael addition and acrylate polymerization is con-

firmed by real-time fourier-transform infrared spectroscopy. In addition, we systematically investigate the

thermal stability, mechanical properties and water sorption of these multicomponent membranes.

Corresponding CO2 and N2 transport properties, evaluated by single-gas permeation tests, are found to depend

on both the chemical nature of the cross-linkers and the ratio of the interpenetrating networks. Moreover, free

PEG dimethyl ether has been added into the optimized cross-linked matrix at different loading levels to further

enhance gas-transport properties.

1. Introduction

Escalating atmospheric CO2 levels are related closely to accelerating

global warming, rising sea levels and growing deterioration of typical

weather patterns. To address these worrisome concerns, the develop-

ment of CO2-capture technologies designed to reduce CO2 emission

from diverse power generation sources has become increasingly urgent

[1–4]. Gas-separation membranes have long been considered as a viable

solution for CO2 capture due largely to their relatively low cost, high

operational simplicity and reliability, high energy efficiency, and

overall environmental compatibility [2,5–10]. For nearly 50 years,

polymeric membranes have enjoyed the biggest share of the gas-se-

paration membrane market because of the lower cost and superior

processability of organic, compared to inorganic membranes [11].

However, the performance of polymeric membranes is generally limited

by the trade-off between gas permeability and selectivity [12], which

means that highly permeable membranes usually possess low selectivity

and vice-versa. Recently, several emerging polymeric materials and

material classes have attracted tremendous attention due to their un-

ique ability to surpass this trade-off, the so-called Robeson upper

bound, between selectivity and permeability [12]. Examples of these

exceptional materials or their membranes include polymers of intrinsic

microporosity (PIMs) [13–15], thermal rearrangement (TR) membranes

[16–18], poly(ethylene glycol) (PEG) or poly(ethylene oxide) (PEO)

membranes [19–21], and polymers endowed with specific chemical

moieties to serve as carriers for facilitated gas transport [22–24]. Of

particular interest here, polyether-based membranes generally possess a

high intrinsic affinity towards CO2 [10,25]. Since high-molecular-

weight PEO is semi-crystalline, however, CO2 permeability is compro-

mised by an increase in diffusive tortuosity and a reduction in CO2
solubility [26]. To overcome this drawback, low-molecular-weight PEG

has been cross-linked [20] and/or blended with various additives to

concurrently improve mechanical integrity and separation performance

[25,27].

Typical processes developed to generate gas-separation membranes

are often limited to solvent-based methods, such as dip-coating, spin-

https://doi.org/10.1016/j.memsci.2018.10.031
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coating and solution-casting [11]. The potential toxicity and large vo-

lumes of organic solvents employed in membrane production provide

an ongoing impetus to explore more environment-friendly preparation

approaches [28,29]. For instance, a solvent-free method, such as

thermal [21,30] or UV [19] reactive coupling of end-functionalized

PEG, has become increasingly more attractive in membrane fabrication

[20,27]. Freeman and co-workers [19,31,32] have reported that UV

photopolymerization of acrylate-endcapped PEG oligomers could be

used to generate amorphous membranes in which the CO2 permeability

substantially increased. Furthermore, they have demonstrated that the

cross-link density of such membranes can be controllably varied by

adjusting the water or PEG methyl ether acrylate (PEGMEA) level in

pre-polymer solutions [19]. Similarly, multicomponent membranes

composed of PEG diacrylate (PEGDA), PEGMEA and PEG dimethyl

ether (PEGDME) exhibit an unprecedentedly high CO2 permeability

[20]. Recently, additional strategies have been proposed to improve

gas-transport properties by incorporating nanoparticles through phy-

sical blending and/or chemical bonding [33–35]. A fundamental

shortcoming of UV cross-linking is, however, that the free radicals

generated during acrylate polymerization are sensitive to atmospheric

O2 trapped in the polymer solutions, thereby resulting in undesirable

oxygen inhibition and incomplete reaction [36]. Reduction of O2 in the

reacting solution therefore requires the use of an oxygen-free glove box

or a dry N2 atmosphere. To avoid this complication, Kwisnek et al.

[37,38] have incorporated multifunctional thiols into acrylate-functio-

nalized cross-linked PEG membranes to exploit the O2 tolerance of

thiol-based radicals. The resultant thiol-modified membranes possess a

lower cross-link density due to a different polymerization mechanism,

but enhanced gas-transport [37] and mechanical [38] properties.

In addition to free-radical polymerization, other preparation

methods have also been used to form chemically cross-linked polymeric

networks/membranes on the basis of diverse PEG-based monomers/

oligomers. For instance, Shao et al. [39] have prepared cross-linked

amorphous PEG membranes from the ring-opening reaction of epoxy by

amine-terminated Jeffamine and report a slightly enhanced CO2 per-

meability of 180 Barrer and a CO2/N2 selectivity of 58. They have also

employed the reaction between bio-inspired dopamine and epoxy-

functionalized PEG oligomer to fabricate dopamine/PEG membranes at

elevated temperatures [40]. In addition, introduction of low-molecular-

weight PEGDME could greatly improve gas-transport performance. Dai

et al. [41] have investigated cross-linked PEG-based membranes pro-

duced from the reaction between diamine or diamine-functional ionic

liquids and PEG diglycidyl ether (PEGDGE) and possessing a CO2 per-

meability of ~ 200 Barrer after free PEGDGE is incorporated into the

cross-linked network. It is noteworthy that all these reactions require a

moderately high temperature (≥ 80 °C) and a relatively long reaction

time (≥ 3 h) to complete cross-linking, and some reactions need even

more complicated preparation [39,40], which is inconvenient for

practical applications. Thus, the development of a facile, rapid and

highly effective cross-linking system that employs relatively mild re-

action conditions is desirable for the fabrication of PEG-based mem-

branes.

Due to its mild reaction conditions and the absence of unwanted by-

products, aza-Michael addition constitutes one of the most important

reactions in organic chemistry and is crucial in the materials design of

functional silicone intermediates [42], biomaterial functionalization

[43] and the surface modification of membranes or nanoparticles

[42,44]. Here, we demonstrate that this reaction can likewise be ap-

plied to the preparation of novel PEG-based membranes for gas se-

parations. Generally speaking, the aza-Michael addition refers to the

addition reaction of a primary or secondary amine to an electron-de-

ficient molecule, such as an acrylate [45–47]. Ramis and co-workers

[45,48] have proposed a dual-curing and solvent-free procedure for

thermosets on the basis of aza-Michael addition (using an acrylate-

amine) and acrylate photopolymerization under atmospheric condi-

tions. The formation of tertiary amines by aza-Michael addition

effectively prevents oxygen inhibition during free-radical acrylate

polymerization. Moreover, the properties of the final material are

tunable for diverse requirements by using different monomer species

and formulation specifications. This observation is in agreement with

the observations of Yang and co-workers [46,49]. That is, by tuning the

composition, monomers and reaction conditions, the network topology,

swellability and other properties of the aza-Michael addition product

(e.g., shape memory, environmental protection and structured surfaces)

could be readily modulated.

In this work, a series of PEG-based membranes developed ex-

clusively for CO2 separation have been generated from aza-Michael

addition and free-radical acrylate polymerization and consist of inter-

penetrating polymer networks. A cross-linked acrylate-amine network

forms quickly at ambient temperature, while residual acrylate groups

are photopolymerized under UV radiation. The cross-link density can be

controlled by the choice of cross-linker at different compositions, and

addition of a PEG-based oligomer serves to induce network swelling

and improve gas transport. The chemical structure, thermal properties

and single-gas permeation of the resultant membranes are investigated

here by various characterization techniques.

2. Experimental

2.1. Materials

Pentaerythritol triacrylate (PEG3A, 298 g/mol), pentaerythritol

tetraacrylate (PEG4A, 352 g/mol), 1-hydroxylcyclohexyl phenyl ketone

(HCPK, 204 g/mol), Jeffamine ED-600 (500 g/mol) and PEGDME

(ca. 500 g/mol) were all purchased from Sigma Aldrich.

Dipentaerythritol hexaacrylate (PEG5A, 578 g/mol) was obtained from

Abcr. All chemicals were used as-received without further purification.

The chemical structures of these monomer species are displayed in

Fig. 1.

2.2. Membrane preparation

Membranes were fabricated by a two-stage cross-linking reaction

similar to that described elsewhere [19,45]. A brief description of the

reaction scheme, illustrated in Fig. 2, is presented here. Multiple ac-

rylate-functionalized cross-linkers, free PEGDME and 0.01–0.1 wt%

HCPK were combined in a glass vial for several minutes to ensure

uniform mixing. The mass ratio of PEGDME (WPEGDME) was calculated

from

= ×W m
m

100%PEGDME
PEGDME

Cross linker (1)

A known amount of Jeffamine was added to the mixture under vigorous

stirring to promote complete reaction. The mole ratio of cross-linkers

and Jeffamine was calculated on the basis of acrylate groups to N-H

bonds. The mixture was then transferred to a vacuum oven to remove

the likelihood of bubbles. Afterwards, the solution was sandwiched

between two quartz plates separated by spacers to control the mem-

brane thickness. The solution was photopolymerized under a UV lamp

(UVLS-28, Ultra-Violet Products Ltd.) with a wavelength of 365 nm for

2 h. The resultant membranes were evaluated by various characteriza-

tion methodologies and permeation tests. In this work, all membranes

are systematically designated as "Cross-linker-Jeffamine-X-X" according

to the constituent species and the ratio of acrylate-containing cross-

linker to amine-terminated monomer. For example, the PEG3A-J-6-1

membrane consists of PEG3A and Jeffamine with 6 PEG3A acrylate

groups per Jeffamine N-H bond.

2.3. Membrane characterization

A Thermo Nicolet Nexus Fourier-transform infrared (FTIR) spec-

trometer with an attenuated total reflectance (ATR) cell equipped with
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a diamond crystal was used to collect chemical spectra from all the

membranes in this study. To monitor the real-time reaction between

cross-linker and Jeffamine, the Marco-Real protocol was employed: a

drop of mixture solution containing cross-linker and Jeffamine was

placed on the diamond crystal, heated to 30 °C and covered by a glass

Petri dish. Spectra were recorded every 1.5min over the course of 1 h

under isothermal conditions. The viscosity of liquid samples was mea-

sured by rheological tests performed on a Thermal Scientific HR-2 in-

strument. Samples were interrogated in a parallel-plate geometry with a

1mm gap size at shear rates ranging from 1 to 100 s-1 at 20 °C. The

thermal stability of the membranes was interrogated by thermogravi-

metric analysis (TGA) performed on a Thermal Scientific Q500 instru-

ment. Approximately 10–20mg samples were heated in a ceramic

crucible from ambient temperature to 700 °C at a constant heating rate

of 10 °C/min under N2 to prevent thermo-oxidative degradation of the

membranes. The bulk mechanical properties of the membranes were

investigated by performing quasistatic uniaxial tensile tests on an

Instron Universal Machine 5943. Samples measuring ~ 500 μm thick

Fig. 1. Chemical structures of the monomers and cross-linkers employed in this study: PEG3A, PEG4A, PEG5A, Jeffamine, HCPK and PEGDME.

Fig. 2. Schematic illustration of a portion of the PEG3A-Jeffamine interpenetrating network.
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were cut into strips measuring 4.0 cm x 1.0 cm with a CO2 laser on a

Universal Laser VLS3.50 system. The samples were strained at a

crosshead speed of 10mm/min. Each membrane thickness was dis-

cerned as the average of 5 measurements. Water-uptake tests were

conducted to evaluate the hydrophilicity of the membranes, as well as

their swellability. Membrane specimens were placed in a closed con-

tainer saturated with water vapor at ambient temperature. The sub-

sequent increase in weight was measured until it stabilized. The water

uptake (WH2O) of membranes was calculated by

= ×W
W W
W

100%H O
f 0

0
2

(2)

where Wf is the final (stabilized) specimen weight and W0 represents

the initial weight.

In this work, the gas permeability (P) of either CO2 or N2 through

the membranes was measured by the constant-volume variable-pressure

method according to

=P
dp
dt

dp
dt

V
A R T

l
p p( )

d

t

d

t leak

d

u d (3)

where pd and pu identify the downstream and upstream gas pressures,

respectively, and t is time. Here, Vd is the downstream volume, A cor-

responds to the effective permeation area of membrane, R is the uni-

versal gas constant, T denotes absolute temperature, and l is the

membrane thickness. The leakage rate of the gas permeation setup

dp dt( / )d t leak was measured from the increase in downstream pressure

relative to vacuum over time. Membrane thicknesses were measured by

a Digitix II thickness gauge. Average thicknesses were averaged from

more than 10 measurements for each membrane. All gas permeation

experiments were performed using an upstream pressure of 2 bar (ab-

solute) at ambient temperature. For each membrane, the reported

permeabilities were the average of measurements acquired from at least

two specimens. The ideal CO2/N2 selectivity was calculated from the

ratio of gas permeabilities viz.

=
P
Pij
i

j (4)

Furthermore, the diffusion coefficient (D) was evaluated by the time-lag

method during single-gas permeation tests from

=D l
6

2

(5)

where θ corresponds to the time from the start of the measurement to

the time when steady state is achieved in permeation tests.

Accompanying solubility (S) values were calculated from the perme-

ability and diffusivity assuming applicability of the solution-diffusion

mechanism in the Fickian regime so that

=S P
D (6)

3. Results and discussion

3.1. Cross-linking mechanism

To confirm the aza-Michael addition between acrylate and amine

groups, we have performed real-time FTIR-ATR analysis of mixtures

composed of Jeffamine and PEG3A. Since the amine content in

Jeffamine is relatively low, the peak corresponding to the -NH2 group

(at 3100–3500 cm-1) is imperceptible, in which case changes in the

acrylate group are used to follow the reaction. The intensity of the

peaks corresponding to the -C=C- stretching band (at 1637 cm-1) and

the =C-H band (at 1408 and 808 cm-1) are observed to decrease sig-

nificantly with increasing time in Fig. 3, thereby confirming that the

acrylate groups are consumed. Considering that the amine is the only

functional group that is capable of reacting with the acrylate and that

acrylate cannot self-react rapidly in the absence of catalyst in the pre-

sent system, this result confirms the reaction between Jeffamine and

PEG3A. In addition, the peak intensities related to the C=C and =C-H

bonds decrease sharply at early measurement times but become less

time-dependent as the reaction progresses, in agreement with the ty-

pical kinetics characteristic of a step-growth mechanism such as aza-

Michael polymerization [50]. The PEG3A is first expected to react ra-

pidly with Jeffamine to form star-like oligomers, which subsequently

react with each other and grow to build a cross-linked network. As

mentioned earlier, this reaction proceeds much more slowly during

real-time measurement (without constant stirring) when compared to

the reaction under film preparation conditions. In addition to these

real-time FT-IR results, the increase in viscosity of this mixture from

0.56 to 5.32 Pa·s after 1 h while stirred at ambient condition further

confirms that the amines in Jeffamine react with the acrylate groups on

the PEG3A cross-linker.

The effect of aza-Michael addition is also apparent from the spectra

of the final membranes, as evidenced in Fig. 4. A signal corresponding

to residual –C=C- bonds remains in FT-IR spectra acquired from PEG3A

or PEG3A-J membranes with sufficient irradiation (2 h instead of the

regular 90 s – 3min [31]), indicating incomplete conversion of acrylate.

The peak intensity of acrylate in these final membranes decreases upon

addition of Jeffamine. These observations could result from several

considerations. First, the cross-linkers used in this works are multi-

functional, in which case considerable steric hindrance might yield

isolated C=C groups during the cross-linking reaction. In addition,

oxygen inhibition might also contribute to the low conversion of ac-

rylate during homopolymerization [36]. Addition of Jeffamine with

longer chains is anticipated to increase the distance between cross-

linking sites and reduce steric hindrance. Moreover, the aza-Michael

addition overcomes oxygen inhibition of free-radical acrylate poly-

merization to achieve higher acrylate conversion. Lastly, as the con-

centration of Jeffamine is increased, typical peaks associated with the

ether and methyl groups (at 1102 and 2867 cm-1, respectively) corre-

sponding to Jeffamine become more conspicuous in the FTIR spectra,

suggesting an increase in the fraction of ethylene glycol units, which is

further expected to benefit CO2 transport and improve CO2 separation

performance.

3.2. Bulk properties

The thermal stability of PEG3A-J and PEG3A membranes has been

investigated by TGA (cf. Fig. 5). These results reveal that all the

membranes investigated here exhibit single-stage thermal decomposi-

tion, with the decomposition temperature varying between 300 and

400 °C, depending on the formulation details. An increase in amine

content is, however, accompanied by a progressive reduction in the

thermal stability of the PEG3A-J membranes. This behavior is attrib-

uted to the intrinsic properties of the C-C and C-N bonds, since C-N

bonds are known to be less thermally stable than C-C bonds [45]. Al-

though these results demonstrate that the thermal stability of acrylate/

amine-based membranes is compromised upon addition of amine, all

the membranes possess sufficient thermal stability for CO2 separation

membranes intended for use in post-combustion and natural-gas

sweetening, which are normally operated at temperatures below 80 °C.

It is worth mentioning here that differential scanning calorimetry was

also conducted on the resultant membranes. No distinct glass transition

temperatures (Tgs) are, however, observed over the range from

-150–150 °C, suggesting that either the expected Tg is lower than the

test temperature (the reported Tg of the cross-linked PEG membrane is

usually< 0 °C) or the heat change associated with the Tg of these

membranes is undetectable by this characterization method. For this

reason, these results are not reported in this work. Since these mem-

branes must likewise possess sufficient mechanical resilience, the me-

chanical properties of PEG3A-J and PEG3A membranes have been

evaluated by quasistatic uniaxial tensile testing (according to ASTM
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D882-1223 and displayed in Fig. 6A). All the membranes undergo

catastrophic failure over a relatively narrow strain range (< 13%) with

only PEG3A-J-1-1 displaying evidence of elastomeric behavior. From

these strain-stress curves, the PEG3A-J membranes are found to be less

brittle compared to the neat PEG3A membranes, and an increase in

Jeffamine content promotes an increase in the maximum strain and a

corresponding reduction in tensile strength. The tensile modulus, which

quantifies the stiffness of a solid material [51] and is calculated from

either the initial slope of the stress-strain curve or the stress measured

at 2% strain, is observed in Fig. 6B to decrease with increasing Jeffa-

mine fraction. Tensile strength values, identified as the maximum

stresses observed in Fig. 6A and included in Fig. 6B, indicate a slight

maximum, but does not change appreciably, with increasing Jeffamine

content. Also included in the inset of Fig. 6B are the elongation-at-break

(discerned at the tensile strength) and the relative fracture toughness

(measured from the area under each stress-strain curve and normalized

with respect to the value determined for PEG3A). We therefore con-

clude that the PEG3A-J membranes become softer (lower tensile mod-

ulus) and weaker (lower tensile strength) but more stretchable (larger

maximum strain) and tougher (larger fracture toughness) as the N-H/

acrylate ratio is systematically increased. These changes are believed to

be due to the longer chains afforded by the addition of Jeffamine.

Gas-separation performance can be significantly improved by the

presence of water vapor for hydrophilic membranes such as poly-

vinylamine [52,53], poly(acrylic acid) [54], poly(vinyl alcohol)

[55,56], and ionic liquid-containing membranes [57–59]. Several fac-

tors could be responsible for such improvement: enhanced polymer

chain mobility, highly permeable water-swollen regions or facilitated

transport arising from specific functional moieties. For comparison, we

examine the effect of water sorption on the present membrane

Fig. 3. Real-time FTIR spectra of a PEG3A/Jeffamine reaction mixture with 1:1 w/w ratio collected over three different regions (in cm-1): (A) 750–850, (B)

1350–1450 and (C) 1550–1650.

Fig. 4. FTIR spectra of PEG3A and four PEG3A-J membranes varying in

Jeffamine content (labeled and color-coded). Specific spectral peaks discussed

in the text are highlighted. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article).

Fig. 5. Mass retention measured by TGA and presented as a function of tem-

perature for PEG3A and four PEG3A-J membranes varying in Jeffamine content

(color-coded). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article).
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materials. Fig. 7 displays water uptake results measured from the

PEG3A-J membranes at ambient temperature and immediately reveals

that these membranes with different interpenetrating networks exhibit

different hydrophilicity levels. The extremely low water uptake

(< 2wt%) of the parent PEG3A membrane is a direct consequence of

its high cross-link density. Water uptake increases slightly upon addi-

tion of Jeffamine, ultimately resulting in 48.5 wt% for PEG3A-J-1-1,

which does not contain interpenetrating networks connected by C-C

and C-N bonds. Since C-C bonds are less hydrophilic than C-N bonds,

the existence of more C-C bonds in the PEG3A-J-1–2 membrane reduces

its bulk hydrophilicity, as reflected by its lower water uptake of 9.2 wt%

in Fig. 7.

3.3. Permeability considerations

To ascertain the influence of cross-linker functionality on the gas-

separation performance, cross-linked PEG membranes have been pre-

pared from three cross-linking agents possessing different functional

groups (PEG3A, PEG4A and PEG5A) at a constant N-H:acrylate ratio of

1:4. The single-gas transport properties of these membranes have been

tested at ambient temperature with a feed pressure of 2.0 bar and a

vacuum level of 1 mbar on the permeate side. The CO2 and N2 per-

meabilities of these membranes, as well as the corresponding CO2/N2
ideal selectivities, are presented in Table 1. Theoretically, an increase in

the fraction of acrylate groups contained in the cross-linkers is expected

to generate membranes with a higher cross-link density and lower gas

permeability, which agrees with the N2 permeability of these mem-

branes. The CO2 permeability of PEG5A-J-4-1 appears to increase

slightly relative to PEG4A-J-4-1, but this difference lies within the

range of experimental uncertainty. A similar trend applies to the CO2
diffusivity, which is also complicated by experimental uncertainty.

Taken together, these results suggest that gas permeability decreases

(or at least does not change significantly) as the number of acrylate

groups in the cross-linkers is increased. Due largely to the dependence

of N2 permeability on cross-linker functionality, the CO2/N2 ideal se-

lectivity increases with increasing acrylate content, a result of higher

cross-link density, as evidenced by the combination of a nearly un-

changed CO2 solubility and a reduced CO2 diffusivity. Because of such

high cross-link density, all membranes display relatively low gas per-

meability and moderate CO2/N2 selectivity. To improve gas-transport

properties, we have chosen the PEG3A cross-linker for further study in

this work.

The effect of dual cross-linked networks on the gas-separation per-

formance of PEG3A-J membranes is interrogated by systematically

varying the ratio between N-H and acrylate groups. In Fig. 8a, CO2
permeability and CO2/N2 ideal selectivity values are provided as

functions of the N-H/acrylate molar ratio. While the CO2 permeability

of cross-linked PEG3A is low (≈1.56 Barrer) and the corresponding

CO2/N2 selectivity is about 29, introduction of the cross-linked N-H/

amine network enhances CO2 permeability and becomes more effective

with increasing N-H/acrylate ratio. Since N2 permeability likewise in-

creases with increasing N-H/acrylate ratio, the CO2/N2 ideal selectivity

is only marginally improved to just under 40 and then remains rela-

tively constant. Since the CO2-philic groups in both PGE3A and Jeffa-

mine are ether groups and cross-linked PEG-based membranes are ty-

pically rubbery at ambient temperature, these two materials are

reasonably expected to possess similar CO2/N2 ideal selectivities (40 ~

60) as those of PEG-based materials. The reason for CO2 permeability

enhancement in the PEG3A-J membranes is related to either the dif-

fusivity or solubility of CO2 in the membranes. These values, calculated

from Eqs. (5) and (6), respectively, are included in Fig. 8b. The CO2
diffusivity displays a monotonic increase as the N-H/acrylate ratio is

increased, indicating that the acrylate/amine cross-linked network be-

comes increasingly less dense, which is responsible for promoting a 5-

time increase in CO2 diffusivity relative to that in the neat acrylate

cross-linked membrane and for following the same trend as membrane

stiffness (according to the tensile modulus in Fig. 6). As mentioned

earlier, Jeffamine possesses a longer chain than PEG3A, which extends

the distance between cross-link sites and generates a more flexible

network, resulting in a higher CO2 diffusivity. On the other hand, CO2

Fig. 6. (A) Quasistatic uniaxial tensile tests measured from PEG3A-J and four

PEG3A membranes varying in Jeffamine content (color-coded). (B) Moduli

measured from the initial slope up to 1% strain (•) or the stress value at 2%

strain (○), as well as the tensile strength (Δ) determined from the maximum

stress, of the data displayed in (A) as functions of the N-H/acrylate molar ratio.

Included in the inset are the maximum strain (or elongation, in %) and relative

fracture toughness (labeled). The solid lines in (B) serve to connect the data.

(For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article).

Fig. 7. Water uptake presented as a function of N-H/acrylate molar ratio for

PEG3A and four PEG3A-J membranes varying in Jeffamine content. The solid

lines serves to connect the data.
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solubility initially displays a slight reduction (very close to experi-

mental uncertainty) from 0.031 to 0.027 cm3(STP)/(cm3-cm Hg) as the

N-H/acrylate ratio is increased from 0:1 to 1:2. A decrease in CO2 so-

lubility over this range could be due to the lower CO2 affinity for

propylene oxide relative to ethylene oxide [60–62]. Further increasing

the N-H/acrylate ratio to 1:1 promotes a considerably higher CO2 so-

lubility of 0.073 cm3(STP)/(cm3-cm Hg) in the PEG3A-J-1-1 membrane.

This sudden increase is attributed to the positive effect of the presence

of additional C-N bonds.

A low-molecular-weight PEG additive (PEGDME) has been in-

corporated into the PEG3A-J membranes to further improve gas-se-

paration performance. The PEG3A-J-4-1 membrane is selected for this

analysis due to its promising mechanical stability. Both CO2 perme-

ability and CO2/N2 ideal selectivity are shown as functions of PEGDME

content in Fig. 9a. As expected, the CO2 permeability systematically

increases with increasing PEGDME loading level, from 3.7 Barrer in the

PEGDME-free membrane to 196.4 Barrer in the membrane with 100%

PEGDME incorporation. The CO2/N2 ideal selectivity increases with

increasing PEGDME content up to ≈ 50wt% PEGDME and then re-

mains constant. Corresponding values of the CO2 diffusivity and solu-

bility in PEG3A-J-PEGDME membranes are also provided in Fig. 9b. By

Table 1

The effect of different cross-linkers on gas-separation performance.

Membrane PCO2 (Barrer) CO2 diffusivity (10
-8 cm2/s) CO2 solubility (10

-8 cm2/s) PN2 (Barrer) CO2/N2 ideal selectivity

PEG3A-J-4-1 3.73 ± 0.50 1.30 ± 0.30 2.96 ± 0.30 0.10 ± 0.03 36.5 ± 6.0

PEG4A -J-4-1 1.94 ± 0.31 0.58 ± 0.05 3.36 ± 0.23 0.05 ± 0.01 38.7 ± 9.2

PEG5A-J-4-1 2.68 ± 0.47 0.88 ± 0.15 3.05 ± 0.004 0.04 ± 0.02 46.7 ± 8.2

Fig. 8. (A) CO2 permeability and CO2/N2 ideal selectivity as functions of the N-

H/acrylate ratio (color-coded). (B) Corresponding CO2 diffusivity and CO2 so-

lubility values of the PEG3A and PEG3A-J membranes (similarly color-coded).

The solid lines serve to connect the data. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this

article).

Fig. 9. (A) CO2 permeability and CO2/N2 ideal selectivity as functions of

PEGDME content in the PEG3A-J-4–1 membrane (color-coded). (B)

Corresponding CO2 diffusivity and CO2 solubility values of the same PEGDME-

containing membranes (similarly color-coded). The solid lines serve to connect

the data. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article).

Fig. 10. Values of CO2 permeability and CO2/N2 selectivity evaluated here

from the PEG3A-J-4–1 membrane at several PEGDME loading levels ( ).

Comparable data gleaned from the literature and listed in Table 2 are included

for comparison ( ). The solid line through the data serves as a guide for the

eye, whereas the line identifying the Robeson upper bound is labeled.
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increasing the PEGDME content, the CO2 diffusivity increases mono-

tonically, while the CO2 solubility fluctuates most likely within the

range of experimental uncertainty. The similarity of CO2 solubilities

measured for membranes with and without added PEGDME is ex-

plained by the comparable affinity of PEG-based material for CO2.

Therefore, the increase in CO2 permeability due to the addition of

PEGDME is mainly attributed to the increase in CO2 diffusivity, whereas

the CO2/N2 ideal selectivity relates to the CO2 solubility. The increase in

CO2 diffusivity with PEGDME level could be explained by two effects.

Addition of low-molecular-weight CO2-philic species in the membrane

is expected to form fast diffusion zones so that CO2 molecules will

migrate more readily through these regions [41,60]. Moreover, the

presence of PEGDME during membrane formation can alternatively

lead to larger distances between cross-link sites, resulting in larger

unobstructed gas-transport pathways. The overall performance of the

membranes prepared and examined in this study, as well as the state-of-

the-art PEG-based membranes, are compared in the Robeson trade-off

plot provided in Fig. 10. Detailed data from selected literature sources

are likewise listed in Table 2. As is evident from these comparisons, the

gas-separation performance of PEG3A-J-PEGDME membranes ap-

proaches the upper bound and becomes comparable to other recently

reported PEG-based membranes prepared by common solvent eva-

poration methods.

4. Conclusions

In this work a series of PEG-based materials with interpenetrating

polymeric networks has been synthesized and fabricated into mem-

branes for CO2 separation. The preparation procedure is based on a

facile and solvent-free two-stage cross-linking process based on aza-

Michael addition and acrylate photopolymerization. Results from FTIR

spectroscopy confirm the cross-linking mechanisms and indicate the

existence of dual cross-link networks. The thermal stability of all the

membranes indicates that these membranes become less stable with

increasing amine content but are nonetheless suitable for CO2 separa-

tion processes. Addition of Jeffamine softens and toughens the mem-

branes by introducing longer polymer chains and improving the flex-

ibility of the cross-linked network. An amine-induced increase in water

uptake confirms that the hydrophilic properties of the membranes are

improved by incorporation of Jeffamine. Although not investigated

here, this dependence might benefit CO2 separation under humid con-

ditions. Three multi-acrylate functionalized cross-linkers have been

reacted with Jeffamine. Single-gas permeation results confirm that

cross-linkers with fewer acrylate groups induce lower cross-link den-

sities and better gas-transport properties. Cross-linked PEG membranes

possessing a high N-H/acrylate ratio display a high CO2 permeability.

Incorporation of free PEGDME in the optimized membrane yields a

significantly enhanced CO2 permeability that is largely attributed to an

increase in CO2 diffusivity without sacrificing the CO2/N2 ideal

selectivity. Overall, this two-stage cross-linking method constitutes a

straightforward and effective solvent-free route to prepare self-standing

cross-linked PEG-based membranes with excellent CO2 separation per-

formance. In addition, the results reported herein have established that

the molecular, transport and bulk properties of these membranes are all

highly tunable, which affords practical advantages for feasible mem-

brane preparation under environmentally-benign conditions.
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ABSTRACT: Polyethylene glycol (PEG)-based membranes have
recently been reported with excellent CO2 separation performances.
However, the commonly exhibited high crystallinity may deteriorate the
gas permeation properties in this type of membrane. In this work, a two-
stage cross-linking method was employed to fabricate PEG membranes
with interpenetrating networks to reduce the crystallinity. Ionic liquids
(ILs) were incorporated into the resultant membranes to further increase
CO2 diffusivity and the CO2 affinity of the membranes. By increasing the
length of the PEG-based acrylate monomers and optimizing the ratio of
the amine-functionalized cross-linker to the acrylate monomers, we
significantly enhanced the CO2 permeability of the resultant membranes
(from 0.6 to 85.0 Barrer) with slightly increased CO2/N2 selectivity. Four
conventional ILs (i.e., [Bmim][BF4], [Bmim][PF6], [Bmim][NTf2] and
[Bmim][TCM]) with different anions were added into the optimized cross-linked PEG membranes. The addition of ILs
endows superior gas transport properties at high loadings, and the [Bmim][TCM] gives the best CO2 separation performance
of the membranes; CO2 permeability of up to 134.2 Barrer with the CO2/N2 selectivity of 49.5 was documented. The anions in
ILs were found contributing the most in promoting the CO2 permeation, and the higher CO2 affinity endows the better CO2
separation performance in the resultant membranes.

1. INTRODUCTION

The membrane-based CO2 capture technology, especially the
use of polymeric membranes, has attracted widespread interest
for its remarkable advantages, including low operation cost,
high energy efficiency, easy scale-up or scale-down, and small
footprint.1 However, the CO2 separation properties of current
polymeric membrane materials are still not sufficient to make
membrane technology competitive to the mature amine-
absorption processes. According to the solution-diffusion
mechanism involved in most polymeric membranes, two
approaches could be taken to improve the separation
performance of a polymeric membrane: to increase the CO2
solubility (such as by introducing CO2-philic moieties) or/and
CO2 diffusivity (e.g., through enlarging the free volume of the
membrane matrices).2,3 For the first approach, the ether group
(−C−O−) is a well-known functional group with high CO2-
philicity; hence, polymers containing plenty of ether groups,
such as polyethylene glycol (PEG, or also called polyethylene
oxide (PEO) at a high molecular weight), are expected to
possess excellent CO2 separation performance.2,4−6

However, the pristine PEO membranes were reported
exhibiting very low CO2 permeability (∼10 Barrer),7 most
probably due to its high crystallinity resulting from its
abundant ethylene oxide (EO) groups and the strong hydrogen
bonding, which impedes gas transport through the membranes.
It is reported that the formation of crystalline zones in PEO
polymers requires 4 chains containing 7 EO units,3 and

therefore the crystallinity could be suppressed via cross-linking
PEG monomers with short chains by disrupting the repetition
of EO units. Following this idea, Lin et al. reported that by
simply cross-linking PEG diacrylate (PEGDA), the CO2

permeability of the membrane increases by ∼10-fold without
sacrificing the CO2 selectivity.8 The significantly reduced
crystallinity and thus increased amorphous PEG phase release
the restricted crystalline zone for gas diffusion, resulting in
greatly improved CO2 transport properties.

In addition, the length of the EO units or PEG monomers,
which can be simply presented by their molecular weight
(MW), is critical in determining the crystallinity and thus the
final gas transport properties of the PEG-based membranes, as
long polymer chains may result in increased crystalline zones.
However, after cross-linking, the membranes prepared by
monomers of long chains are more flexible and have more free
volume for gas diffusion. Patel et al. cross-linked PEGDA
membranes and reported that the CO2 permeability increases
significantly with the number of EO units in PEGDA.9 The
longer PEG monomers would result in much higher CO2

diffusivity after cross-linking compared with those made by
shorter chains.10 In addition to the enhancement in gas
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diffusivity, the EO density in membranes also slightly increases,
leading to a simultaneous increment in CO2 solubility. Hence,
by simply employing longer PEG monomers, the consequent
increase in both diffusivity and solubility generates a great
increment (∼10-fold) in CO2 permeability. However, crystal-
line phases may form by monomers with the chain length of
>1500 g/mol;3 hence, cross-linking with monomers of too long
PEG chains may not be able to suppress efficiently the high
crystallinity of the PEG polymers. On the other hand, cross-
linking with monomers of short chains results in high cross-
linking density, leading to a low free volume of the polymer
and low gas permeation. It is thus important to investigate the
effects of the chain length in cross-linked PEG-based
membranes to optimize the gas separation performance of
the membranes.

The incorporation of low-molecular-weight “free” PEG into
the PEG-based membranes has also been widely reported as an
effective approach to reduce the crystallinity and increase the
chain flexibility (and thus the free volume) of the polymers,
which enhances the gas transport properties in membranes
without sacrificing their CO2 selectivity.11,12 Similarly, the
addition of ionic liquids (ILs) has been reported in improving
the CO2 permeability of membranes made by crystalline
polymers.13−18 ILs have been widely reported as CO2-philic
additives to improve the CO2 separation performance of
membranes in recent years,13,19 especially for membranes of
highly crystalline15,16,20 or highly cross-linked polymers.21,22

The addition of ILs may reduce the crystallinity and increase
the CO2 diffusivity, therefore increasing the CO2 permeation
properties greatly. Moreover, the high CO2 affinity and the
extremely low vapor pressure of ILs are the additional
advantages as additives. Bara et al.23 added only 20 mol %
[Bmim][NTf2] into the poly(RTIL) membrane, and the CO2
permeability obtained remarkable enhancement (∼4-fold) with
a slight improvement in CO2/N2 selectivity (33%) compared
with that of the pristine poly(RTIL) membrane. The addition
of low-viscosity [Emim][B(CN)4] endows an excellent CO2
permeability of 1778 Barrer (0.74 Barrer in its analogue), and
this great increment is mainly contributed by the increase in
CO2 diffusivity.15 In addition, the tunable chemical structures
of ILs bring in more possibilities to improve the membrane
properties for diverse requirements.24 However, some research
works reported that the addition of ILs into polymeric
materials did not result in the expected gain in gas
permeability.25,26 It is believed that the compatibility between
ILs and the polymeric matrices have a decisive influence on the
final performance.

Despite the similar role between ILs and PEG materials, the
combination of these two approaches has rarely been reported
in CO2 separation membranes. In this work, the incorporation
of ILs into the cross-linked PEG-based membranes has been
systemically investigated. First, a series of cross-linked PEG-
based membranes with interpenetrating polymeric networks
were fabricated through a facile, two-stage cross-linking
method based on aza-Michael addition and acrylate homo-
polymerization.27,28 The cross-linking density of the resultant
PEG membranes was optimized by controlling the molecular
weight of the acrylate-functionalized PEG-based monomer and
the ratio of amine cross-linkers to acrylate monomers. The
influences on the chemical structure, thermal properties, phase
transition behavior, crystalline trend and gas permeation
properties were studied by various characterization techniques.
Moreover, four conventional ILs with the same cation

[Bmim]+ but different anions were incorporated into the
optimized cross-linked PEG membranes, and their influences
on the material properties and the gas separation performance
were systemically investigated.

2. EXPERIMENT
2.1. Materials. PEGDA with different molecular weights

(250, 575 and 700 g/mol), tris(2-aminoethyl)amine (TAEA),
1-hydroxycyclohexyl phenyl ketone (HCPK) and three ionic
l iquids 1-butyl-3-methyl imidazolium bis(tr ifluoro-
methylsulfonyl)imide ([Bmim][NTf2], 98%), 1-butyl-3-
methylimidazolium tetrafluoroborate ([Bmim][BF4], 98%),
and 1-butyl-3-methylimidazolium hexafluorophosphate
([Bmim][PF6], 98%) were purchased from Sigma-Aldrich,
Germany. 1-Butyl-3-methylimidazolium tricyanomethanide
([Bmim][TCM], 98%) was ordered from Iolitec, Germany.
The N2 and CO2 (99.999%) used in the single gas permeation
test were provided by AGA, Norway. The chemical structures
of the above-mentioned chemicals are depicted in Figure 1.

2.2. Membrane Preparation. The cross-linked PEG
membranes were prepared through a two-stage method similar
to that reported in the literature.11,27,28 For the readers’
convenience, a brief description is presented below. First,
monomer PEGDA, the desired amount of ionic liquids, and
photoinitiator HCPK (0.01−0.1 wt % of PEGDA) were
magnetically mixed inside a glass vial for 30 min at room
temperature (RT). Then a proper amount of the cross-linker
TAEA was added into the resultant homogeneous mixture and
magnetically stirred (∼30 min, RT) to ensure a complete
reaction (aza-Michael addition) between amine and acrylate.
Afterward, the mixtures were degassed in a vacuum oven for a
few minutes at RT to remove the possible bubbles. The
mixture was then poured onto a clean quartz plate and
sandwiched by using a second quartz plate on the top. The
plates were separated by spacers to control the membrane
thickness (200−250 μm). The liquid mixture was exposed
under UV light with a wavelength of 365 nm for 2 h (UVLS-
28, Ultra-Violet Products Ltd., UK) for the homopolymeriza-
tion of excess acrylate. After irradiation, the cross-linked
membranes were transferred to a vacuum oven overnight at 60
°C before further characterization. These membranes were
evaluated by various characterization methods and permeation
tests. The mass ratio of ILs is defined as the mass of ionic
liquid over PEGDA, as shown in eq 1:

W
m
m

100%IL
IL

PEGDA
= ×

(1)

Figure 1. Chemical structures of all chemicals used in the current
work.
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In this work, the cross-linked PEG membranes are systemati-
cally designated as “TAEA-PEGDA XX-X-X” according to the
ratio of amine-containing cross-linker (TAEA) to acrylate-
terminated monomer (PEGDA with a molecular weight of XX
g/mol). For example, the TAEA-PEGDA 700-1-6 membrane
consists of TAEA and PEGDA (MW 700 g/mol) with one N−
H bond from TAEA and six acrylate groups from PEGDA 700.
2.3. Characterization. A Thermo Nicolet Nexus Fourier-

transform infrared spectrometer (FT-IR, Oslo, Norway) with
an attenuated total reflectance (ATR) cell equipped with a
diamond crystal was used to collect the FT-IR spectra for all
the membranes. Spectra were averaged over 16 scans at a
wavenumber resolution of 4 cm−1 in the range 650−4000
cm−1. Small membrane samples were employed for FTIR tests,
and at least two spectra were collected for each membrane for
the reproducibility and the uniformity of the membranes.

The thermal stability of the membranes was interrogated by
thermogravimetric analysis (TGA) performed on a Thermal

Scientific Q500 instrument. Approximately 10−20 mg samples
were heated in a ceramic crucible from 25 to 700 °C at a
constant heating rate of 10 °C/min under N2 to prevent
thermo-oxidative degradation of the samples.

A differential scanning calorimeter (DSC, DSC 214 Polyma,
NETZSCH-Gera ̈tebau GmbH, Germany) was used to
investigate the phase transition behavior of all membranes.
Samples with around 10 mg were collected in a standard
aluminum pan covered by a fitting lid and heated at the rate of
10 °C/min under a N2 atmosphere. Two cycles have been
applied for the DSC tests, and the curves from the second
cooling run are used for further analysis.

The crystallinity of all membrane samples was examined by
X-ray diffraction analysis (XRD) using a Bruker D8 A25
DaVinci X-ray diffractometer (Cambridge, UK). The XRD
patterns were recorded from 5° to 70°.

2.4. Gas Permeation Test. The gas permeability (P) of
both CO2 and N2 through the membranes was measured by

Scheme 1. Schematic Representation of the Two-Stage Procedure for Preparing the Cross-Linked TAEA-PEGDA Membrane

Figure 2. (A) FT-IR spectra, (B) DSC curves, (C) TGA results of PEGDA, TAEA and TAEA-PEGDA membranes, and (D) gas permeation results
of TAEA-PEGDA membranes prepared by PEGDA of different MWs (250, 575, and 700 g/mol) with the same N−H/acrylate ratio of 1:6.
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the constant-volume variable-pressure method, which can be
calculated based on eq 2:

P
p

t

p

t
V
ART

l
p p

d

d

d

d
t t

d d

leak

d

u d

= −
−→∞ → (2)

where pd and pu identify the downstream and upstream gas
pressures, respectively, and t is time. Here, Vd is the
downstream volume, A corresponds to the effective perme-
ation area of the membrane, R is the universal gas constant, T
denotes absolute temperature, and l is the membrane
thickness. The leakage rate of the gas permeation setup
(dpd/dt)t→leak was measured from the increase in pressure
relative to a vacuum over time. Membrane thicknesses were
measured by an ABS Digimatic Indicator (Mitutoyo, Japan).
The thicknesses were averaged from more than 10 measure-
ments for each membrane after permeation tests. All gas
permeation experiments were performed using an upstream
pressure of 2 bar (absolute) at room temperature. For each
membrane, the reported permeabilities were the average of
measurements acquired from at least two specimens. The ideal
CO2/N2 selectivity was calculated from the ratio of gas
permeabilities in accord with

P
Pij
i

j
α =

(3)

3. RESULTS AND DISCUSSION
3.1. Effect of PEGDA Molecular Weight. In this work,

the effect of the length, or more precisely, MW, of the
monomer PEGDA was systematically investigated. PEGDA of
three different MWs (250, 575 and 700 g/mol) has been
employed to fabricate the membranes with dual cross-linking
networks based on the aza-Michael reaction and the
homopolymerization of excess acrylate, as shown in Scheme
1. It is worth mentioning that the MW of PEGDA is limited to
<1000 g/mol to reduce the formation of the crystalline phases.
FI-TR analysis was employed to examine the monomers
(PEGDA and TAEA), the product of the aza-Michael reaction
(the mixture of PEGDA and TAEA with excess PEGDA), and
the formed membranes (the ratio of N−H/acrylate is 1:6) to
confirm the two above-mentioned reactions. As can be seen in
Figure 2A, the peaks related to amine groups (∼3366 and 3265

cm−1) disappear after mixing, and the peaks corresponding to
acrylate (1635 and 1407 cm−1) clearly show a reduced trend.
These results imply that the amine and part of the acrylate
react (aza-Michael addition) and form an N−H/acrylate cross-
linking network because of the multifunctionalized TAEA.
After UV irradiation, however, the remaining acrylate is hardly
observed in all spectra of the formed membranes, regardless of
the MW of the used PEGDA, due to the homopolymerization
of acrylate, which is known for the ability to build cross-linking
networks. Therefore, the network built by acrylate homo-
polymerization as well as the interpenetrating structures inside
the resultant membranes can be confirmed.

According to the characterization results, it is clear that the
PEGDA MW affects the properties of the resultant polymers.
From the FT-IR spectra, the peak intensity of ether groups
(around 1100 cm−1) increases significantly with the increasing
MW of PEGDA, which is reasonable since longer PEGDA
contains more EO units. Figure 2B shows that the glass
transition temperature (Tg) of the resultant membranes
decreases largely with the increasing PEGDA MW due to
the longer and more flexible polymer chains in the cross-linked
membranes. The Tg of the membranes with PEGDA 250 is not
observed in this work, which may be because of the highly
restricted polymer chains caused by the high cross-linking
density. Moreover, as shown in Figure 2C, membranes
containing long PEGDA chains (PEGDA 575 and 700)
possess good thermal stability with one-step decomposition
starting at ∼360 °C, while the membrane with PEGDA 250
has the two-stage decomposition behavior, and the first
decomposition begins at ∼200 °C due to the unreacted
monomers. The reactions involving the short PEGDA chains
(PEGDA 250) are incredibly rapid, forming a highly cross-
linked polymer network that may block the further diffusion of
the monomer PEGDA 250, and thus some PEGDA 250 may
stay as free monomer or form oligomers inside the polymer
matrix.

The CO2 and N2 permeabilities of the resultant membranes
were measured by single gas permeation tests, and the CO2/N2
ideal selectivity was calculated, as presented in Figure 2D. It is
worth mentioning that the errors of the CO2 permeability are
very low (in most cases <5% of the average value); hence, the
error bars are almost invisible in Figure 2C. Detailed
permeation data can be found in Table S1. As expected, the
CO2 permeability increases significantly (from 0.6 to 85.0

Figure 3. (A) DSC results and (B) gas permeation results of TAEA-PEGDA 700 membranes of different N−H/acrylate ratios.
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Barrer) with the increasing MW of PEGDA, consistent with
the characterization analysis regarding the increasing free
volume and CO2 affinity of the membrane materials with the
increment in PEGDA MW. In addition, the increasing distance
between the two cross-linking sites, because of the longer
PEGDA monomer, results in looser cross-linking networks
(lower cross-linking density), leading to a more permeable
membrane. Furthermore, the increasing ether content in the
membrane from longer PEGDA monomers provides enhanced
CO2 affinity of the membrane and thus the improved CO2
transport properties. These CO2 permeation results are in
agreement with Patel’s work.9 The CO2/N2 ideal selectivity
also obtains a notable increment (from 48.3 to 63.5), which is
similar to the reported value of PEG-based material in the
literature.2−4 The increase in the CO2/N2 selectivity is believed
contributed by the more ethylene units in the membrane
matrix, as shown in the FT-IR results. Therefore, PEGDA 700
is chosen as the reactant monomer for further investigation.
3.2. Effect of N−H/Acrylate Ratio. The chemistry nature

and the cross-linking density of the resultant membranes are
tunable through changing the composition of the dual cross-
linking networks (presented by the N−H bond/acrylate group
ratio).27,28 A higher N−H/acrylate ratio (N−H bond in TAEA
to the acrylate in PEGDA) in the reactants implies that more
TAEA will react with PEGDA, and then less PEGDA will be
left for the homopolymerization step. Therefore, the effects of
the N−H/acrylate ratio are investigated with regard to the
network structure and thus membrane properties.

DSC, TGA, XRD, FI-IR, and gas permeation tests were
performed to investigate the effects of the N−H/acrylate ratio
on various properties of the resultant PEG-based polymers of
interpenetrating networks from PEGDA700. Figure 3A
presents the DSC curves of different N−H/acrylate ratios.
As it can be seen, the Tg decreases with the increasing N−H/
acrylate ratio, indicating enhanced chain mobility of the cross-

linked polymers with increasing N−H/acrylate ratio. In
addition, the TGA analysis (Figure S1) shows that all
TAEA-PEGDA700 membranes display sufficient thermal
stability (Tonset > 200 °C) for most of the CO2 separation
applications. Most importantly, the XRD results (Figure S2)
suggest that the interpenetrating networks are amorphous
according to the broad XRD peaks (around 21°) at all studied
N−H/acrylate ratios, confirming that the tendency to become
highly crystalline in PEG polymer has been suppressed. The
FT-IR spectra of the membranes of different N−H/acrylate
ratios are given in Figure S3. A higher N−H/acrylate ratio
means more C−N and fewer C−C bonds, which should be
able to examine by FT-IR. However, the C−N has a similar
frequency with C−C bonds in all cases. The FT-IR spectra of
all TAEA-PEGDA 700 membranes are nearly identical despite
the different N−H/acrylate ratio. Nevertheless, at all N−H/
acrylate ratios, all amine and acrylate disappear in the FT-IR
spectra of the membranes (Figure S3), suggesting that both
groups have fully reacted either in the aza-Michael reaction or
in the acrylate homopolymerization step.

The effect of N−H/acrylate ratio on CO2 separation
performance of the resultant membranes has been evaluated,
and the results are shown in Figure 3B. The CO2 permeability
increases from 76.5 ± 1.4 to 85.0 ± 0.4 Barrer at the N−H/
acrylate ratio of 1:6 and then maintains at a lower level of
∼79.0 Barrer with a higher N−H/acrylate ratio. A similar trend
is also observed in the CO2/N2 ideal selectivity: the selectivity
increases from around 54.5 to 65.5 after adding a small amount
of TAEA and then decreases to 57.0 with further increasing
N−H/acrylate ratio, which is in the same range with the
reported selectivity of PEG-based membranes (40−60).4

Theoretically, different cross-linking networks have different
architecture structures and therefore different gas transport
properties. However, the CO2 permeability values of the
membranes with N−H/acrylate of 0:1 and 1:1 are nearly the

Figure 4. (A) FT-IR spectra, (B) DSC curves of blend membranes with 80% IL loading, (C) CO2 permeability, and (D) CO2/N2 selectivity of four
IL blend membranes as a function of ionic liquid content.
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same, suggesting that these two networks have similar CO2
transport properties despite the different network structures
(star-like for the TAEA-PEGDA network and parallel for
pristine cross-linked PEGDA).28 This similar CO2 permeation
performance may be due to the rubbery nature of PEG chains
and the same building unit PEGDA in both membranes. It is
evident that the interpenetration of the chains affects the
structure of both networks and results in more free volume for
gas transport, leading to the increased CO2 permeability. On
the other hand, the CO2/N2 selectivity of these membranes is
not significantly influenced by changing the N−H/acrylate
ratio. Hence, among the range of N−H/acrylate ratios studied
in this work, the TAEA-PEGDA 700 membrane with an N−
H/acrylate ratio of 1:6 was selected for further investigation
due to its highest CO2 permeability and higher CO2/N2
selectivity compared with the pristine membrane. It is worth
mentioning that the tertiary amine is the product of the aza-
Michael addition used to build the interpenetrated network in
the resultant membranes, which cannot function as CO2
carriers due to the missing accessible N−H bonds and
especially the absence of water vapor in the current test
conditions.
3.3. IL Blend Membrane. In this work, four conventional

ILs with different anions (i.e., [Bmim][BF4], [Bmim][PF6],
[Bmim][TCM] and [Bmim][NTf2]) were incorporated into
the optimized cross-linked PEG-based membranes to study the
influences of the IL addition on the membrane properties and
the CO2 separation performance. The FT-IR spectra of the
pristine PEG membrane synthesized in this work and
membranes containing four ILs (80% IL loading) are
presented in Figure 4A, showing clear peaks corresponding
to their respective anions and the imidazole ring ([Bmim]+) in
all blend membranes. The information about related peaks is
given as follows: 1051 cm−1 (B−F stretching of [BF4]−), 830
cm−1 (P−F stretching of [PF6]−), 2156 cm−1 (−CN
stretching of [TCM]−), 1181 cm−1 (C−F stretching of
[NTf2]−) and 1571 cm−1 (C−C vibration of the imidazole
ring). It is also observed that the intensities of the peaks
mentioned above are stronger than those related to the
polymer chains in all IL blend membranes, which indicates a
considerably high loading of ILs in the membrane matrix,
suggesting that the cross-linked PEG membranes have the
capability of possessing a high amount of ILs. In addition, with
increasing ILs content, the peaks of ILs become more evident
in the spectra of the blend membranes (Figure S7), suggesting
that the ILs existed in membrane matrix do increase as
expected. Compared with the pristine cross-linked PEGDA
membrane (Figure S6), different decomposition behaviors of
the membranes containing ILs (i.e., starting point of
decomposition and the decomposition rate) were observed,
also indicating the existence of the ILs inside the blend
membranes.

Generally speaking, Tg decreases with adding low-
molecular-weight additives into the polymer,3,16 while a
lower Tg usually indicates enhanced gas permeation properties.
The Tgs of the cross-linked PEG membranes incorporated with
four selected ILs have been evaluated by DSC, as shown in
Figure 4B. Tgs of the membranes containing [Bmim][BF4],
[Bmim][TCM], and [Bmim][NTf2] decrease with increasing
IL content, indicating more flexible polymeric chains with the
addition of ILs. In addition, the membranes containing
different ILs show distinct values of Tg with the same IL
loading (80 wt %): −57.1, −58.9, and −66.9 °C for

membranes containing [Bmim][BF4], [Bmim][NTf2] and
[Bmim][TCM], respectively, compared with −53.5 °C of
the pristine membrane. This order is consistent with the values
of the neat ILs. Additionally, only one Tg can be observed for
each blend membrane, indicating the successful blending of ILs
into the cross-linked PEG matrix. However, the trend of
decreasing in Tg is less obvious in the membranes containing
[Bmim][PF6] compared with those containing other ILs, as
shown in Figure S4, despite the much lower Tg value of the
neat IL. This difference may be ascribed to the intermolecular
interactions, e.g., hydrogen bonding or Coulombic and van der
Waals interactions between [PF6]− and PEG polymer chains,
which compensates for the decreasing trend of Tg after adding
ILs.29 It is worth mentioning that the melting or crystallinity
peaks of the four pure ILs are not observed in the spectra of
the blend membranes, implying that ILs have been
homogeneously mixed with the polymeric matrix. The
incorporation of ILs into cross-linked PEG membranes also
reduces its original crystallinity, proved by broader and less
sharp peaks in XRD curves (Figure S5).

The gas transport properties of the IL blend membranes
have been measured by single gas permeation tests, and the
results are presented in Figure 4C. The CO2 permeabilities of
the membranes with four ILs decrease after adding a small
amount of ILs (e.g., 20 wt %), which may be because ILs
occupy the initial free volume of cross-linked PEG membranes,
resulting in a decreased diffusivity and therefore lower
permeability.30 With more ILs added into the membranes,
the CO2 permeability increases with the IL loading except for
[Bmim][PF6]. For example, the membranes with 80 wt %
[Bmim][TCM] have an ∼2-fold increment in CO2 perme-
ability (134.2 Barrer) from the membrane with 20 wt % IL
content (65.8 Barrer). Several reasons could be responsible for
the influence of the IL loading. First, the presence of ILs during
polymerization may lead to an increase in the free volume11

and thus a higher gas diffusivity. Additionally, gases transport
more easily through IL zone than a solid polymer matrix and
therefore permeate faster with more ILs inside the membranes.
Moreover, the high affinity of ILs toward CO2 enhances the
CO2 solubility, which also contributes to the increment of the
CO2 permeability.

Different ILs have different influences in the gas transport
properties of the membranes. The cross-linked membranes
with the addition of [Bmim][NTf2] and [Bmim][TCM] show
the highest CO2 permeability, followed by that with [Bmim]-
[BF4], while the value of the membranes containing [Bmim]-
[PF6] is located at the bottom. The CO2 permeability of the
first two series of IL blend membranes is high as expected,
since they are well-known for the good CO2 absorption
properties. But the enhancement in CO2 permeability by the
two ILs is believed following different mechanisms: the high
affinity of [NTf2]− to CO2, mainly resulting from the plentiful
fluoride atoms in the anion,31 may increase the CO2 solubility,
while the low viscosity of [TCM]− may have less transport
resistance for CO2 penetrating and hence an increased
diffusivity.32 For the case of [Bmim][BF4], less fluorination
in the anions leads to a lower van der Waals force between the
anions and CO2 and thus a lower CO2 solubility and
permeability than [NTf2]−. Unexpectedly, the membranes
containing [PF6]− show a notable decrease in CO2
permeability, even lower than that of the least CO2-philic
compound [BF4]−, which could be related to the interactions
between [PF6]− ions with the ethylene oxide groups.
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It is worth mentioning that the CO2/N2 selectivity of these
four ILs blend membranes decreases with the increasing ILs
loading, as shown in Figure 4D. This result is ascribed to the
relatively lower CO2/N2 selectivity of these conventional ILs
(20−30) compared with that of PEG-based materials (40−60).
Therefore, the incorporation of conventional ILs into PEG-
based materials shows lower CO2 selectivity. A different order
has been observed for ideal CO2/N2 selectivity of the ILs blend
membranes, which is [TCM]− > [BF4]− > [NTf2]− > [PF6]−.
The highest selectivity of ILs blend membranes (45.9) comes
from the high intrinsic CO2/N2 selectivity of cyanide-based
anions, which is larger than that of the fluorinated ones,33,34

and the more fluoro groups ILs possess, the higher the N2
permeability and thus the lower CO2/N2 selectivity mem-
branes have.34 Hence, the membrane with [BF4]− has a higher
selectivity than that with [NTf2]−, and the interactions
between [PF6]− and polymeric matrix results in the lowest
selectivity.

4. CONCLUSION

In this work, four conventional ILs were incorporated in PEG-
based membranes with interpenetrating networks based on
aza-Michael addition and acrylate homopolymerization. The
study of the effect of the monomer PEGDA’s MW on the
material properties and CO2 separation performance shows
that longer PEGDA leads to better thermal stability and gas
transport properties. The CO2 permeability was around a 144-
time increment (from 0.6 to 85.0 Barrer) with a simultaneously
increased CO2/N2 selectivity (from 48.3 to 63.5) when longer
PEGDA is used (700 g/mol) instead of the short one (250 g/
mol). The improvement in the CO2 separation performance of
the membranes is found from the outcome of the increasing
numbers of ethylene oxide units and more flexible polymer
chains inside the membranes.

Membranes with different N−H/acrylate ratios show
different CO2 separation performance. The CO2 permeability
increases and then decreases with the increasing N−H/acrylate
ratio. The membrane with the best CO2 separation perform-
ance is the one with a N−H/acrylate ratio of 1:6.

The incorporation of ILs improves the gas transport
properties of the cross-linked PEG-based membranes by the
enhanced CO2 affinity from ILs. The CO2 permeability of the
membrane changes with the addition of ILs and the changes
depend on the content of ILs, which decreases with ILs
addition at low loading (<20 wt %) and then increases with the
increasing ILs content. The addition of more CO2-philic ILs
leads to a higher CO2 permeability in the order [Bmim][NTf2]
≈ [Bmim][TCM] > [Bmim][BF4]. The further addition of
[Bmim][PF6] into the membrane displays no increase in CO2
permeation, hence, the CO2 permeability stays at a lower level
compared with that of the pristine membrane. However, with a
large increase in CO2 permeability, a constant decrement in
CO2/N2 selectivity was observed. The more CO2-philic ILs,
such as amine-functionalized ILs, may endow better CO2
separation performance with higher CO2 permeability and
selectivity due to the higher CO2 affinity, which may be further
studied.
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GRAPHICAL ABSTRACT 

Jing Deng, Zhongde Dai, Liyuan Deng* 

Thiol-click reactions-based Cross-linked PEG /Ionic Liquid blended membranes 

In this arcticle, a series of cross-linked PEG-based membranes has been developed and optimized based 

on two classical thiol-click reactions. In addition, four ionic liquids have been incorporated into the 

optimzied membranes to understand their influences on the material properties and gas separation 

performance.  
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