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Abstract

For nearly two decades, membranes derived from polyethers have served as promising
candidate materials for CO> 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
confirmed by real-time Fourier-transform infrared spectroscopy. In addition, we systematically
investigate the thermal stability, crystallization, mechanical properties, and water sorption of these
multicomponent membranes. Corresponding CO> and N> 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 the gas transport

properties.

" To whom correspondence should be addressed (E-mail: liyuan.deng@ntnu.no).


https://doi.org/10.1016/j.memsci.2018.10.031

Post-print version of the paper by Jing Deng et al. in Journal of Membrane Science, 570-571 (2019) 455-
463 https://doi.org/10.1016/j.memsci.2018.10.031

1. Introduction

Escalating atmospheric CO- levels are related closely to accelerated global warming, rising sea
levels and growing deterioration of typical weather patterns. To address these worrisome concerns,
the development of CO.-capture technologies designed to reduce CO, emission from diverse
power generation sources has become increasingly urgent [1-4]. Gas-separation membranes have
long been considered as a viable solution for CO> 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-separation 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 a 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 for
their unique ability to surpass this trade-off, or alternatively surpass 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 CO-[10, 25]. Since high-molecular-weight PEO is semi-crystalline,
however, CO, permeability is compromised by increased diffusive tortuosity and reduced CO;
solubility [26]. To overcome this drawback, low-molecular-weight liquid 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-coating and solution-casting [11]. The potential
toxicity and large volumes 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 a thermal reaction [21, 30] or UV-polymerization [19] of
PEG, has become increasingly more attractive in membrane fabrication [20, 27]. Freeman and co-
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workers [19, 31, 32] have reported that UV photopolymerization of acrylate-endcapped PEG
oligomers could be used to generate amorphous membranes through which the CO. permeability
was substantially increased. Furthermore, they have demonstrated [19] 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. Similarly, multicomponent membranes composed of
PEG diacrylate (PEGDA), PEGMEA and PEG dimethyl ether (PEGDME) exhibit [20] an
unprecedentedly high CO. permeability. A fundamental shortcoming of UV cross-linking is,
however, that the free radicals generated during acrylate polymerization are sensitive to
atmospheric O trapped in the polymer solutions, thereby resulting in undesirable oxygen
inhibition and incomplete reaction [33]. Reduction of O 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. [34, 35] have incorporated multifunctional thiols into acrylate-functionalized cross-linked
PEG membranes to exploit the O 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 [34] and mechanical [35] 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. [36] have prepared cross-linked amorphous PEG
membranes from the ring-opening reaction of epoxy by amine-terminated Jeffamine and report a
slightly enhanced CO, permeability of 180 Barrer and a CO2/N: 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 [37]. Introduction of low-molecular-
weight PEGDME greatly improves gas-transport performance. Interestingly, Dai et al. [38] have
investigated cross-linked PEG-based membranes produced from the reaction between diamine or
diamine-functional ionic liquids and PEG diglycidyl ether (PEGDGE) and possessing a CO>
permeability 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 an even
more complicated preparation [36, 37], which is inconvenient for practical applications. Thus, the
development of a facile, rapid and highly effective cross-linking system that employs relatively

mild reaction conditions is desirable for the fabrication of PEG-based membranes.
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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 [39], biomaterial functionalization [40] and
the surface modification of membranes or nanoparticles [39, 41]. Here, we demonstrate that this
reaction can likewise be applied to the preparation of novel PEG-based membranes for gas
separations. Generally speaking, the aza-Michael addition refers to the addition reaction of a
primary or secondary amine to an electron-deficient molecule, such as an acrylate [42-44]. Ramis
and co-workers [42, 45] 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 conditions. 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 [43, 46]. 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 exclusively for CO; separation have
been generated from aza-Michael addition and free-radical acrylate polymerization and consist of
interpenetrating polymer networks. A cross-linked acrylate-amine network forms quickly at
ambient temperature, while residual acrylate groups were 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), pentaerythritol tetraacrylate (PEG4A), 1-
hydroxylcyclohexyl phenyl ketone (HCPK), Jeffamine and PEGDME were all purchased from
Sigma Aldrich. Dipentaerythritol hexaacrylate (PEG5A) was obtained from Abcr. All chemicals
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were used as-received without further purification. The chemical structures of these monomer

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

2.2 Membrane preparation

Membranes were fabricated by a two-stage cross-linking reaction similar to that described
elsewhere [19, 42]. A brief description of the reaction scheme, illustrated in Figure 2, is presented
here. Multiple acrylate-functionalized cross-linkers, free PEGDME and 0.01-0.1 wt% HCPK were
combined in a glass vial for several minutes to ensure homogeneous mixing. The mass ratio of
PEGDME (wpecpme) Was calculated from

m
Wpecpme = — 2 X 100% (D

Cross—linker

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 amine 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
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separated by spacers to control the membrane 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 characterization 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
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Figure 2. Schematic illustration of a portion of the PEG3A-Jeffamine interpenetrating network.

2.3 Membrane characterization

A Thermo Nicolet Nexus Fourier-transform infrared (FTIR) spectrometer with an attenuated
total reflectance (ATR) cell equipped with 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 1.5 min over the course of 1 h under isothermal conditions.
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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 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 pm thick 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 subjected to a crosshead speed of 10 mm/min. Each membrane thickness was
discerned 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 container saturated with water vapor at ambient temperature. The subsequent increase

in weight was measured until it stabilized. The water uptake (WH20) of membranes was calculated

by

Wy — W,
WHZO = TO X 100% (2)

where Ws is the final (stabilized) specimen weight and W 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

d d V., |
[
dt t—>o0 dt toleakl A-R-T (pu - pd)

where pq and py identify the downstream and upstream gas pressures, respectively, and t is time.

Here, V4 is the downstream volume, A corresponds to the effective permeation area of membrane,

R is the universal gas constant, T denotes absolute temperature, and | 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 vacuum over time. Membrane thicknesses were measured by a Digitix 1l
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
(absolute) at ambient temperature. For each membrane, the reported permeabilities were the

average of measurements acquired from at least two specimens. The ideal CO2/N> selectivity was
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calculated from the ratio of gas permeabilities in accord with
. @)
aij = —
B

Furthermore, the diffusion coefficient (D) was evaluated by the time-lag method from the single-
gas permeation tests:

D=—0 (5)

where 0 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
permeability and diffusivity assuming applicability of the solution-diffusion mechanism in the

Fickian regime so that

s_P
=5 (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 -NH> group (at 3100-3500
cm™) 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™) and the =C-
H band (at 1408 and 808 cm™) are observed to decrease significantly with increasing time in
Figure 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 this 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 of the typical kinetics characteristic of a step-growth mechanism such as
aza-Michael polymerization [47]. The PEG3A is first expected to react rapidly with Jeffamine to
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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.
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Figure 3. Real-time FTIR spectra of a PEG3A/Jeffamine reaction mixture with 1:1 w/w ratio collected over three
different regions (in cm™): (A) 750-850, (B) 1350-1450 and (C) 1550-1650.

The effect of aza-Michael addition is also apparent from the spectra of the final membranes,
as evidenced in Figure 4. A signal corresponding to residual —C=C- bonds remains in FT-IR
spectra acquired from PEG3A or PEG3A-J membranes with sufficient irradiation (2h instead of
the regular 90 s — 3 min [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 multifunctional,
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

acrylate during homo-polymerization [33]. Addition of Jeffamine with longer chains is anticipated
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to increase the distance between cross-linking sites and reduce steric hindrance. Moreover, the
aza-Michael addition overcomes oxygen inhibition of free-radical acrylate polymerization to
achieve higher acrylate conversion. Lastly, as the concentration of Jeffamine is increased, typical
peaks associated with the ether and methyl groups ((at 1102 and 2867 cm™, respectively)
corresponding 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 CO, transport and

improve CO- separation performance.
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Figure 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.

3.2 Bulk properties

The thermal stability of PEG3A-J and PEG3A membranes has been investigated by TGA (cf.
Figure 5). These results reveal that all the membranes investigated here exhibit single-stage
thermal decomposition, 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
attributed 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 [42]. Although 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 CO. separation membranes intended for use in
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post-combustion and natural-gas sweetening, which are normally operated at temperatures below
80 °C. Since these membranes must likewise possess sufficient mechanical resilience, the
mechanical properties of PEG3A-J and PEG3A membranes have been evaluated by quasistatic
uniaxial tensile testing (according to ASTM D882-1223 and displayed in Figure 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
[48] and is calculated from either the initial slope of the stress-strain curve or the stress measured
at 2% strain, is observed in Figure 6B to decrease with increasing Jeffamine fraction. Tensile
strength values, identified as the maximum stresses observed in Figure 6A and included in Figure
6B, indicates a slight maximum, but does not change appreciably, with increasing Jeffamine
content. Also included in the inset of Figure 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
conclude that the PEG3A-J membranes become softer (lower tensile modulus) 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.
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Figure 5. Mass retention measured by TGA and presented as a function of temperature for PEG3A and four

11


https://doi.org/10.1016/j.memsci.2018.10.031

Post-print version of the paper by Jing Deng et al. in Journal of Membrane Science, 570-571 (2019) 455-
463 https://doi.org/10.1016/j.memsci.2018.10.031

PEG3A-J membranes varying in Jeffamine content (color-coded).
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Figure 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 (O), as well as the tensile strength (A) 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.

Gas-separation performance can be significantly improved by the presence of water vapor for
hydrophilic membranes such as polyvinylamine [49, 50] , poly(acrylic acid) [51], poly(vinyl
alcohol) [52, 53], and ionic liquid-containing membranes [54-56]. Several factors 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,
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we examine the effect of water sorption on the present membrane materials. Figure 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 (< 2 wt%) of the parent PEG3A
membrane is a direct consequence of its high cross-link density. Water uptake increases slightly
upon addition of Jeffamine, ultimately resulting in 48.5 wt% for PEG3A-J-1-1, which does not
contain interpenetrate 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 Figure 7.

60

50

40

30

20 f

Water uptake (wt%)

10 |

1

1

0 . .
0/1 1/6 1/4 1/2 11
N-H/acrylate molar ratio

Figure 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.

3.3 Permeability considerations

To ascertain the influence of cross-linker functionality on the gas-separation performance,
cross-linked PEG membranes have been prepared 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 CO> and
N2 permeabilities of these membranes, as well as the corresponding CO2/N 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
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permeability, which agrees with the N2 permeability of these membranes. The CO> 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. 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/N- ideal selectivity increases with increasing acrylate content, a result of
higher cross-link density. Because of such high cross-link density, all membranes display
relatively low gas permeability and moderate CO>/N2 selectivity. To improve gas-transport

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

Table 1. The effect of different cross-linkers on gas-separation performance.

Pco2 Pn2 . .
Membrane (Barrer) (Barrer) CO3/N; ideal selectivity
PEG3A-J-4-1 3.73+£0.50 0.10£0.03 36.5+6.0
PEG4A -J-4-1 1.94+0.31 0.05+0.01 38.7+9.2
PEG5A-J-4-1 2.68 +0.47 0.04 +£0.02 46.7+8.2

The effect of dual cross-linked networks on the gas-separation performance of PEG3A-J
membranes is interrogated by systematically varying the ratio between amine bonds and acrylate
group. In Figure 8a, CO. permeability and CO2/N> ideal selectivity values are provided as
functions of the N-H/acrylate molar ratio. While the CO> permeability of cross-linked PEG3A is
low (=1.56 Barrer) and the corresponding CO2/Nz selectivity is about 29, introduction of the cross-
linked N-H/amine network enhances CO: permeability and becomes more effective with
increasing N-H/acrylate ratio. Since N2 permeability likewise increases with increasing N-
H/acrylate ratio, the CO2/N2 ideal selectivity is only marginally improved to just under 40 and then
remains relatively constant. Since the CO»-philic groups in both PGE3A and Jeffamine are ether
groups, these two materials are reasonably expected to possess similar CO2/N> selectivities. The
reason for CO2 permeability enhancement in the PEG3A-J membranes is related to either the
diffusivity or solubility of COz in the membranes. These values, calculated from Egs. (5) and (6),
respectively, are included in Figure 8b. The CO: diffusivity displays a monotonic increase as the
N-H/acrylate ratio is increased, indicating that the acrylate/amine cross-linked network becomes

increasingly less dense, which is responsible for promoting a 5x increase in CO> diffusivity relative
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to that in the neat acrylate cross-linked membrane and for following the same trend as membrane
stiffness (according to the tensile modulus in Figure 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 CO: diffusivity. On the other hand, CO2 solubility
initially displays a slight reduction (very close to experimental uncertainty) from 0.031 to 0.027
cm?(STP)/(cm3-cm Hg) as the N-H/acrylate ratio is increased from 0:1 to 1:2. A decrease in CO;
solubility over this range could be due to the lower CO- affinity for propylene oxide relative to
ethylene oxide [30]. Further increasing the N-H/acrylate ratio to 1:1 promotes a considerably
higher CO2 solubility of 0.073 cm®(STP)/(cm®*-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.
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Figure 8. (A) CO. permeability and CO2/N, ideal selectivity as functions of the N-H/acrylate ratio (color-coded).
(B) Corresponding CO; diffusivity and CO; solubility values of the PEG3A and PEG3A-J membranes (similarly
color-coded). The solid lines serve to connect the data.

A low-molecular-weight PEG additive (PEGDME) has been incorporated into the PEG3A-J
membranes to further improve gas-separation performance. The PEG3A-J-4-1 membrane is

selected for this analysis due to its promising mechanical stability. Both CO> permeability and

15


https://doi.org/10.1016/j.memsci.2018.10.031

Post-print version of the paper by Jing Deng et al. in Journal of Membrane Science, 570-571 (2019) 455-
463 https://doi.org/10.1016/j.memsci.2018.10.031

CO2/N2 ideal selectivity are shown as functions of PEGDME content in Figure 9a. As expected,
the CO. 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/N> ideal selectivity increases with increasing PEGDME content up to =50
wt% PEGDME and then remains constant. Corresponding values of the CO> diffusivity and
solubility in PEG3A-J-PEGDME membranes are also provided in Figure 9b. By increasing the
PEGDME content, the CO; diffusivity increases monotonically, while the CO solubility
fluctuates most likely within the range of experimental uncertainty. The similarity of CO:
solubilities measured for membranes with and without added PEGDME is explained by the
comparable affinity of PEG-based material for CO>. Therefore, the increase in CO. permeability
due to the addition of PEGDME is mainly attributed to the increase in CO; diffusivity, whereas
the COxN> ideal selectivity relates to the CO> solubility. The increase in CO: 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 CO> molecules will
migrate more readily through these regions [38, 57]. 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 Figure 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 approaches the upper bound and
becomes comparable to other recently reported PEG-based membranes prepared by common

solvent evaporation methods.
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Robeson upper bound is labeled.

Table 2. CO2/N; separation performance of cross-linked PEG-based membranes measured in this work and reported

elsewhere.
Pcoz .
Membrane CO2/N; selectivity Reference
(Barrer)
XLPEGDA? 110 50 [19]
Poly(TEGMVE:VEEM)P 410 46 [58]
PEGDMA/SiGMA 755 20 [59]
copolymers
Thiol-containing PEG 77 57 [34]
PEG cross-linked with A-
amine 196 108 [38]
(80% free PEGDME)
PEGDGE crossjhnked with 180 53 36]
Jeffamine
PEG-Jeffamine 196 54 This work

(100% free PEGDME)

2 Cross-linked PEGDA (molecular weight: 743 g/mol)
® TEGMVE: [2-(2-(2-methoxyethoxy)ethoxy)ethyl vinyl ether), VEEM: 2-(2-vinyloxyethoxy)ethyl methacrylate
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4. Conclusions

In this work a series of PEG-based materials with interpenetrating polymeric networks has
been synthesized and fabricated into membranes for CO; 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 indicate that these membranes become less stable with increasing amine content but
are nonetheless suitable for CO, separation processes. Addition of Jeffamine softens and toughens
the membranes by introducing longer polymer chains and improving the flexibility 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 CO, separation under humid conditions. 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
densities 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 CO, permeability that is largely attributed to an increase
in CO2 diffusivity without sacrificing the CO2/Nz 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 CO> separation performance. 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 membrane preparation under environmentally-benign conditions.
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