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ABSTRACT

Co-permeation in hydrated, dense polymer membranes is crucial to many applications from energy conversion (i.
e. photoelectrochemical CO5 reduction cells) to liquid separation (i.e. pervaporation), where such membranes
are challenged with complex mixtures of species. For instance, a major challenge to the realization of efficient
CO, reduction cells is the design of ion exchange membranes with sufficient conductivity and minimal perme-
ation of COy reduction products (e.g. methanol and acetate), such that understanding permeation and co-
permeation behavior of these solutes in ion exchange membranes is needed. Previously, the transport
behavior of Nafion® 117 and crosslinked cation exchange membranes prepared with poly(ethylene glycol)
diacrylate (PEGDA, crosslinker) and 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS, sulfonated como-
nomer) to methanol and sodium acetate was investigated and distinct changes in permeabilities of these
membranes to sodium acetate was observed in co-permeation with methanol. To further investigate this co-
permeation behavior, we modify the PEGDA-AMPS structure by varying the negatively-charged AMPS content
with three different comonomers, acrylic acid (AA, n = 0), 2-hydroxylethyl methacrylate (HEMA, n = 1), and
poly(ethylene glycol) methacrylate (PEGMA, n = 5), where n represents the number of ethylene oxide repeat
units in each comonomer. While the observed permeability to sodium acetate in co-permeation with methanol
was increased for membranes with comonomers with short pendant groups (PEGDA-AMPS/AA and PEGDA-
AMPS/HEMA), it remained relatively consistent for PEGDA-AMPS/PEGMA membranes. While the underlying
causes of this type of behavior remains unresolved, we propose a combination of assisted transport by methanol
and disruption of electrostatic interactions by pendant ethylene oxide repeat units based on our experiments.
Overall, such differences in transport behavior underscore the need for increased understanding of emergent co-
permeation behavior in hydrated, dense polymer membranes.

1. Introduction

Dense polymeric membranes are semipermeable membranes that

application are different. For instance, one of the major membrane re-
quirements for DMFC is the minimization of methanol permeation as it
reduces overall performance [7,11]. Alternatively, a photo-

can promote selective transport of certain small molecules over others,
leading to separation based on polymer properties such as internal
morphology, hydrophobicity, ion content, etc. [1-3]. Ion exchange
membranes are a unique type of dense membranes that can provide
additional selectivity toward charged ions through repulsive electro-
static interactions with their covalently attached charged moieties
[4-6]. With these properties, ion exchange membranes are utilized in
numerous energy applications, such as direct methanol fuel cells (DMFC
[71), vanadium redox flow batteries [8], and solar fuels devices [9].
While a typical goal of ion exchange membrane research is enhanced
ionic conductivity at relatively low swelling [10], requirements of each
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electrochemical CO5 reduction cell (PEC-CRC) is a solar fuels device that
reduces CO» into valuable products, including methanol and acetate, at
the cathode [12,13]. A crucial membrane requirement for PEC-CRC is to
minimize the permeation of CO, reduction products such as these from
the complex mixtures of simultaneously produced reduction products
[9,13-15]. Research on CO; reduction catalysts for selective COq
reduction is an active field of research, which can be found elsewhere
[16,17]. Favorably, PEC-CRC does not require membranes with high
ionic conductivity as these devices can be operated at relatively low
current, which creates an opportunity to trade ionic conductivity for
more controlled transport behavior by manipulating the chemistry and
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morphology of the polymer matrix [9,13,18].

Transport of small molecules through dense membranes is often
described by the solution-diffusion model [3], which describes solutes
absorption into the membrane and diffusion through the membrane
fractional free volume in the direction of the chemical potential
gradient:

P; = DiK; (€Y

where P; is the membrane permeability to solute i, D; is the mem-
brane diffusivity to solute i, and K; is the membrane solubility to solute i.
In the case of multi-solute transport, membrane permeability to each
solute is expected to be reduced due to competitive sorption [19].
However, emergent multi-solute transport behavior has been observed
such that membrane permeability to acetate was significantly increased
in co-permeation with methanol in the commercial cation exchange
membrane, Nafion® 117 [20]. Recently, we observed analogous
behavior in isotropic cation exchange membranes prepared by free
radical UV photocrosslinking of poly(ethylene glycol) diacrylate
(PEGDA, n = 13) and 2-acrylamido-2-methylpropane sulfonic acid
(AMPS, bound anion) [21]. Previously, to rationalize this observed
emergent transport behavior, we proposed a major cause for this
transport behavior is the shielding of electrostatic repulsion, where
transporting methanol molecules interfere with the electrostatic repul-
sion between membrane-bound sulfonates and transporting acetate
molecules [20,21]. Here, we further investigate multi-solute transport
behavior in cation exchange membranes by modifying the internal
structure of crosslinked PEGDA-AMPS membranes [21,22]. We vary the
AMPS content with charge-neutral pendant comonomers of different
chain lengths, namely acrylic acid (AA, n = 0 [23]), 2-hydroxyethyl
methacrylate (HEMA, n = 1), and poly(ethylene glycol) methacrylate
(PEGMA, n = 5) [24]. Membranes are characterized for in-plane ionic
conductivity and water uptake in addition to investigating the effect of
comonomer chains in multi-solute transport of methanol and acetate by
measuring diffusive permeabilities of methanol and acetate by them-
selves and in co-permeation.
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2. Experimental methods
2.1. Materials

Methanol (99.8%) was purchased from British Drug House (BDH®)
Chemicals (Poole, UK) and sodium acetate (99%) was purchased from
ACS Chemical Inc. (Point Pleasant, NJ). Poly(ethylene glycol) diacrylate
(PEGDA, n = 13), 2-acrylamido-2-methyl-1-propanesulfonic acid
(AMPS, 99%), and 2-hydroxyethyl methacrylate (HEMA, n = 1) were
purchased from Sigma-Aldrich Chemicals (St. Louis, MS). Acrylic acid
(AA, n = 0) was purchased from Alfa Aesar (Haverhill, MA). Poly
(ethylene glycol) methacrylate (PEGMA, n = 5) was purchased from
Polysciences Inc. (Warrington, PA). 1-Hydroxyl-cyclohexyl phenyl ke-
tone (HCPK, photoinitiator) was purchased from Tokyo Chemical In-
dustry (Japan). All water used in this investigation was Type-1 deionized
water produced by a Waterpro BT Purification System from Labconco®
(18.2 mQ cm at 25 °C, 1.2 ppb TOC) (Kansas City, MO).

2.2. PEGDA-Comonomer and PEGDA-AMPS/Comonomer membrane
polymerization

The detailed procedure for crosslinked PEGDA-based films is
described elsewhere [7,21,22,24-26]. A total of 6 new compositionally
dissimilar membranes were prepared by free radical UV photo-
crosslinking of prepolymerization mixtures (solutions of solvent,
monomer, and initiator), as shown in Fig. 1 and Table 1. All membranes
contain 67 mol% of PEGDA (n = 13) with the remaining 33 mol% varied
between AMPS and one of the three comonomers; AA (n = 0), HEMA (n
= 1), and PEGMA (n = 5).

In addition to these monomers, each prepolymerization mixture
contained 20 wt% of water and 0.1 wt% of HCPK as a free radical
photoinitiator, as shown in Table 1. Each prepolymerization mixture
was sonicated for 30 min to achieve a homogeneous solution and placed
in between two quartz plates (5 x 5 x 1/4") separated by two spacers
(305 pm). This setup was then placed inside a UV crosslinking oven,
Spectrolinker™ XL-1500 from Spectroline (Westbury, NY), under 254
nm for 3 min at 3.0 mW/cm?. All films with the thickness of the spacers
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Fig. 1. Scheme of PEGDA-AMPS/AA, PEGDA-AMPS/HEMA, and PEGDA-AMPS/PEGMA membrane polymerization via free radical UV photopolymerization.
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Table 1
Membrane properties from pre-polymerization mixtures.
AMPS? (mol%) Comonomer” (mol%) PEGDA (g) AMPS (g) Comonomer (g) Water (g) HCPK (g) IEC (meq/g
dry polymer)”
PEGDA- 0 33 7.00 0.00 0.35 2.00 0.01 0.60
AMPS/AA 16.5 16.5 7.00 0.50 0.17 2.00 0.01 0.60
PEGDA- 0 33 7.00 0.00 0.63 2.00 0.01 0.00
AMPS/HEMA 16.5 16.5 7.00 0.50 0.31 2.00 0.01 0.31
PEGDA- 0 33 7.00 0.00 1.38 2.00 0.01 0.00
AMPS/PEGMA 16.5 16.5 7.00 0.50 0.69 2.00 0.01 0.30
PEGDA-AMPS* 33 0 7.00 1.00 0.00 2.00 0.01 0.60

Previously reported by Kim et al.[21].

2 AMPS = mol of AMPS/(mol of PEGDA + mol of AMPS + mol of comonomer) x 100%.
> Comonomer = mol of comonomer/(mol of PEGDA + mol of AMPS + mol of comonomer) x 100%.
¢ Theoretical IEC = (mmol of AMPS + mmol of AA)/(mass of PEGDA + mass of AMPS + mass of HEMA or PEGMA).

were carefully recovered and immersed in 1 L of water for 2 days before
further use. The inclusion of AMPS chains in the polymer network has
been verified by ATR-FTIR; see Supporting information Figure S1
[24,25,27]. Essentially complete conversion has been determined as the
mass of polymer network-forming monomers in the prepolymerization
mixtures accords with the mass of the films after vacuum drying at 50 °C
following 5 days of swelling in DI water within ~ 99% [21,22,24,28].

2.3. Ionic conductivity measurements

In-plane conductivity of all films was measured using a conventional
two-probe electrochemical impedance spectroscopy technique (EIS,
frequency: 10 Hz-1 MHz, AC voltage: 10 mV) employed with a Gamry
Interface 1000 potentiostat [21]. Two platinum wires, as working and
counter electrodes, are placed over a glass slide spaced by 0.5 cm, L. A
rectangular section of film (length: >1.0 cm, width: 0.5 cm, W) was cut
and placed over two platinum wires. An identical glass slide was placed
over the film and a vial (~33 g) was placed over the setup to ensure good
contact. EIS was performed after the open circuit potential stabilized.
EIS data was analyzed in Gamry Echem Analyst software and the
resistance, R (Q), was obtained from a Nyquist plot. The ionic conduc-
tivity, o, was measured as follows:

L
- 2
? = Rwr @
where L, W, and T are the distance between two electrodes, the width,
and the thickness of the film, respectively.

2.4. Water content

Water uptake was measured gravimetrically. A 0.75-inch diameter
hole punch was used to cut 3 hydrated films. The mass of the hydrated
films, W;, was measured after quickly blotting with tissue paper. The
film was then dried under vacuum at 50 °C for 24 h and the mass of the
dried film, Wy, was measured [20]. The water uptake, o, was measured
as via Eq. (3), where W is the mass of the swollen films and Wy is the
mass of the dried film.

W -W,

. 0
W 100% 3

w

2.5. Solute permeability

The detailed experimental method for measuring solute permeability
has been thoroughly discussed elsewhere [21,29]. Briefly, methanol and
sodium acetate permeabilities in hydrated films were measured using a
temperature jacketed custom-built diffusion cell coupled with an in-situ
ATR-FTIR probe (Mettler-Toledo ReactIR™ 15 with a shallow tip 9.5
mm DSun AgX DiComp probe) to detect the evolving methanol and
sodium acetate concentration in the receiver cell via absorbance. The

feed cell was initially filled with either 1 M methanol, 1 M sodium ac-
etate, or a binary mixture of 1 M methanol and 1 M sodium acetate,
while the receiver cell was initially filled with water. The time-resolved
concentrations of each solute were measured from the time-resolved
FTIR spectra acquired in the receiver cell and fitted to Yasuda’s model
to calculate the permeability [1,2]. The osmotic flow of water from
receiver cell to the feed cell was neglected in this study as the difference
due to osmotic flow was within the experimental error for identical
solutions in Nafion® 117 [20].

3. Result and discussion

A series of PEGDA-Comonomer membranes and PEGDA-AMPS/
Comonomer membranes were prepared using free radical UV photo-
polymerization and used as model membranes to investigate the effect of
comonomers on solute and multi-solute transport behavior of cation
exchange membranes. Water uptake, ionic conductivity, and diffusive
permeabilities of PEGDA-AMPS cation exchange membranes acquired in
a previous study are leveraged towards understanding the transport
behavior of the membranes prepared here [21]. Each comonomer has a
pendant chain with a terminal alcohol moiety, but a different number of
pendant PEG repeating units—AA (n = 0), HEMA (n = 1), and PEGMA
(n = 5)—impacting both the side chain length and the overall poly
(ethylene oxide) (PEO) content in the resulting polymer network. This
structural variation is important to note as it influences membrane
properties such as water uptake, and the probability of interactions
between neighboring and other repeat units (chain-chain interactions)
[21-24]. Moreover, variation between AMPS-to-comonomer content
impacts the overall PEO and membrane-bound sulfonate content, which
in turn influences the network structure, ion exchange capacity (IEC),
ionic conductivity, and water uptake of the membranes. We note here
that as the comonomer pendant chain length of AA and HEMA are
relatively short, they are less likely to interact with neighboring AMPS
chains. In contrast, the considerably longer PEGMA chain is more likely
to interact with neighboring AMPS repeat units, and thereby more likely
to impact the electrochemical gradient inside the membrane during
ionic transport through these films. Ultimately, we believe these dif-
ferences in side-chain length play a key role in the observed emergent
transport behavior, a point we will return to in the discussion. In the
context of this varied polymer membrane chemistry and potential
structural changes, we evaluate the similarities and differences in
transport-related physiochemical properties and transport behavior.

3.1. Water uptake and ionic conductivity of membranes

Membrane water uptake was measured gravimetrically with results
shown in Fig. 2(A); see Supporting information Table S1. Water uptakes
of PEGDA-AA, PEGDA-HEMA, and PEGDA-PEGMA remained relatively
constant, 69, 68, and 67%, respectively. Similar behavior has been
observed by Sagle et al., where water uptakes of PEGDA-Comonomer
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Fig. 2. (A) Water uptake and (B) ionic conductivity of AA-containing, @, HEMA-containing, A, and PEGMA-containing,v, films. Each data point is the average of 3

membranes with error bars corresponding to the standard deviation.

films prepared with different comonomers (AA, 2-hydroxyethyl acrylate
(HEA), and poly(ethylene glycol) acrylate (PEGA)) were consistent for
films prepared with less than 40 mol % of comonomer content [24].
Water uptakes of PEGDA-AMPS/Comonomer films were between those
of PEGDA-Comonomer and PEGDA-AMPS within the same type of
comonomer and PEGDA content. This is consistent with prior work
where increasing content of ionogenic groups (and likely thereby the
hydrophilicity) leads to increasing water uptake and often water-
solubility of the linear (non-crosslinked) polymers [30-33]. The varia-
tion among films containing different comonomers were negligible such
that the amount of fractional free volume among PEGDA-Comonomer
films and among PEGDA-AMPS/Comonomer films are likely similar.
The ionic conductivity of the prepared membranes was measured
yielding the results shown in Fig. 2(B); see Supporting information
Table S1. Ionic conductivities of all PEGDA-Comonomer films which do
not contain AMPS were negligible; on the order of 102 mS/cm for
PEGDA-AA and 102 mS/cm for PEGDA-HEMA and PEGDA-PEGMA.
Note, AA contains acidic groups, however the ionic conductivity of
PEGDA-AA is negligible due to the weak acidic nature of the pendant
carboxylic acid group [34]. All AMPS-containing films displayed ionic
conductivities which increased with increasing AMPS content. Addi-
tionally, the ionic conductivities of PEGDA-AMPS/Comonomer films
were analogous for films with the same AMPS content regardless of the
comonomer; e.g. 8, 8, and 7 mS/cm with 16.5 mol% AMPS.

3.2. Single and Multi-solute permeability

The diffusive permeabilities of all prepared membranes to methanol
and sodium acetate in single and co-permeation were measured in
triplicate. Concentration versus time plots are shown in Fig. 3 for the

(A)  Methanol Concentration  (B)

Acetate Concentration

PEGDA-AMPS/HEMA films from diffusion cell experiments with meth-
anol, sodium acetate, and their binary mixture as a representative
example of these experiments. Extracted permeability values using the
Yasuda model [1,2]:

o - 2(,‘['1([) ;W
P —ln(l o )(M) @)

where P; is the membrane permeability to solute i, ¢;(t) is the con-
centration of solute i in receiver cell at time ¢, c; is the initial concen-
tration of solute i in feed cell (1 M), [ is the membrane thickness, and V is

Table 2
Diffusive permeabilities of PEGDA-AMPS/Comonomer membranes to methanol
and sodium acetate in single and two-solute measurements.

Single solute in feed cell Both solutes in feed cell

AMPS Methanol Sodium Methanol Sodium
(mol (><10'7 acetate (x 107 acetate
%) cm?/s) (x107 cm?/s) (x107
cm?/s) cm?/s)
PEGDA- 0 9.9+ 0.0 1.2+ 0.0 105+01 1.7+0.0
AMPS/AA 16.5 143+02 1.4+0.0 126 £0.7 2.1 +0.4
PEGDA- 0 9.8+0.1 1.0 + 0.0 9.4+ 0.4 1.6 + 0.2
AMPS/ 16.5 137402 1.2+00 122408 23+02
HEMA
PEGDA- 0 112+03 1.4+0.1 11.0+01 1.6+0.1
AMPS/ 16.5 131405 1.4+0.1 127 +02 1.6+0.2
PEGMA
PEGDA- 33* 151407 1.6+04 145+07 20+03
AMPS

" Previously reported by Kim et al.[21].

Both Concentrations

(€)
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Fig. 3. Time-resolved solute concentration (A) for methanol, (B) for sodium acetate, and (C) for both methanol and sodium acetate in co-permeation where lines are

fit of the Yasuda model. Only 10% of data are shown for clarity.
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the volume of a half-cell (25 mL), A is the cross-sectional area of the
orifice of half-cells (1.1423 crnz). All permeability values are shown in
Table 2 and Fig. 4. Overall, negligible membrane swelling is observed,
where 16 out of 21 cases were within 2% change in normalized film
thickness; see Supporting information Table S2. Slight deswelling (4-7%
change in normalized film thickness compared to in DI water) was
observed for PEGDA-PEGMA films in all cases, and for PEGDA-HEMA
films in sodium acetate-containing transport experiments (see Table S2).

Generally, methanol permeabilities were larger than sodium acetate
permeabilities by a factor of ~ 8. This behavior is partially due to
diffusivity differences [7] as the kinetic diameter of methanol (3.6 A
[35]) is smaller than the hydrated diameters of dissociated ions, such as
sodium ion (7.16 A [36]) and acetate ion (7.44 A [37,38]). In single-
component permeation, permeability to methanol was increased with
increasing AMPS content which also correlates to higher fractional free
volume (FFV) within each membrane as indicated from water uptake
[7]. Permeability to sodium acetate also increased with increasing AMPS
content and water uptake. For sodium acetate this indicates the impact
of increasing electrostatic repulsion between polymer-bound sulfonate
anions and transporting acetate anions (which would hinder transport)
was minor compared to the increased transport from higher FFV. To
examine the effect of FFV on solute permeability more clearly, the co-
efficient of variation (CV) was calculated for the ratios of water uptake
to methanol permeability and water uptake to acetate permeability in
single solute transport; see Supporting Information Table S3 for values.
The CVs of both ratios were less than 11%, which indicates that water
uptake is closely linked with the permeation of both solutes in these
films. We also examined the effect of different comonomers on solute
permeabilities by calculating the CV among PEGDA-Comonomer films
and among PEGDA-AMPS/Comonomer films; see Supporting Informa-
tion Table S4 for values. The CV of all single component permeabilities
were also small (less than 7% except for acetate in PEGDA-comonomer
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films which was 11%) indicating that while differences in permeability
were observed based on the membrane chemistry, the overall impact of
the different comonomers was generally limited (but most pronounced
for acetate in PEGDA-Comonomer films) in the context of deviation from
the average single component permeabilities.

In co-permeation, methanol permeabilities were consistent with
single component permeabilities. To examine the relative difference in
methanol permeabilities from all films, the CV of the ratios between two
component permeability over single component permeability were
calculated; see Supporting Information Table S5. The CV of the ratios
was relatively small (5.8%), corresponding to a small effect of co-
permeating acetate on methanol transport. Particularly, methanol per-
meabilities of PEGDA-Comonomer films (PEGDA-AA, PEGDA-HEMA,
and PEGDA-PEGMA) were consistent with those measured in single
component permeation; where the differences were 6, 4, and 1%,
respectively. This indicates the presence of co-permeating sodium ace-
tate has a small-to-negligible impact on the permeation of methanol in
these AMPS-free films. Alternatively, methanol permeabilities in
PEGDA-AMPS/AA and PEGDA-AMPS/HEMA films were decreased by
14 and 12% in co-permeation with sodium acetate, indicating co-
permeating sodium acetate has a much larger impact on methanol
permeability in these AMPS-containing films. In all cases, one possible
cause of this reduced methanol permeability is competitive transport
[15,29,39,40], where the transport of a permeant (methanol) may be
decreased in co-permeation due to competition with other permeants
(acetate) for the fractional free volume necessary to perform diffusional
jumps. We note, that while membrane swelling is a factor this behavior
cannot be explained strictly through a swelling argument as PEGDA-AA
films experienced slightly higher swelling (based on normalized film
thickness, Table S2) with both solutes compared to solely methanol
(1.01 vs 0.98), while PEGDA-HEMA films exhibit the opposite behavior
(0.96 vs 0.98). On the other hand, the difference between one- and two-
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Fig. 4. (A-C) Methanol and (D-F) sodium acetate permeability in (A,D) PEGDA-AMPS/AA, (B,E) PEGDA-AMPS/HEMA, and (C,F) PEGDA-AMPS/PEGMA. Each data
point is the average of 3 membranes with error bars corresponding to the standard deviation.
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component permeability to methanol was relatively small, ~3%, in
PEGDA-AMPS/PEGMA films, which also exhibited negligible change in
swelling (0.94 vs 0.93 in normalized film thickness). As we noted above,
the difference in co-transport behavior between PEGMA-containing
films and other films may be examined and rationalized through the
differing chain length of the comonomers and their impact on solutes
permeating through the polymer film. The significantly longer ethylene
oxide chain in PEGMA-containing films compared to AA- and HEMA-
containing films, as shown in Fig. 1, may have more interactions with
the permeants and thereby interfere with the other permeant-membrane
interactions such as between permeants and the sulfonates on the AMPS
chain end.

In co-permeation, sodium acetate permeabilities to all films were
substantially increased (15 to 92%). To examine the relative difference
in sodium acetate permeabilities from all films, the CV of the ratios
between two component permeability over single component perme-
ability were calculated; see Supporting Information Table S5. The CV of
the ratios for acetate permeability was relatively large (17.4%), indi-
cating that co-permeating methanol has a more significant impact on
acetate permeation. One possible contribution to this behavior is assis-
ted transport [20,21,29,41], where interactions with a fast-permeating
co-permeant (methanol) facilitates diffusional jumps of the slower per-
meant (acetate) thereby increasing its observed permeability. However,
this is likely not the only contributing phenomena as many other factors
(hydration number of dissociated ions [42,43], feed concentration [20],
degree of swelling, shielding of electrostatic repulsion [20,21], etc.)
likely play a role in this transport behavior. However, we also note again
that there is a distinct difference between the behavior based on the
comonomer chain length. The increase in sodium acetate permeabilities
of membranes prepared with shorter comonomers (AA and HEMA) was
higher than those of membranes prepared with PEGMA, the longest. In
PEGDA-Comonomer films, the increase in sodium acetate permeability
in co-permeation was relatively large in PEGDA-AA and PEGDA-HEMA,
34 and 56%, respectively, while it was relatively small in PEGDA-
PEGMA, 16%. This indicates the length of the pendant chain is likely
a key factor where, for instance, a long pendant chain (PEGMA) may
interfere with the assisted transport by methanol. Similarly, the increase
in sodium acetate permeability in co-permeation was large in PEGDA-
AMPS/AA and PEGDA-AMPS/HEMA, 52 and 92%, respectively, while
it was relatively small in PEGDA-AMPS/PEGMA, 15%. A pictorial
description of the interactions and transport within these films is shown
in Fig. 5, where Fig. 5.(1) and Fig. 5.(3) depict acetate transport, Fig. 5.
(2) and Fig. 5.(4) depict acetate and methanol co-transport. In partic-
ular, Fig. 5.(2) portrays how acetate transport could be assisted by co-
permeating methanol in absence of long pendant chains and Fig. 5.(4)
shows the effect of assisted transport being diminished by long pendant
chains.

We also examined the difference in sodium acetate permeabilities in

Acetate Permeation in PEGDA-AMPS/AA and /HEMA
(1) Electrostatic Repulsion

Single Solute Co-permeation
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co-permeation among PEGDA-Comonomer films and among PEGDA-
AMPS/Comonomer films by calculating the CVs; see Supporting Infor-
mation Table S4 for values. The CV of sodium acetate permeabilities in
co-permeation for PEGDA-Comonomer films was small (1.9%), while
that for PEGDA-AMPS/Comonomer films was large (15.4%) with the
permeability of PEGDA-AMPS/PEGMA film being significantly less than
those of PEGDA-AMPS/AA and PEGDA-AMPS/HEMA. This signifies
how the effect of different comonomer was most pronounced for acetate
transport in AMPS-containing films. Focusing on films with shorter co-
monomers, AA and HEMA, the increases in acetate permeabilities in
AMPS-containing films, PEGDA-AMPS/AA and PEGDA-AMPS/HEMA,
were larger than AMPS-free films, PEGDA-AA and PEGDA-HEMA.
Overall, this points to a distinct link between comonomer chain length
and transport behavior as the difference in one- and two-component
acetate permeabilities of films with longer comonomer (PEGMA) are
small, while those of films with shorter comonomers (AA and HEMA,)
are more significant. However, this is just one of many factors in
manipulating transport and multicomponent transport in these and
analogous films where more investigations are needed in order to
further develop our understanding of these complex transport
behaviors.

4. Conclusions

A series of PEGDA-Comonomer and PEGDA-AMPS/Comonomer
membranes with varied AMPS to comonomer content were prepared.
Water uptake and ionic conductivity were measured in addition to
diffusive permeabilities to methanol and sodium acetate in both single
and co-permeation. Emergent co-transport behavior is observed and
attributed to both competitive and assisted transport effects that result
from the combined impacts of membrane structure, species concentra-
tions, ion hydration number, electrostatic repulsion, and swelling. The
change in permeation behavior upon introduction of the co-solute was
significantly reduced in PEGMA-containing films which we believe is a
direct result of the longer pendant PEGMA chain interfering with the
interactions between methanol and sodium acetate. While this behavior
requires further study, this work highlights the role employing un-
charged comonomers in ion exchange membranes can play in manipu-
lating co-permeation behavior.
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