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ABSTRACT: Membrane-based desalination processes are used widely to address
increasing global demand for purified water. To continue to meet increasing
demand, advanced and highly selective desalination membranes are needed to
effectively and efficiently purify water that is increasingly contaminated and saline.
A general lack of fundamental structure−property relationships frustrates the
development of these membranes. Advanced polymer synthesis capabilities that
enable increasingly precise molecular control over the position of functional groups
on a polymer backbone could be instrumental in engineering advanced desalination
membranes, but little is known about how the position of functional groups
influences water and salt transport properties. In this study, we prepared and
characterized a series of equivalent water content copolymers to determine how the
functional group configuration along the polymer backbone influences desalination-
relevant transport properties. Shifting the copolymer composition from one rich in
vicinal diol groups to one rich in side chains with a single hydroxyl group drove an
increase in the water/salt permeability selectivity, which is directly related to desalination-critical salt rejection. The results
suggest that controlled placement of functional groups within a polymer could be a viable strategy for preparing advanced and
highly selective desalination membrane materials.

■ INTRODUCTION

Meeting global demand for clean water is a pressing
engineering challenge.1 Membrane-based technologies are
used widely to desalinate water, and more efficient membranes
are needed to meet growing demand for purified water from
increasingly contaminated and/or saline water.2−6 Water
purification membranes are generally polymeric, and highly
selective membranes are needed to meet the growing
separation challenges in desalination technologies including
reverse osmosis and nanofiltration.6−10 The selective proper-
ties of these desalination membranes result from the
preferential transport of water relative to hydrated ions.11

Engineering highly selective materials has been frustrated by a
lack of fundamental structure−property relationships to guide
the design of advanced polymer membranes to address global
water needs.
The ability to precisely place functional groups along a

polymer backbone, with a high degree of molecular control
over functional group position, is becoming increasingly
viable.12,13 This structural control, facilitated by advances in
synthesis capabilities, could be important for engineering
advanced desalination membranes. Little is known, however,
about how functional group placement within a polymer
influences water/salt selectivity.
We report the desalination (i.e., water/salt) selectivity

properties of a series of model materials where the distribution
of hydroxyl functional groups along the polymer backbone was

varied from a clustered to a more uniform configuration.
Importantly, this series of materials was prepared such that the
membrane water content did not change as the distribution of
the hydroxyl groups changed. Membrane water content has a
significant influence on water/salt selectivity properties,9,14 so
the ability to vary the distribution of functional groups within
the material without perturbing the water content enabled us
to ascribe the observed results to changes in the functional
group configuration.
Shifting the functional group configuration to space the

hydroxyl groups out more evenly (compared to the more
clustered configuration) resulted in increased water/salt
permeability selectivity, which is directly related to desalina-
tion-critical salt rejection.11 This increase in selectivity was
largely driven by sorption, or thermodynamic, effects. The
results suggest that an even distribution of hydrophilic
chemical functionality in polymers may lead to more selective
membranes to address global demand for desalinated water.

■ MATERIALS AND METHODS

HEMA:GMA:GMAOH Copolymers. Five copolymers
containing 2-hydroxyethyl methacrylate (HEMA), glycidyl
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methacrylate (GMA), and glycerol methacrylate (GMAOH)
comonomers and cross-linked using poly(ethylene glycol)
dimethacylate (PEGDMA) were prepared via UV-initiated free
radical polymerization. These model materials are chemically
different from the aromatic polyamide-based membranes
commonly used in reverse osmosis and nanofiltration
membranes.15 The structure of these materials (i.e., the choice
of comonomers) was chosen to enable preparation of a series
of materials where the distribution of hydrophilic functional
groups (in this case, hydroxyl groups) could be varied by
changing the composition of the copolymer without changing
the water content of the polymer.
The hydroxyl group distribution in the copolymer was varied

by changing the comonomer composition of the prepolyme-
rization solution used to prepare the materials (Table 1). The
sample nomenclature, HEMA:GMA:GMAOH x:y:z, reflects
the composition (by mass) of the prepolymerization solution
used to prepare that material (e.g., 15:55:30 was prepared from
a prepolymerization solution containing 15%, 55%, and 30%,
by mass, of HEMA, GMA, and GMAOH, respectively). The
PEGDMA cross-linker and initiator (1-hydroxycyclohexyl
phenyl ketone) were added to the comonomer solution at
compositions of 0.1 and 0.01 g/g(total comonomer),
respectively, to form the prepolymerization solution, which
was stirred for 30 min at room temperature to ensure the
solution was well mixed. The prepolymerization solution was
degassed (via sonication for 10 min), confined between quartz
plates (separated by spacers to control film thickness), and
irradiated for 5 min with 120 μJ/cm2 of 312 nm light to form
transparent and homogeneous polymer films that were
approximately 100 μm thick. The chemical structure and
additional information about the copolymers are reported in
Section S1 of the Supporting Information.
Water and Salt Transport Property Characterization.

To characterize the potential desalination performance of the
HEMA:GMA:GMAOH copolymers, we measured water
uptake, the salt sorption coefficient, and water and salt
permeability properties at ambient temperature. Water uptake
was combined with dry polymer density to calculate the water
sorption coefficient, Kw (Table 1).

17 Water (i → w) and salt (i
→ s) sorption coefficients, Ki, were combined with
permeability properties, Pi, to calculate, via the solution-
diffusion model,18 apparent diffusion coefficients, Di, as

19

D P K/i i i= (1)

At least three measurements, per sample, were made for each
property, and the uncertainty in the measurement was one
standard deviation from the mean. The standard propagation

of error was used to quantify the uncertainty in calculated
quantities.16 Details about the specific methods used to
measure water uptake, salt sorption, pure water permeability,
salt permeability, and hydrated polymer dielectric properties
are reported in Section S2 of the Supporting Information.

■ RESULTS AND DISCUSSION
Each composition of HEMA:GMA:GMAOH had an equiv-
alent water content (Table 1). Water content affects the
transport (thus, desalination) selectivity of hydrated polymers,
and increases in water content often correlate with decreases in
selectivity.9,14 Therefore, preparing materials with equivalent
water content is critical for decoupling the influence of the
functional group configuration on water/salt transport
selectivity from the influence of changing water content on
water/salt transport selectivity.
The equivalent water content of this series of HEMA:G-

MA:GMAOH copolymers likely results from subtle changes in
the extent of cross-linking and hydroxyl group content across
the series of copolymers. These changes were estimated to be
reasonably small, as discussed in Section S1.1 of the
Supporting Information. Ultimately, maintaining equivalent
water content in the series of materials was prioritized due to
the strong influence of water content on the water and salt
transport properties of hydrated polymers.9,14

We compared the HEMA:GMA:GMAOH transport proper-
ties to those of cross-linked poly(ethylene glycol) diacrylate
(PEG) hydrogels, as these materials also preferentially
transport water over salt via a solution-diffusion mechanism.20

The water content of these hydrogels can be manipulated by
changing the ethylene glycol chain length or by adding a
diluent to the prepolymerization mixture.20 Thus, the PEG
materials illustrate how transport properties change with water
content to contrast the situation in equivalent water content
HEMA:GMA:GMAOH.
The water/salt transport selectivity is defined as the ratio of

water to salt permeability, Pw/Ps, sorption, Kw/Ks, or diffusion,
Dw/Ds, coefficients, and the three selectivity values are related
via the solution-diffusion model9

P P K K D D/ ( / ) ( / )w s w s w s= × (2)

This water/salt permeability selectivity can be directly related
to salt rejection, which is a critical characteristic of effective
desalination membranes.11 The salt rejection, R, is defined as
the salt concentration reduction from the bulk solution on the
feed side of the membrane, cs,feed, to the bulk solution on the
permeate (or product) side of the membrane normalized by
cs,feed and depends on the water/salt permeability selectivity

Table 1. Comonomer Mass Fraction in Prepolymerization Solution Used To Prepare HEMA:GMA:GMAOH copolymers
Defines Sample Nomenclaturea

Comonomer mass fraction in prepolymerization
solution

Copolymer sample HEMA GMA GMAOH Water uptakeb Dry polymer density (g/cm3) Kw

0:60:40 0.0 0.60 0.40 0.24 ± 0.02 1.29 ± 0.02 0.23 ± 0.01
15:55:30 0.15 0.55 0.30 0.24 ± 0.01 1.30 ± 0.03 0.24 ± 0.01
30:50:20 0.30 0.50 0.20 0.24 ± 0.01 1.27 ± 0.01 0.23 ± 0.01
45:45:10 0.45 0.45 0.10 0.23 ± 0.01 1.27 ± 0.01 0.23 ± 0.01
60:40:0 0.60 0.40 0.0 0.23 ± 0.01 1.26 ± 0.02 0.23 ± 0.01

aThe water uptake and dry density data were measured at ambient temperature, and the water sorption coefficient, Kw, was calculated using the
water uptake and dry polymer density. Uncertainty in the measured data is one standard deviation from the mean of at least three measurements,
and the uncertainty in the water sorption coefficient was calculated using standard propagation of error.16 bUnits: g(water)/g(dry polymer).
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where Vw is the molar volume of water, Δp is the hydraulic
pressure difference across the membrane, Δπ is the osmotic
pressure difference across the membrane, R is the gas constant,
and T is the absolute temperature.9

Water/salt permeability selectivity depends on a combina-
tion of both water/salt sorption and diffusivity selectivity
properties (eq 2). Functional group configuration significantly
influenced the water/salt sorption selectivity of HEMA:G-
MA:GMAOH (Figure 1A). A distributed hydroxyl group
configuration (HEMA-rich copolymer) led to higher sorption
selectivity compared to a vicinal diol-rich configuration
(GMAOH-rich copolymer), and this result can be attributed
to more effective exclusion of salt from the HEMA-rich
copolymer compared to the GMAOH-rich copolymer.
Comparing HEMA:GMA:GMAOH water/salt sorption

selectivity with that of poly(ethylene glycol) diacrylate
(PEG) hydrogels, we observed that the HEMA:GMA:G-
MAOH data points move vertically upward as HEMA content
increases in a manner different from the PEG materials (Figure
1A). The PEG result is expected if water content primarily
drives sorption selectivity properties.20 The HEMA:GMA:G-
MAOH result suggests that polymer chemistry, not changing
water content, is responsible for the change in sorption
selectivity of HEMA:GMA:GMAOH. Thus, preparing poly-
mers with a distributed functional group configuration may be
a viable strategy to increase the water/salt sorption selectivity.
The HEMA:GMA:GMAOH materials are approximately an

order of magnitude more water/salt diffusion selective
compared to the PEG materials (Figure 1B). This result may
be due to the glassy nature of hydrated HEMA:GMA:G-
MAOH compared to the rubbery nature of PEG (see Section
S1.3 of the Supporting Information).23 More rigid (glassy)
polymer backbones are often more diffusion selective
compared to more flexible (rubbery) polymer backbones.24−26

The apparent water diffusion coefficient decreases and the
water/salt diffusivity selectivity increases as the copolymer
composition shifts toward a more HEMA-rich (or distributed
hydroxyl group) configuration. This observed trend is similar
to that observed for PEG. The water content of the PEG
materials was varied systematically, and the explanation for the
observed relationship between water/salt diffusivity selectivity
and water diffusion coefficient is that reduction in the free
volume of the polymer (as water content decreases) causes a
general reduction in diffusion that influences the larger
hydrated ions to a greater extent than water.20 In
HEMA:GMA:GMAOH, the change in comonomer composi-
tion (thus, distribution of hydroxyl groups) results in a
situation where water diffusion slows as HEMA content
increases. This reduction in water diffusivity is accompanied by
an increase in water/salt diffusion selectivity that is similar in
proportion to that of PEG. Therefore, changes in water
diffusivity, due to compositional changes in the HEMA:G-
MA:GMAOH materials, may influence water/salt diffusivity
selectivity in a manner similar to that in the free volume-based
explanation where water diffusion depends strongly on free
volume.9,14

Water/salt diffusivity selectivity is affected to a lesser extent,
compared to water/salt sorption selectivity, by changing the
HEMA content of the prepolymerization solution. The water/
salt diffusivity selectivity increases by 26% over the range of
HEMA compositions considered. The water/salt sorption
selectivity, by comparison, increases by 53% over the range of
HEMA compositions considered. Importantly, the 53%
increase in sorption selectivity comes without a change in
the water sorption coefficient, which as discussed subsequently,
means that, as copolymer composition changes, the water
permeability will not change because of sorption effects.
The decrease in the apparent water diffusivity as the

copolymer composition changes at constant water content
could be considered unexpected, as diffusivity in hydrated
polymers is often a strong function of water content.9,14,27−29

Dielectric permittivity properties, however, provide insight into

Figure 1. Water/salt sorption selectivity (A) and water/salt diffusivity selectivity (B) as a function of water sorption coefficient and apparent water
diffusion coefficient, respectively, for HEMA:GMA:GMAOH (blue solid box) and PEG (blue open box)20 materials. For HEMA:GMA:GMAOH,
the HEMA comonomer composition of the prepolymerization solution used to prepare the copolymer is reported for each data point. The dashed
lines represent reported empirical sorption (A) and diffusivity (B) trade-off frontiers for desalination membrane materials,21,22 and the solid lines
are least-squares fits to the data.
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the observed water diffusivity. As further discussed in Section
S3 of the Supporting Information, the dielectric loss spectra
can be interpreted in terms of time constants, which describe
the dipole relaxation dynamics of different modes of water
motion, and the dielectric strengths of those relaxations, which
describe the relative amount of water in the material that is
participating in each relaxation mode.30

Dielectric spectroscopy suggests three populations of dipolar
water motion: highly restricted motion that relaxes on an order
0.1 ns time scale, less restricted motion that relaxes with a time
constant of approximately 45 ps, and nonrestricted (i.e., bulk
water) motion that relaxes with a time constant of 8.8 ps (see
Supporting Information for additional discussion). In general,
the dielectric strength associated with each mode of motion
decreases as HEMA content increases (Table S1), though the
reduction is more pronounced for the nonrestricted relaxation
mode compared to the other two modes. This decrease in the
dielectric strength associated with all three relaxation modes,
coupled with the statistically equivalent water content of the
materials, suggests that increasing HEMA content promotes
water−polymer interactions that relax at frequencies lower
than that probed in our experiments.
An example of such interactions would be water that is very

tightly associated with the hydroxyl groups. Such (effectively
immobile) water will not be detected by dielectric spectros-
copy in the frequency range considered here.31 As such, the
dielectric strength data suggests that distributing the hydroxyl
groups in the polymer causes more water to tightly associate
with hydroxyl groups compared to the situation in the vicinal
diol-rich materials.
This molecular picture is consistent with a steric explanation

suggesting that water molecules may be able to hydrate the
hydroxyl group on a HEMA side chain to a greater extent
compared to the more sterically hindered GMAOH side chain.
This explanation is also consistent with estimates of the
enthalpy of hydration for the hydroxyl groups on the side
chains (see Section S4 of the Supporting Information).
Ultimately, this reduction in water motion within the polymer
appears to have a similar effect on both water and salt
diffusivity to that of reducing the water content of the polymer
(as supported by the similar slopes of the data in Figure 1B).
Primarily due to the strong increase in water/salt sorption

selectivity at constant water content, the HEMA:GMA:G-
MAOH water/salt permeability selectivity increases as the
HEMA content of the prepolymerization solution used to
prepare the materials increases (Figure 2). A distributed
hydroxyl group configuration (HEMA-rich) is more selective
for water over salt transport compared to the vicinal diol-rich
configuration (GMAOH-rich). The overall selectivity of the
HEMA:GMA:GMAOH series of materials is greater than that
of the PEG materials due to the previously discussed
differences in the diffusivity selectivity properties.
The PEG materials exhibit a typical trade-off relationship

whereby water/salt selectivity tends to decrease as materials
become more permeable to water. This trade-off is often
observed in cases where the water content of a series of
materials is varied systematically.22 In these cases, the higher
water content polymers tend to have higher water permeability
and lower water/salt selectivity compared to the lower water
content polymers.
The HEMA:GMA:GMAOH materials suffer less of a

reduction in the diffusive water permeability as water/salt
selectivity increases compared to the PEG materials (i.e., slope

of the HEMA:GMA:GMAOH line is steeper than that of the
PEG line in Figure 2). This result stems from the equivalent
water content nature of the HEMA:GMA:GMAOH series of
materials and the fact that both water/salt sorption and
diffusivity selectivity increase with increasing content of
HEMA in the prepolymerization solution.
Chemical modification of a series of water content-

equivalent copolymers, from a vicinal diol-rich to a distributed
hydroxyl group-rich configuration, increased water/salt per-
meability selectivity with a smaller water permeability penalty
compared to that often observed in hydrated polymers. These
results, obtained using a model series of copolymers, suggest
that controlling the spatial arrangement of functional groups in
hydrated membrane materials may be important for engineer-
ing highly selective polymers for desalination applications. The
results on these model materials represent a step toward
establishing general water and salt transport structure−
property relationships for membrane materials including
polymers that are more chemically similar to commercial
desalination membranes than those materials considered here.
The results suggest that distributed hydrophilic functional
groups may lead to increased selectivity and may represent a
strategy for improving water/salt selectivity of advanced
membrane materials to address global water shortages.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.es-
tlett.9b00351.

Additional information regarding experimental methods,
material properties, and characterization (molar compo-
sition, hydroxyl group content, FT-IR, and glass
transition temperature analysis), microwave dielectric

Figure 2. Water/salt permeability selectivity as a function of diffusive
water permeability for HEMA:GMA:GMAOH (blue solid box) and
PEG (blue open box)20 materials. For HEMA:GMA:GMAOH, the
HEMA comonomer composition of the prepolymerization solution
used to prepare the copolymer is reported for each data point. The
dashed line represents a reported empirical permeability trade-off
frontier for desalination membrane materials,21,22 and the solid lines
are least-squares fits to the data.
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spectroscopy data analysis, and hydroxyl group hydra-
tion analysis. (PDF)
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