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Abstract
Water scarcity is a severe challenge facing both developing and industrialized
countries. Over the past 20 years, the desalination market has been grown significantly,
and polymer membrane-based water purification techniques dominate the market. More
efficient and low-cost membrane-based water purification can be achieved by improving
water/salt selectivity, membrane fouling resistance, etc., but these improvements rely on
deep understanding of the relationships between polymer structure and water/ion

transport properties.

This work discusses the effect of polymer backbone dynamics on water and salt
permeability, sorption and diffusion properties. Two homogeneous, uncharged
copolymers, poly(HEA-co-EA) and poly(HEMA-co-MMA) were chosen based on
prerequisite material characteristics to control the influence of water uptake and polymer
chemistry. Backbone dynamics were varied by using an acrylic poly(HEA-co-EA)
backbone and a methacrylic poly(HEMA-co-MMA) backbone. Low water uptake (< 0.2
g(water)/g(dry polymer)) materials, similar in water content to those used in commercial
desalination membranes, were considered because the effect of backbone dynamics on
transport properties was expected to be significant in low water content polymers as

opposed to high water content hydrogels or ion exchange membranes.

Experimental data indicate that increasing polymer backbone rigidity results in

an increase in the water/salt permselectivity and diffusion selectivity of these uncharged



polymers. lon sorption (thermodynamic) properties of the polymers appear to be
unaffected by the change in backbone dynamics. Additionally, the polymer with the more
rigid backbone (poly(HEMA-co-MMA)) exhibits greater size selectivity (quantified by
ion permeability and diffusion selectivity) compared to the less rigid backbone material

(poly(HEA-co-EA)).
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1. Introduction

Demand for freshwater and energy are increasing significantly as a result of
growing populations and economies in both developing and industrialized nations.
Currently, more than 1 billion people lack access to safe drinking water [1]. The water

supply is limited in many countries because of scarce water resources or underdeveloped

water infrastructure (Fig. 1).
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Figure 1 Global surface water scarcity. Physical scarcity indicates water resources have reached a
sustainable limit. Economic scarcity indicates that human/financial constraints limit water supply, but

water is available [2].

In addition to increased demand for water, electricity demand is projected to grow

by roughly 70% by 2035 [2]. Water and energy are highly interlinked [2][3][4]. Energy is



required for water purification (pumping and treatment) and water resources are needed
in energy production. 7-15 L water is consumed to make 1 L of petroleum based fuel [5].
For natural gas, 20-50 L of water is needed to produce a barrel equivalent of oil [6].
These examples underscore the need for more efficient, sustainable and low-cost water
and energy resources.

Since the 1960s, growth in desalination has significantly increased to alleviate
water stress by increasing access to purified water resources (Fig. 2) [7][8][9]. Global
water desalination capacity reached 86 million m/day in 2015. In contrast, world-wide
crude oil production was 13 million m®/day in 2015, which emphasizes the magnitude of
the amount of water that is desalinated each day [10]. Water purification, however, is not
affordable for many developing countries and for high water consuming services such as
agriculture, due to its high capital, energy and operating cost [1]. In Africa, materials,
electricity and staff costs are relatively high so that maintenance of water treatment is

often insufficient, which leads to frequent outages [2].
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Figure 2 Total installed capacity and water price in the desalination market since 1960[7]

The majority of desalination plants worldwide use membrane based desalination
technology, which had a 64% market share in 2012 [11]. Typical energy consumption of
the major membrane-based desalination technologies, seawater reverse osmosis and
brackish water reverse osmosis, is 2.6 KWh and 1.0 KWh per cubic meter of fresh water
produced, respectively [8]. The minimum theoretical energy has been derived assuming a
reversible thermodynamic process [4]. For seawater (taken as 35 g/L NaCl), the
minimum energy of a desalination process at 50% recovery, which is the percent of
seawater converted to purified water, is 1.06 kWh/m?3. For brackish water (taken as 5 g/L
NaCl), the minimum energy at 50% recovery is ~0.2 kWh/m?® [12]. Because water
purification is done on an extraordinary large scale, improvements in energy efficiency
would have a significant impact on energy consumption. It is noteworthy to point out

that, compared with seawater desalination, the energy efficiency of brackish water



desalination can be improved to a greater extent since the practical energy cost of SWRO
is roughly a factor of 2 above the minimum theoretical energy required to do the
separation.

Furthermore, membranes are being challenged with increasing contaminated
waters, so materials that can withstand fouling environments and/or aggressive cleaning
protocols are needed. In many cases, such materials do not have the necessary water and
salt transport properties to be commercially viable. Thus, structure-property relationships
are needed to guide material development to address these challenges [3]:

One way to increase the energy efficiency of practical water purification
processes is to increase the intrinsic water/salt selectivity of membrane polymers [13]. It
is challenging to increase selectivity without reducing water permeability as illustrated by
the permeability and selectivity tradeoff [14], which can be related to fundamental free
volume transport principles. In addition, membrane fouling is a major concern in water
treatment applications, and it results in water flux reduction in many membrane
separation processes [1] [4] [15] [16]. Fouling is sensitive to membrane chemistry,
morphology and structure [1] [17]. Membranes are often coated with hydrophilic thin
film coatings to mitigate fouling and extend the overall membrane life [1]. Despite efforts
over several decades, the challenge of developing fouling resistant membranes still exists,
and while some strategies for modifying thin film composite membranes work reasonably
well, the challenge of membrane fouling will continue to persist, perhaps particularly for

new membrane chemistries [8]. In both developing and industrialized countries,
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increasing pollutants in water such as heavy metals, organic wastes and waterborne
pathogens brought by human activity require new strategies for designing membranes
that remove multiple contaminants and resist stresses and degradation [1].

These challenges in water purification membrane performance can be addressed
by materials chemistry and engineering, but in order to do so in a rational manner, it is
critical to develop relationships between polymer structure and water/ion transport
properties [3]. In addition to aiding in the design of membranes for water purification
technologies such as reverse osmosis (RO) and forward osmosis (FO) [18][19], such
structure-property relationships may also contribute to designing membranes for power
generation processes [20][21], including flow batteries [22], pressure-retarded osmosis
(PRO) [23], reverse electrodialysis (RED) [24] and microbial fuel-cells (MFCs), which
all rely on membranes to at least some extent to control rates of water and/or ion
transport. In addition to intrinsic selectivity properties, all of these technologies require
materials that interact well with their environment (i.e., materials that do not degrade or
foul during use).

The solution-diffusion model is widely used to describe water/ion transport in
desalination membranes [25]. Desalination membrane materials, such as those materials
used in RO membranes, are often considered to be non-porous in the sense that void
space within the polymer matrix exists between polymer chains, this void space is often
on the order of several angstroms, and it is more dynamic compared to rigid pore

structures found in ultrafiltration or microfiltration membranes [3][26][27][28].
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According to the model, penetrants first dissolve in the polymer matrix, then diffuse
through the polymer down a concentration gradient, and finally desorb from the polymer.
In systems where the penetrant concentration is relatively low (e.g., gas separation
membranes and some desalination membranes), transport is believed to occur via
diffusional jumps between free volume elements that are gated by segmental motions of
polymer chains; a penetrant within a free volume cavity in the polymer matrix can jump
to another cavity when collective segmental motion of the polymer chains results in a
configuration that provides space for the penetrant to execute the jump [29][30]. The
rate-determining step of the diffusion process is believed to be the opening and closing of
these transient gaps between polymer chains [31]. Therefore, the transport process is
expected to be sensitive to polymer chain dynamics and free volume.

In gas separation membranes, permeability and diffusivity correlate with
segmental mobility [31]. Penetrants with greater kinetic diameter show lower diffusivity
in a given polymer. Additionally, polymers with a rigid backbone tend to be more size
selective to penetrants compared to polymers with a flexible backbone [32][33]. A
potential strategy to increase diffusivity selectivity without reducing permeability is to
increase the polymer chain stiffness and inter-chain spacing (free volume) simultaneously
[34].

Polymer chain mobility has been related with water flux and salt rejection of
water swollen polymers [35][36][37]. However, water flux and salt rejection both depend

on experimental operating conditions (unlike intrinsic permeability and selectivity
6



properties) [13]. Importantly, the water uptake of the polymer membranes, which can
strongly influence transport properties, was not controlled in these studies [3][38].

This work discusses the effect of polymer backbone dynamics on the fundamental
water and ion transport properties of hydrated polymers. Successfully evaluating this
relationship requires well-controlled polymers. In this study, four required material
characteristics were identified. The polymers in this study were designed to have 1)
different backbone rigidities (segmental dynamics), 2) similar chemical structure, 3)
comparable and low water uptake values to control the influence of overall free volume,
4) as homogeneous a structure as possible. The reason of preparing low water content
polymers is that the polymers used in commercial materials often sorb little water (e.g.
less than 10% by mass). Furthermore, water and ion transport strongly depends on
polymer water uptake, so it is imperative to control water uptake and compare materials
at comparable water content. Two uncharged copolymers, poly(HEA-co-EA) and
poly(HEMA-co-MMA) were prepared to meet the strict requirements of this study (see
section 2.1 for definitions of the acronyms). The HEMA homopolymer has a more rigid
backbone than HEA because the methyl groups on the backbone of poly(methacrylates)
increase the energy barrier for segmental motion compared to poly(acrylates) that do not
have the additional methyl group (as characterized by DSC Tg measurements).
Co-monomers, EA and MMA, were added to adjust water uptake of polymers, and

polymer compositions were chosen to avoid phase separation. The backbone dynamics,



water/ion permeability, solubility and diffusivity were characterized to determine the
influence of backbone rigidity on water/salt transport selectivity.

Salt diffuses through a thin polymer membrane down a concentration gradient as
illustrated in Fig. 3. The salt flux, ng, through a solution-diffusion membrane (at steady
state) can be derived by integrating Fick’s law for 1-D transport:

m m
s0 — LsL 1

ng = Dy i

where Cj5 and Cg; are salt concentration in the membrane at the feed and permeate

faces of the film, respectively. Dg is salt diffusion coefficient. L is the film thickness [3].

Salt permeability, Ps, is defined as

ngL 2

P=—
* Csso_CsSL

Water or salt sorption coefficient, K; is defined as

where C/™ is the concentration of penetrant i in the membrane and C; is the
concentration in solution. The sorption coefficient converts the membrane phase

concentrations (in Eqgn. 1) to solution phase concentrations (in Eqn. 2). Therefore, at

x=0 x=L 8
Figure 3 Steady-state salt flux and salt concentration profile in a dense, non-porous
polymer [58]



steady state, the salt permeability in solution diffusion membranes can be described by
Ps = KsDg 4

where D; is the concentration averaged diffusion coefficient of penetrant i. The

water/salt diffusion selectivity, a, and sorption selectivity, ay values are defined as:

Dy,
ap = D_S 5
Ky 6
(067% ?S

Salt rejection, R, is often used as a measure of salt selectivity [3]. R is defined by the salt
concentrations of feed and permeate solutions in a filtration process. Salt rejection is

related to selectivity as

V
_ Cfeed - Cpermeate _ aﬁ (Ap o AT[)

Creea 1+ a% (Ap — Am)
where a is permeability selectivity, R is gas constant, Ap is the pressure difference, A
is the osmotic pressure across the polymer film. Equation 7 shows that salt rejection is
dependent on operating conditions since increasing (Ap — Am) results in an increase in
R. Equation 7 does not strictly apply in the limit (Ap — Am) - o, but it is often
applicable for practical desalination applications [39].
2. Materials and methods
2.1. Film preparation
Crosslinked poly(HEA-co-EA) and poly(HEMA-co-MMA) films were prepared

by UV-initiated free radical polymerization. The monomers were 2-hydroxyethyl acrylate
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(HEA), 2-hydroxyethyl methacrylate (HEMA), ethyl acrylate (EA) and methyl
methacrylate (MMA) (Sigma-Aldrich). The photo-initator was 1-hydroxycyclohexyl
phenyl ketone (HCPK) (Sigma-Aldrich), and poly(ethylene glycol) diacrylate (PEGDA,
average Mn = 250 g/mol, Sigma-Aldrich) was the crosslinker. Structures of the

monomers and the crosslinker are shown in Table 1. For all materials, 3 wt% PEGDA

Table 1 Chemical structures of the monomers and cross-linker, water uptake (defined using
equation 8) and glass transition temperatures of homopo/ymers.‘

Homopolymer W, (with 3% PEGDA

Monomer Monomer structure crosslinker) [(H,0)/g(dry polymer)] Tg/*C
0
HEA HaCo A g~ OH 1.60 15
O
Hzc% o ~-OH
HEMA 0.60 60
CHs
0O
EA H2C§)LOACH3 0.01 24
o]
H2C NS
MMA OCHjs 0.01 120
CHs

0
H
PEGDA Heof\ﬁo\/}oj\¢C 2 / /
0 13

and 0.1 wt% HCPK (based on the mass of monomer mixtures) were used. After preparing

the pre-polymerization mixture, the solution was confined between quartz plates. Spacers
were placed between the quartz plates to control the thickness of the film. To cure the
pre-polymerization mixture, the solution was irradiated with 120 pi/cm? 254 nm UV light
for 120 sec for poly(HEA-co-EA) and 500 sec for poly(HEMA-co-MMA) at room
temperature. Polymer films were prepared with thickness that ranged from 50-200 pm.

10



The crosslinked polymers were soaked in DI water following the curing step to remove
any unreacted monomer from the film. Films prepared for salt transport property
measurements were, in some cases, stored in sodium chloride solutions until use.
2.2. Thermal analysis
The thermal transitions of poly(HEA-co-EA) and poly(HEMA-co-MMA) were
analyzed using differential scanning calorimetry (DSC) (TA Instruments Q1000).
Hydrated polymer samples (5-10 mg) were sealed in hermetic aluminum sample pans to
keep the samples in a hydrated state, initially heated to 150 °C, then quenched to -80 °C,
and scanned twice between -80 °C and 150 °C at 10 °C/min under nitrogen purge flow.
The glass transition temperature (Tg) was determined as the midpoint of the heat capacity
change during the second heating scan.
2.3. Water uptake measurement
Polymer samples were equilibrated in DI water or 0.5 mol/L aqueous sodium
chloride solution for at least 24 h. Subsequently, the wet mass of equilibrated hydrated
polymer, m,,.., was measured quickly after wiping the surface water from the film. Then,
the samples were dried in a vacuum oven at room temperature until equilibrium was
reached (typically 24 hours). The samples were quickly removed from the oven and the
dry polymer mass, mg,,, was measured. Water uptake, w,, was calculated as:
_ Myer — Mgry 8

wy, =
mdry
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Assuming volume additivity, the volume fraction of water in the polymer, ¢/},

can be calculated as:

Wy

m S ————————
d)w Wu+pw/pP

where p,, is the density of pure water, taken as 1.0 g/cm3and pp is the density of the
dry polymer, which was measured based on Archimedes’ principle, using a Mettler
Toledo density determination kit [40]. The dry mass of the polymer sample and its mass
in an auxiliary solvent were determined using the density kit. 3M™ Fluorinert™
Electronic Liquid FC-770 was used as auxiliary solvent because it was not expected to
sorb significantly into the polymer [41]. Using the density measurement and Euqgation 9,

the water sorption coefficient, Kw, was calculated as:

K zd)lew 10
G

where C;;, is the water concentration in the bulk solution, My is the molar mass of water,
18 g/mol and Vy is the molar volume of water, 18 cm®/mol. K, is effectively the volume
fraction of water in the polymer since M,,/C5V,, = 1 [42].
2.4. Salt permeability measurement

Salt permeability was measured using a custom-built cell consisting of two
jacketed chambers, donor and receiver chambers, separated by the polymer film. The
donor chamber was filled with 100 mL of 0.5 mol/L NaCl solution while the receiver
chamber was filled with 100 mL of DI water. Silicone rubber gaskets were used to seal

the chambers, and the chambers were mechanically stirred at a rate of 200 rpm. The

12



conductivity of the receiver chamber solution was recorded as a function of time using a
conductivity meter (Cond 7310, WTW, Germany). The aqueous NaCl concentration was
calculated from the conductivity data using a calibration curve. Temperature was
maintained at 25 °C by circulating water through the jacket using a circulator with
temperature control. Salt transport was modeled as one-dimensional Fickian diffusion,

and the steady-state salt permeability, Ps, was regressed using:

VL Cr(t
——ln<1—2 R()>=Pst 11

2A Cp(0)
where V is the volume of the donor and receiver chambers (100 mL), A is the area
available for mass transfer, t is time, Cg(t) is the salt concentration in receiver chamber
at time t, and C,(0) is the initial salt concentration in donor chamber, which was 0.5
mol/L [43]. An example of receiver chamber solution conductivity as a function of

permeation time is shown in Fig. 4.
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Figure 4 Receiver chamber solution conductivity versus permeation time in a salt
permeability measurement. Permeability is regressed using the linear portion at steady
state.

2.5. Salt sorption measurement
The extent of ion sorption (or partitioning) into the polymer film from solution
was measured using an equilibration and desorption method [44]. Polymer films were
first immersed in 0.5 mol/L NaCl. The equilibrated polymers were then soaked in DI
water of volume V,; so that the chloride ions (absorbed from external solution) could
fully desorb into the initially DI water. The immersion time and desorption time were
estimated using the characteristic time of the diffusion process, L?/Ds, where Ds is the salt

diffusion coefficient. This characteristic time was roughly 10 h, so the samples were
14



soaked in salt solution or pure water for at least 3 days to reach equilibrium. The
desorption volume, V,;, was chosen (iteratively) to ensure that the desorption
concentration was near 1 mg(NaCl)/L. This concentration target was chosen so that the
concentration of the desorption solution was sufficiently low to facilitate complete
desorption but still high enough to be accurately measured. A typical value of V; was 20
mL.

The ion sorption coefficient, Ks, was determined as:

G CaVa 12

where C; is the NaCl concentration in the external solution (0.5 mol/L NaCl), CI* is
the concentration in the polymer film, C,; is the concentration of desorption solution,
Vg4 is the desorption volume and Vj, is the volume of polymer at hydrated state in the
external solution [44]. The volume of the polymer sample was determined by measuring
the thickness and area of the film. Film area was measured by analyzing a photo of the
hydrated polymer using ImageJ software. Typical values of the thickness and area were
150-200 pm and 1-3 cm?, respectively. The uncertainty in the thickness and area
measurements was less than 10%, and the polymer volume uncertainty was roughly 15%
based on standard error propagation calculations.
2.6. Water diffusivity measurement
The water diffusion coefficient was determined by Kinetic gravimetric sorption

studies. The measurements were performed using a dynamic vapor sorption analyzer

15



(Q5000 SA, TA instruments), in which the sample and a reference pan were placed in a
humidity chamber. The relative humidity was controlled by mixing dry nitrogen gas and
humidified nitrogen gas at a computer-controlled ratio. The purge flow in the humidity
chamber was 200 mL/min. After equilibration at 25 °C, the polymer sample was
maintained isothermally at 93% RH until the weight change over 1h was less than 0.0001
mg (400 min for poly(HEA-co-EA) and 1000 min for poly(HEMA-co-MMA)), then 98%
RH until equilibration was reached. Finally, the water uptake of the sample was measured
by the sample mass equilibrated at 98% RH and 0% RH using equation 8.

Water sorption in a thin polymer membrane can be described by Fick’s first law.

Assume one dimensional diffusion:

oc_poc 13
ot 0x?

where D is the average diffusion coefficient of the polymer. The analytical solution given

by Crank is:

M, 8¢ 1 Dt
U [ A — [_ 2n + 1)2 2__] 14
Mo, n220(2n+1)26xp @n+ 175

n=

At short times (M;/M,, < 0.6), equation 13 can be written as:
M, ’16D 15
—_ = —\/t
M, nLZVF

where M, is the mass absorbed by the membrane until time t, M., is the total mass

uptake at infinite time [45]. The water diffusion coefficient was determined by the slope

of the linear portion of M,/M,, (M,/M.<0.5)vs +/t.
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The range of relative humidity values used during the sorption measurements
was 93%-98%. This range was chosen because it corresponds well with the activity of
water in 2 mol/L and 0.5 mol/L aqueous NaCl solutions (calculated using the Pitzer
model [46]). This agreement was desirable in an effort to characterize water diffusivity in
thermodynamic conditions that were representative of the thermodynamic condition
during the salt permeation experiment, i.e., we were able to determine water diffusion
coefficients by the gravimetric sorption method at water activity values that were similar
to those used in the salt permeability measurements (0.5 mol/L). Fig. 5 is an example of

kinetic water uptake as a function of time.

58 , . ' : , '

98% RH
57 -

93% RH f

Mass (mg)
o
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o
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Figure 5 Poly(HEA-co-EA) 30/70 mass versus time in water sorption process
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3. Results and discussion

3.1. Water sorption

HEA and HEMA monomers were used to prepare two sets of uncharged
hydrophilic polymers for this study. According to free volume theory, water and salt
transport properties of polymers are strongly influenced by water uptake, which is often
found to be proportional to free volume [40]. Generally, as water uptake increases, the
average free volume of polymer increases. Additionally, permeability, diffusivity and
solubility properties tend to increase with free volume, and selectivity is predicted to
decrease according to the Cohen-Turnbull modeling approach [47]. Diffusivity is related

to free volume as follows:

b
D=aXexp|——= 16
pl (Vr)
Equation 4 and 16 yields:
P =Ka X b l 17
= KaXexp|—-5<
AR

where a and b are adjustable parameters and (V) is average free volume. Since (V)
has been reported to be proportional to water content for several hydrophilic polymers,
the influence of water uptake on transport properties must be recognized and controlled
[40] [43].

In this study, where we seek to explore the influence of polymer backbone

dynamics on transport properties, it is critical to make comparisons between materials at
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equivalent water content. The HEA and HEMA monomers are relatively hydrophilic (see

W, of the homopolymers in Table 1) compared to many membrane materials used in

desalination applications. As a result, HEA and HEMA monomers were copolymerized

with two hydrophobic co-monomers, EA and MMA, respectively, to control the water

uptake of the resulting copolymers. As will be discussed in the next section, EA and

MMA were selected because they formed miscible pre-polymerization solutions and had

similar backbones compared to HEA and HEMA (Table 1).

The water uptake values of poly(HEA-co-EA) and poly(HEMA-co-MMA) films

in pure water and 0.5 mol/L aqueous sodium chloride solution are reported in Table 2. By

Table 2 Copolymer compositions, density, W, and K, in 0.5 mol/L NaCl and in pure Wateﬂ

Water content in 0.5 mol/L NaCl

Water content in pure water

Composition Density of
Copolymer ( ‘5 % ) dry polymer Wi Wi
(g/em?) [g(H,0)/g(dry Ky [2(H,0)/g(dry Ky
polymer)] polymer)]
30/70 1.20+0.01 0.073+0.005 0.080+0.005 0.081+0.005 0.089+0.006
PTB;EEE;A- 35/65 1.20+0.01 0.082+0.004 0.090+0.005 0.091+0.005 0.098+0.006
40/60 1.22+0.01 0.102+0.008 0.111+0.008 0.106+0.006 0.115+0.007
30/70 1.22+0.01 0.086+0.004 0.095+0.005 0.091+0.005 0.099+0.006
Poly(HEMA 35/ 1232001 0.091+0.005 0.101£0.006 0.098£0.003  0.1070.004
-co-MMA)
40/60 1.25+0.02 0.115+0.003 0.126+0.004 0.118+0.007 0.129+0.008

varying the composition of hydrophilic and hydrophobic monomers, overlap in the water

uptake of the samples was achieved. Water uptake values were less than 0.2

g(water)/g(dry polymer). These polymers sorb relatively little water compared to highly

hydrated ion exchange or hydrogel materials, but they sorb amounts of water that are
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comparable to the extent of water sorption in polyamide (< 0.2, g(water)/g(wet polymer))
or cellulose acetate membrane polymers (0.15 g(water)/g(dry polymer)) used in
commercial desalination membranes [48][49]. Water uptake values and water sorption
coefficients of the two copolymers increase with increasing mass fraction of hydrophilic
monomer. Additionally, the water uptake in pure water is greater than that in salt solution

due to the phenomenon known as osmotic de-swelling [3].

3.2. Salt sorption

Another requirement for the polymers used in this study is that the materials
should have similar chemistry such that differences in salt sorption between the polymers
are minimized. Salt sorption in uncharged polymers is expected to be primarily
dependent on water uptake and polymer chemistry. Therefore, preparing polymers with
similar chemical structure was expected to result in similar salt sorption properties
between the two materials. The chemistry of the polymers used in this study is relatively
similar (Table 1). Sodium chloride sorption coefficient data for poly(HEA-co-EA) and
poly(HEMA-co-MMA) overlap as a function of water uptake (Fig. 6). Therefore, the
chemical environment of the two copolymers is similar to the point where sorption
properties appear to be unaffected by the differences in chemical structure. This situation

allows us to attribute differences in transport properties between the two copolymers (at
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equivalent water uptake) to diffusive processes (such as polymer backbone dynamics)

while minimizing the influence of sorption effects on transport properties.
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Figure 6 Sodium chloride sorption coefficients of poly(HEA-co-EA) () and
poly(HEMA-co-MMA) (L) as a function of water uptake in 0.5 mol/L NaCl solution

3.3. Backbone dynamics characterization
Segments along a polymer chain are dynamic, and segmental relaxation dynamics
are thermally stimulated [50]. The chemical structure of the polymer and interactions
between chains often play a key role in determining the rigidity or flexibility (low or high
segmental  mobility) of the backbone [50]. Poly(HEA-co-EA) and
poly(HEMA-co-MMA) were selected because poly(methacrylates) have methyl groups

on the backbone that increase the energy barrier for segmental motion compared with
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poly(acrylates). As a result, poly(HEMA-co-MMA\) is expected to have a more rigid
backbone compared to poly(HEA-co-EA).

Segmental dynamics in polymers can be characterized by glass transition
temperature (Tg) as Tg marks the temperature above which segmental dynamics are fast
enough to allow the polymer chains to achieve equilibrium conformation [50]. Below Tg,
segmental motion is slowed to the point where polymer chains are kinetically trapped in
non-equilibrium states that slowly relax toward equilibrium via the process known as
physical aging [51].

A homogeneous polymer, where the monomers are well mixed, is expected to
have a single Tg [52]. The Tg value of the blend typically falls between the glass
transition temperatures of the two homopolymer components. The glass transition
temperature of a miscible binary polymer blend can be estimated by the Fox equation:

1 W, Wy

=+ 18
Tg,blends Tgl ng

where w; is mass fractions of components i [52]. Table 3 shows the Tg of dry polymers
predicted by Fox equation. Water can act as a plasticizer, which interrupts the polymer

matrix and lowers the Tg. As a result, the Tg of hydrated polymers should be measured.
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Table 3 Tg of dry copolymers estimated by Fox equation.

poly(HEA-co-EA)/ poly(HEMA-co-MMA)/

Composition
°C °C
30/70 -13 100
35/65 -12 97
40/60 -10 94

The DSC thermograms in Fig. 7 show that the glass transition temperatures of
hydrated poly(HEMA-co-MMA) films are greater than of poly(HEA-co-EA). This result
is consistent with our expectation that the poly(HEMA-co-MMA) backbone is more rigid
than the poly(HEA-co-EA) backbone.

The copolymers all exhibit single glass transition temperatures. Copolymer with
compositions closer to 50/50 were observed, in some cases, to have two distinct Tg
values. This result suggests that these copolymers are relatively homogeneous materials
without appreciable phase separation. The DSC results suggest that, poly(HEA-co-EA)
films are rubbery and poly(HEMA-co-MMA\) films are glassy at experimental conditions

(25 °C, hydrated state).

23



wt% HEMA/MMA

\_ 35/65

—

3 40/60
3 wt% HEA/EA
4
30/70
35/65
40/60
1 1 1 N L " 1 1 1 N
-50 0 50 100 150

Temperature (°C)

Figure 7 DSC thermograms for hydrated poly(HEMA-co-MMA) and poly(HEA-co-EA)
at different compositions. The thermograms were displaced vertically for clarity.

3.4. Water/salt transport characterization

Since poly(HEA-co-EA) and poly(HEMA-co-MMA) met all of the
abovementioned material characteristics, we characterized and compared their transport
properties. The salt permeability values of the poly(HEA-co-EA) and
poly(HEMA-co-MMA) polymers increase with increasing water content as expected
based on theory and previous studies (Fig. 8) [43][53]. The more flexible backbone
poly(HEA-co-EA) polymer exhibits greater permeability at equivalent water uptake
compared to the more rigid backbone poly(HEMA-co-MMA). These results suggest that

polymer chain dynamics influence salt permeability. In general, more rigid polymers tend
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to slow down dynamics within the hydrated polymer while more flexible polymers tend
to permit faster dynamics within the hydrated polymer, and the permeability values

follow these trends.
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Figure 8 Salt permeability for poly(HEA-co-EA) (M) and poly(HEMA-co-MMA) ([J) as a
function of water uptake in 0.5 mol/L NaCl solution

The average salt diffusivity can be calculated from measurements of salt sorption
and permeability coefficients. Average water diffusivity values were measured by
gravimetric sorption studies. Fig. 9 compares the water and NaCl diffusion coefficients
calculated wusing equation 4 in the copolymers. The diffusion coefficients in

poly(HEMA-co-MMA\) are lower than in poly(HEA-co-EA), which can be ascribed to
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the slow dynamics of the poly(HEMA-co-MMA\) rigid backbone. The polymer chains

move constantly due to thermal stimulation, and free volume in the polymer matrix,

which can be occupied by water molecules and ions, redistributes during chain motion.

Therefore, it is reasonable to expect that flexible polymers would exhibit greater

diffusivity compared to rigid polymers.

NaCl diffusion coefficient (x10° cm?/s)
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Figure 9 NaCl diffusivity as a function of water uptake in 0.5 mol/L NaCl solution (a)
and water diffusivity as a function of water uptake in pure water (b) for
poly(HEA-co-EA) (M) and poly(HEMA-co-MMA) ()

Fig. 10 exhibits the sorption selectivity, Kw/Ks, as a function of water sorption
coefficient. A tradeoff relationship between the water sorption coefficient and sorption
selectivity is observed in these copolymers. Fig. 11 presents the sorption selectivity
versus Ky in many polymers of interest for desalination. It is noteworthy to point out that
poly(HEMA-co-MMA) and poly(HEA-co-EA) have relatively high sorption selectivity

compared to other polymers of equivalent water content, which is desired in desalination

membranes.
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EA) (), poly(HEMA-co-MMA) ( ¥) and a variety of polymers reported in the literature
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As shown in Fig. 10, the sorption selectivity does not appear to be significantly
dependent on the backbone rigidity. The water/salt diffusion selectivity, Dw/Ds, of
poly(HEMA-co-MMA), however, is greater than that of poly(HEA-co-EA) (Fig. 12).
This result is consistent with results from the gas separation literature [31]. These results
support the view that polymer backbone dynamics influence the diffusion selectivity of a
material and thereby the permeability selectivity. The rigid polymer is more selective,
which can be ascribed to the effect of opening and closing of transient gaps within the
polymer during the diffusion process [54]. Furthermore, the slower dynamics of the
poly(HEMA-co-MMA\) system could influence water molecule dynamics in the polymer
via hydrogen bonding, and a reduction in water molecule rotational dynamics would be
consistent with a lower dielectric constant and enhanced sorption selectivity, which is

consistent with the sorption selectivity results reported in Fig. 10.
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Figure 12 Diffusion selectivity, Dw/Ds, for poly(HEA-co-EA) (M) and poly(HEMA-co-MMA) 29
(LJ) versus water uptake in pure water



The diffusion coefficients of water and sodium chloride for poly(HEA-co-EA) are
approximately the same, which is not often observed in water/ion transport in polymers.
One possibility is that a vapor phase water diffusion boundary layer exists such that the

gas/membrane interface mass transfer resistance is not negligible.

To examine whether the interface mass transfer resistance is important, water
diffusion coefficients were measured at 150 mL/min and 200 mL/min gas flow rates.
Results are compared in Table 4. When the gas flow rate is relatively high, the mass
transfer resistance in the boundary layer should be reduced. Table 4 shows that D does
not vary much as gas flow rate increases, which suggests that water diffusion in

membrane is rate limiting and mass transfer in boundary layer is relatively fast.
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Figure 13 Schematic of simplified water activity profile in a dynamic sorption process
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Table 4 D, of a 40/60 poly(HEMA-co-MMA) at 150 and 200 mL/min gas flow rates

Dw of
Gas flow rate
i poly(HEMA-co-MMA)
/mL/min _
[><10°cm*/s
150 1.27
200 1.39

Since the boundary layer effects should be the smallest near the end of the
sorption process (as the concentration difference between the bulk vapor and membrane
phase will be minimized), the water diffusion coefficient was solved in the range of
M,/M,=0.6~0.9 (Fig. 14) using the analytical solution (equation 14) assuming stagnant
flow field for simplicity. The value of Dy at M,/M., — 1, 1.6 x 108 cm?/s, is 30%
greater than the value regressed using short time data and equation 15. Thus, these data

suggest that boundary layer effects may not be particularly significant in this system.
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Figure 14 D, of a 40/60 poly(HEMA-co-MMA) near the end of sorption versus
Mt/Moo
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Another possibility is that unhydrated ions exist in poly(HEA-co-EA) due to its
low water content and hydrophilic nature [55]. Unhydrated ions may diffuse faster than
water molecules. We can further probe the water motion in polymers using pulsed
gradient NMR to determine water self-diffusion coefficient through water relaxation

properties.

3.5. Effect of penetrant size on selectivity
As shown in Fig. 15, the diffusion coefficient for a variety of gases decreases
with increasing gas molar volume in gas separation membranes [31]. In addition,
diffusion coefficients in a polymer with a rigid backbone decreases faster with increasing
penetrant size indicating they are size selective compared to a flexible backbone polymer.
To further investigate the effect of backbone dynamics on size selectivity, transport
properties of three binary chlorides, KCI, NaCl and LiCl were determined. The hydrated

radii of the cations are listed in Table 5, and rg+ < ry + < rp+.
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Table 5 Hydrated radii at 25 °C [56]

lon Hydrated radii/A
K* 3.31
Na* 3.58
Li* 3.82

Since diffusivities of both ions contribute to the overall diffusivity of a salt, the
size of a salt can be characterized using its average diffusion coefficient at infinite

dilution, which is determined as:

(zy + |z_|)D,D_

19
z.D.+|z_|D_

salt =

where D, and D_ are the diffusion coefficients of ions at infinite dilution. z, = |z_| =
1 for sodium, potassium and lithium chloride.

Table 6 shows the average diffusion coefficients of KCI, NaCl and LiCl
calculated by ion diffusion coefficients at infinite dilution, Dgc; > Dyact > Drici- AS
expected, diffusion coefficient of KCI is greater than other salts since the hydrated radius

of potassium is smaller.

Table 6 Average diffusion coefficients of KCl, NaCl and LiCl at infinite dilution

Salt D,/x10%cm?/s [57]  D_/x105cm?/s [57] Dgg1¢/%105cm?/s
KCI 1.957 2.032 1.99
NaCl 1.334 2.032 1.61

LiCl 1.029 2.032 1.37

34



Water uptake of poly(HEA-co-EA) and poly(HEMA-co-MMA) in KCI, LiCl and

NaCl are shown in Table 7. For both copolymers, the water uptake values in different salt

solutions are similar.

Table 7 W, in 0.5 mol/L KCI, NaCl and LiCl

Composition(wt Wu in NaCl Wu in KCI Wu in LiCl
Copolymer %) [9(H,O)/g(dry [9(HxO)/g(dry [9(H;O)/g(dry
polymer)] polymer)] polymer)]
30/70 0.073+0.005 0.070+0.005 0.072+0.002
PO'VSE)A co 35/65 0.082+0.004 0.081+0.002 0.088+0.007
40/60 0.102+0.008 0.102+0.004 0.104+0.008
30/70 0.086+0.004 0.085+0.004 0.083+0.002
Poly(HEMA co 35/65 0.091+0.005 0.090+0.007 0.091+0.003
MMA)
40/60 0.115+0.003 0.109+0.006 0.111+0.004

Permeability selectivity of sodium/potassium chloride and lithium/potassium

chloride for poly(HEMA-co-MMA) and poly(HEA-co-EA) were determined as:

P;

Aijkct = 5
PKCl
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where i is NaCl or LiCl.

Fig. 16 compares the salt permeability selectivity of the copolymers as a function
of salt average diffusion coefficient, which characterizes the size of salt. Penetrant size
increases from left to right and salt average diffusion coefficient decreases in Fig. 16. The
compositions of the copolymers in NaCIl/KCI/LiCl permeability measurements are
roughly 30/70 to prepare polymers with similar water uptake. The water uptake of
poly(HEMA-co-MMA) samples in 05 M NaCl is 0.078 + 0.003 and W, of
poly(HEA-co-EA) is 0.074 + 0.003. Selectivity of both Na/K and Li/K for

poly(HEMA-co-MMA\) is greater than that for poly(HEA-co-EA), which is consistent
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Figure 16 NaCl/KCl, LiCl/KCIl and KCI/KCI permeability selectivity for poly(HEA-co-EA)
() and poly(HEMA-co-MMA) (L) versus average diffusion coefficient (infinite
dilution). Water uptake of poly(HEA-co-EA) and poly(HEMA-co-MMA) in 0.5 M NaCl

are 0.074+0.003 and 0.078+0.003, respectively. e



with the results from the water/salt transport studies. As penetrant size increases, the

influence of polymer backbone dynamics on selectivity increases.

Table 8 reports the sorption coefficients in half molar KCI/NaCl/LiCl solutions.

Changing the cation does not significantly influence the sorption behavior of both

poly(HEA-co-EA) and poly(HEMA-co-MMA) films.

Table 8 Sorption coefficients in 0.5 mol/L NaCl, KCl and LiCl

Copolymer Cor{'vf/’t?,/‘:’i)tm" Ks in 0.5 M NaCl Ksin 0.5 M KClI Ks in 0.5 M LiCl
30/70 0.0063%8.9% 0.0062%3.7% 0.0063%6.0%

PO'V(EFL'E)A o 35/65 0.0066+4.0% 0.0075+5.3% 0.0070+2.9%
40/60 0.0124%5.5% 0.0131%5.3% 0.0130%4.6%

30/70 0.0077%9.6% 0.0073%7.7% 0.0080+8.4%

PO'VI(\;:\E/'X;A €0 35/65 0.0085%5.8% 0.0077 +8.5% 0.0084 +4.3%
40/60 0.0197%5.0% 0.0194%9.9% 0.0190%2.8%

The diffusivity selectivity of Na/K and Li/K as a function of average diffusion

coefficient are shown in Fig. 17. Increasing polymer backbone rigidity increases salt

diffusivity selectivity.
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Figure 17 NaCl/KCl, LiCl/KCl and KCI/KCl diffusion selectivity for poly(HEA-co-EA) () and
poly(HEMA-co-MMA) () versus average diffusion coefficient. Water uptake of

poly(HEA-co-EA) and poly(HEMA-co-MMA) in 0.5 M NaCl are 0.074+0.003 and
0.078+0.003, respectively.

It should be pointed out that the range of penetrant size in this work, KCI-LiCl,
is smaller than the gas penetrant size range in Fig. 15. The effect of polymer backbone
dynamics was not distinct for NaCl. However, significant difference of diffusion
selectivity was observed for LiCl. In future work, larger penetrants such as NH4Cl should
be tested to expand the penetrant size range and further verify the influence of backbone

dynamics.
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4. Conclusions and recommendations

Water/ion transport properties and backbone rigidity of two homogeneous
uncharged copolymers, poly(HEMA-co-MMA) and poly(HEA-co-EA) were
characterized to evaluate the effect of polymer backbone dynamics on water and salt
transport. The composition of the co-monomers was adjusted to control the water uptake
of the resulting copolymers so that the influence of water uptake and free volume was
controlled in these experiments.

Polymers were chosen to have similar chemistry, and as a result, salt sorption
properties of the copolymers were unaffected by changing the backbone rigidity. Water
and salt diffuse faster in flexible polymers, and the rigid polymer is more size selective
compared to the flexible backbone polymer. These results support the view that
increasing polymer backbone rigidity can increase the water/salt selectivity of uncharged
polymers provided that other variables are controlled and the water content of the
polymer is sufficiently low such that chain dynamics become important. As cation size
increases, salt permeability and diffusivity decrease for the two uncharged polymers.
Poly(HEMA-co-MMA), the rigid polymer, exhibits greater ion selectivity while sorption
behavior is not affected by polymer backbone rigidity.

To further explore the effect of backbone dynamics, the penetrant size range

should be expanded in the salt selectivity experiments. Future efforts should be made on
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determining water diffusion coefficients by other methods such as pulsed gradient NMR

study to verify the validity of gravimetric sorption results and boundary layer hypothesis.
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