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Abstract

The apparent permselectivity of an ion exchange membrane is a critical ion transport
property that influences the efficiency of electric field-driven membrane technologies and often
is measured using a pseudo-steady state measurement technique. This study first examined three
major experimental factors that might affect the accuracy of permselectivity measurement.
Among them, temperature had a small influence on apparent permselectivity properties for two
commercially available membranes (i.e., Selemion CMV and CMI-7000s), as the value of
apparent permselectivity decreased by approximately 2% as temperature increased from 14°C to
31°C. Membrane potential measurement fluctuations contributed approximately 0.2% to 0.5%
uncertainty to apparent membrane permselectivity. Deviations from target sodium chloride
solution concentrations of 10ppm/L introduced approximately 0.015% to 0.1 error, respectively,
in apparent permselectivity. The magnitudes of these uncertainties typically are comparable to
the magnitude of the measurement variability associated with disassembling and reassembling
the measurement cell between replicate measurements made on the same sample, so the overall
influence of the experimental factors considered in this study on apparent permselectivity is

expected to be generally small.

At the same time, the permselectivity, co-ion sorption coefficient and co-ion diffusion
coefficient of a lab-prepared CEM, XLAMPS was also characterized using four different salts:
sodium chloride, sodium bromide, sodium nitrate and sodium perchlorate. Co-ion species were
also found to intrinsically affect membrane permselectivity via both co-ion sorption and co-ion
diffusion. The membrane permselectivity of XLAMPS, a lab-prepared CEM, follows the trend:

aNacl > @NaNO,; > ANaBr > Anaclo,- 1 he co-ion sorption coefficient of XLAMPS follows the



trend: Knacio, > Knano, > Knagr > Knaci» Whereas the co-ion diffusion coefficient of
XLAMPS follows the opposite trend: Dyac; > DNagr > DNano, > DNacio,- These three trends,

combined together, reveal a competing mechanism between co-ion sorption and co-ion diffusion
in determining the relative magnitude of membrane permselectivity. The salt sorption coefficient
is connected with bare co-ion radius and co-ion excess polarizability through a continuum
dielectric model. According to the model, large bare co-ion radius and large co-ion excess
polarizability are related with lower co-ion sorption energy barrier and higher co-ion sorption
coefficient. However, for sodium perchlorate, the formation of NaClO4s-EO complexation
contributes to its high sorption coefficient as well. The relative magnitude of salt diffusion
coefficients of sodium bromide and sodium nitrate can be inversely connected with their
hydrated radii. Whereas for sodium chloride and sodium perchlorate, hydrated radii might not be
the only influencing factor. Repulsive interactions might exist between sodium chloride and
membrane polymer matrix, and attractive interactions might exist between sodium perchlorate
and the membrane polymer matrix. The former will increase salt diffusion coefficient in the

membrane and the later will reduce salt diffusion coefficient in the membrane.
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1. Introduction

lon exchange membranes (IEMs) are used widely in separation and energy generation
technologies, such as electrodialysis (ED) and reverse electrodialysis (RED).1? In general, these
processes rely on ion exchange membranes to regulate electric field-driven ion migration.*
Cation exchange membranes (CEMs), which have negatively charged groups bound to the
matrix, enable selective transport of cations in an electric field, and anion exchange membranes
(AEMs), which have positively charged groups bound to the matrix, enable selective transport of
anions in an electric field.® 1* The permselectivity of these CEMs and AEMs is a measure of how
exclusively CEMs transport cations or how exclusively AEMs transport anions*® and affects the
energy efficiency of electric field-driven membrane applications. In RED, for example, the open
circuit voltage of the membrane stack varies linearly with permselectivity, and the maximum
power density scales with the permselectivity squared.® 7 1213 Therefore, membranes with low
permselectivity result in low RED power output.® 1 In ED, low permselectivity result in less
efficient desalination because more power mush be supplied to the system, as compared to a high

permselectivity membrane, to accomplish an equivalent separation.> 1

lon exchange membrane permselectivity, a, is defined as:

- S S
tx tx

MM = - (2)

where t{ is the transport number of ion i in phase j.% 1! Superscripts m and s refer to the
membrane and solution phases, respectively. Subscripts M and X refer to counter-ions (cations in
CEMs and anions in AEMSs) and co-ions (anions in CEMs and cations in AEMS), respectively.
Transport numbers represent the fraction of current carried by each ion in each phase.}” 8 In a

perfectly permselective membrane, only counter-ions carry current through the membrane (i.e.,



ty = 1 and @ = 1). For a nonpermselective membrane, ion transport in the membrane is
analogous to that in solution (i.e., tyy = ty), and the permselectivity is equal to zero. It can also
be concluded from the second part of right hand side of equation 1, where permselectivity is only
expressed in co-ion transport numbers, that permselectivity decreases with increasing co-ion

transport number in membrane phase.
The ion transport number, is then calculated through:

tJ = —lleclle] -
i Z-|z-|C]D]
12l =j

)

where z; is the ion charge, cij is the concentration of ion i in phase j, Dij is the diffusivity of ion i
in phase j.

It can be further concluded that the membrane permselectivity decreases with either
increasing in co-ion concentration in the membrane, or increasing in co-ion diffusion coefficient
in the membrane, by combining equation 1 with equation 2. According to equation 2, an increase
in either co-ion membrane concentration or co-ion diffusion coefficient increases co-ion
transport number in membrane phase, thus reducing permselectivity according to equation 1.
Therefore, any factor, that facilitates co-ion partitioning into membrane phase or co-ion diffusion
inside membrane phase will reduce membrane permselectivity, and vice versa. For example,
IEMs with high fixed charge group concentration are typically related with high
permselectivity.® 4 For IEMs, the co-ion sorption (i.e., partition) isotherms decreased somewhat
with increasing fixed charge group concentration, presumably owing to enhanced Donnan
exclusion with higher fixed charge group concentration.'® 2°A decrease of co-ion sorption
isotherms reduces co-ion concentration in the membrane phase, thus reducing co-ion transport

number in membrane and ultimately increasing membrane permselectivity.



Membrane permselectivity was often measured as apparent permselectivity, as defined by
Strathmann, % ! using a static method. Through this method, apparent permselectivity is
determined through membrane potential, Em, that is measured while the membrane separates

solutions of high, a$*, and low, a$°, mean electrolyte activity:

sL
[Em / (};—Tln%> +1-2t3
a= x 3

2ty

where R is the gas constant, T is the absolute temperature, and F is Faraday’s constant.'® 2! The
solution concentration in each chamber of the measurement cell (Figure 1) is held constant by
supplying fresh solution to the chamber, so the mean electrolyte activity of the solution in each
chamber is fixed. The electric potential difference across the membrane, Ex, is measured using
double junction reference electrodes. To account for asymmetry in the reference electrodes, an
offset potential, E, s, is measured between the two electrodes, so the membrane potential, E,,,

is obtained as: 2
Eyn =Ex — Eoffset (4)

The membrane potential, £, can then be used to calculate the apparent permselectivity

of the membrane using equation 3.
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Figure 1. Schematic illustration of permselectivity measurement apparatus. The apparent permselectivity of an ion
exchange membrane can be measured by placing the membrane between solutions of different salt concentration.
When the concentrations of these solutions are held constant (by stirring and single pass fresh solution feeds), the
electric potential difference across the membrane can be measured and ultimately related to the apparent
permselectivity of the membrane. The temperature of the solutions in the cell is monitored using a temperature
probe placed in the low concentration solution.

During the measurement, experimental factors such as temperature and salt concentration
can potentially affect the final measured permselectivity. Here, we investigated three factors that
may influence the accuracy of apparent permselectivity measurements. First, the Nernst potential
calculations used to convert membrane potential measurements to permselectivity (equation 3)
require a fixed temperature. Researchers often report room-temperature conditions, which may
fluctuate from day to day, when measuring apparent permselectivity. Second, the mean
electrolyte activity (ultimately, concentration) of the two solutions used in the measurement must
be kept constant. We investigated the sensitivity of the apparent permselectivity to relevant
deviations from these fixed concentrations and the effects of failing to provide a sufficiently high
flow rate of fresh solution to the cell. Third, the influence of electric potential measurement
fluctuations on apparent permselectivity was considered. Figure 2 illustrates these fluctuations
(Characterized by AE) using representative data that show the electric potential difference across

a membrane stabilizing as the system reaches a pseudo steady state. The standard deviation, AE,



from the average membrane potential, Ex, can be a source of membrane permselectivity
uncertainty. We report and discuss the influence of temperature fluctuations, deviations in salt
concentration, and membrane potential measurement fluctuations on membrane apparent

permselectivity measurements.

Electric Potential

Time

Figure 2. Representative electric potential difference, Ey, data measured, as a function of time and using reference
electrodes, across a membrane that separates solutions of different salt concentration. The measured membrane
potential approaches the pseudo-steady state value, Ex, and fluctuations in the measured value of Ex can be
quantified as AE.

Besides experimental factors, the salt species used for permselectivity characterization,
also influence membrane potential and permselectivity.?*?* Furthermore, the effects of salt
species on membrane permselectivity is intrinsic, as compared to only the experimental
deviations brought by experimental factors. Recent work with sodium chloride and ammonium

bicarbonate and two commercial membranes, by Geise et al. demonstrated experimentally that



both co-ion and counter-ion identities influence membrane permselectivity for commercial
CEMs and AEMs.?! They further proposed that for Selemion AMV and CMV membranes, co-
ion charge density and polarizability were related with membrane permselectivity. Co-ion with
high charge density and low polarizability might lead to high permselectivity. The phenomena
that different co-ion species resulted in different permselectivity were then demonstrated by our
work with three other salts, other than sodium bicarbonate used by them. The permselectivity of
Selemion CMV, and CMI-7000s, two commercially available membranes, were characterized by
sodium chloride along with other three salts, sodium nitrate, sodium bromide and sodium
perchlorate, and the results showed that different co-ion species, gave different permselectivities,
as presented in Figure 3. But whether co-ion charge density and co-ion polarizability were

responsible for this phenomena still remained unknown.
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Figure 3. Apparent permselectivity of two commercially available membranes: Selemion CMV and CMI-7000s,
measured with four monovalent strong salts: sodium chloride, sodium bromide, sodium nitrate and sodium
perchlorate, using apparatus shown in figure 1, with salt concentrations of 0.1 mol/L and 0.5 mol/L.



Further work needs to be conducted to figure out the mechanism behind this specific co-
ion effects phenomena with regard to the permselectivity of cation exchange membranes.
Considering the rapid growth of more membrane-based energy generation and recovery
technologies, such as vanadium flow battery and closed-loop RED, such study will be
worthwhile.?! 226 |n all vanadium flow battery and closed-loop RED, IEMs are exposed to
many non-conventional ions such as ammonium, bicarbonate, vanadium, or bisulfite. In such
case, understanding the membrane behavior in the presence of different co-ions becomes

significant in improving the membrane working efficiency for those technologies.

In this study, besides experimental factors, we also seek to investigate the effect of co-ion
specific factors on membrane permselectivity. The co-ion specific factors were chosen to be size
and polarizability since they are two most commonly mentioned intrinsic ion specific
parameters, except for valence.?” Based on previous discussions connecting co-ion transport and
permselectivity, it is then reasonable to assume that co-ion specific factors, such as charge
density, radius, or polarizability, affect membrane permselectivity via co-ion sorption or co-ion
diffusion. The permselectivity, co-ion sorption coefficient and co-ion diffusion coefficient of a
lab-prepared CEM, XLAMPS were measured with four monovalent salts, sodium chloride,
sodium bromide, sodium nitrate and sodium perchlorate. The cation was fixed as sodium,
whereas the choice of these four anions allowed us to examine a typical range of ion size and
polarizability. A continuum dielectric model, which was firstly proposed by Ninham et al.,?® was
applied to qualitatively predict the co-ion sorption free energy barrier, and to hopefully connect
co-ion bare radius, polarizability with co-ion sorption. Mackie and Meares model was applied to
predict co-ion diffusion coefficient in the membrane phase.?>3! The sorption coefficient results

of XLAMPS with sodium perchlorate, combined with previous literature,3> 32 presumably



revealed that sodium perchlorate formed complex structure with the ethylene glycol groups in
XLAMPS, so the sorption coefficients of three other non-charged, lab-prepared membranes,
XLPEGDA (n=3, 10, 13) were also measured to provide evidence on the formation of such

complexation.



2. Materials and Methods

2.1 Materials

Two commercially available membranes were used for the study with regard to
experimental factors as well as permselectivity measurements with four salts (i.e., sodium
chloride, sodium bromide, sodium nitrate and sodium perchlorate). They are: Selemion CMV
(Asahi Glass, Co., Tokyo, Japan) and CMI-7000s (Membranes International Inc., NJ, USA).
Their ion exchange capacity (IEC), which is a measure of concentration of charged functional
groups in the polymer matrix, hydrated thickness and water uptake in salt solutions were either

reported by the manufacture or measured experimentally, as shown in Table 1.

Table 1. Physical properties of the commercially available polymeric ion exchange membranes considered in this
study. For water uptake measurements, the membranes were initially hydrated in either 0.1 M or 0.5 M salt
solutions at ambient temperature, and the uncertainty is reported as the standard deviation from the mean value of
six measurements. The membrane thickness values are reported as an average and standard deviation of four to five
measurements made on the as received membrane sheets. The membrane water uptake was found to be statistically
indistinguishable in different salt solutions under same concentration, so only the water uptake in NaCl solutions
were reported.

lon Exchange Capacity Water Uptake Thickness of Fully

Membrane (IEC) [9(water) / g(dry polymer)] Hydrated Membrane
[meq / g(dry polymer)] 0.1 mol/LNaCl 0.5 mol/L NaCl [m]
Selemion CMV 2.08% 0.28+0.01 0.25%0.02 10942
CMI-7000S 1.6+0.1%° 0.32+0.01 0.35+0.02 590+3

Cross-linked poly (AMPS-PEGDA) (XLAMPS) and cross-linked PEGDA (XLPEGDA)
membranes were used in this study for kinetic desorption measurements and were formed via
free radical UV-photo-polymerization of a pre-polymerization solution. The pre-polymerization
solution of XLAMPS was prepared by mixing a 50 wt% 2-Acrylamido-2-methyl-1-
propanesulfonic acid sodium aqueous solution (catalog number 65582, Sigma-Aldrich, St. Louis,

MO) with a crosslinker, PEGDA (average Mn=525g mol™, catalog number 437441, Sigma-



Aldrich, St. Louis, MO), and their mass ratio was controlled to be 2:3. The pre-polymerization
solution of XLPEGDA were pure PEGDA (average Mn=250g mol™, catalog number 475629,
average Mn,=525¢g mol, catalog number 437441, average M,=700g mol~, catalog number
455008, Sigma-Aldrich, St. Louis, MO), but with varying repeating units (n=3, 10, 13). For all
pre-polymerization solutions, 0.1 wt% 1-Hydroxycyclohexyl phenyl ketone, HCPK (catalog

number 405612, Sigma-Aldrich, St. Louis, MO) were added as initiator.

The pre-polymerization solution was then confined between glass plates, and spacers
were used between two plates to control the membrane thickness, the final hydrated thickness of
all lab-prepared membranes were 200 — 500um. The photo-polymerization of pre-polymerization
solutions were performed by irradiating the mixture with 120 pJ/cm? 254 nm UV light for 300
sec for XLAMPS and 120 sec for XLPEGDA (n=3,10,13) at room temperature.®® The
crosslinked polymers were soaked in DI water prior to use to remove any solvent or unreacted
monomers. Their structures are presented in Figure 4. Their physical and chemical properties

were either calculated or measured experimentally, as shown in Table 2.

gt St

XLAMPS XLPEGDA(n=3,10,13)

Figure 4. Schematic illustration of lab-prepared membrane structures used in this study
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Table 2. Physical and Chemical Properties of lab-prepared membranes used in this study. The ion exchange
capacity of XLAMPS was calculated from the amount of raw materials used in the crosslinking process. For water
uptake measurements, the membranes were initially hydrated in either 0.1 M or 0.2 M salt solutions at ambient
temperature, and the uncertainty is reported as the standard deviation from the mean value of six measurements.
The membrane thickness values are reported as an average and standard deviation of four to five measurements
made on the as received membrane sheets. The membrane water uptake was found to be statistically
indistinguishable in different salt solutions under same concentration, so only the water uptake in NaCl solutions
were reported. The water uptake was also found to be statistically indistinguishable in 0.1 mol/L and 0.2 mol/L
NaCl solutions. So all the water uptake data points were put together to calculate the average water uptake and the
partition coefficient Ky, was estimated from the average water uptake.

Water Uptake
lon Exchange Capacity (Wy) Dry Water Partition Coefficient
Membrane (IEC) [g(water)/ g(dry polymer)] Density (Kw)
meq / g(dry polymer water)/ cm® (swollen
[meq / g(dry polymer)] 01molL 0.2 moliL (pp)3 [g(water) (
[g/cm?] polymer)]
NaCl NaCl
XLAMPS 1.09 0.80+0.02 0.81+0.02 1.31 0.51+0.03
XLPEGDA(n=3) - 0.05+0.00 - 1.27 0.06+0.00
XLPEGDA(n=10) - 0.33+0.02 - 1.21 0.29+0.02
XLPEGDA(n=13) - 0.52+0.02 - 1.19 0.38+0.02

2.2 Methods

2.2.1 Water Uptake

The water uptake of commercial membranes were measured gravimetrically after
membrane samples were equilibrated for 24 to 48 hours with 0.1 mol/L or 0.5 mol/L aqueous salt
solutions at ambient temperature, and the water uptake of lab-prepared membranes were
measured using the same method after membrane samples were equilibrated for 24 to 48 hours
with 0.1 mol/L or 0.2 mol/L aqueous salt solutions at ambient temperature.®” This soaking time
allowed the films to fully hydrate and equilibrate with the salt solution. Then, the samples were
taken out of the solution, and the wet mass was measured quickly after excess solution was
wiped off the membrane surface using a laboratory wipe. The samples were dried under vacuum
at ambient temperature until the dry mass of the sample stabilized. The drying time was typically

between 36 and 48 hours. The dry mass was measured immediately after the drying process to

11



prevent sorption of moisture from the atmosphere, and the water uptake W,, of the sample was

calculated as:

Wu — Mwyet—Mdry (5)

Mdry

where mwet is the hydrated membrane mass, and mary is the dry membrane mass. Water uptake for
each material was reported as the average of six measurements, and the uncertainty was taken as
the standard deviation of those six measurements. The membrane water uptake of all membranes
were measured in four salt solutions (i.e., NaCl, NaBr, NaNO3 and NaClOa4) under different
concentrations (i.e., 0.1 mol/L, 0.2 mol/L, or 0.5mol/L), respectively. However, the results of
membrane water uptake in different salt solutions with same concentration were found to be
statistically indistinguishable, so only the results in NaCl solutions were reported. Samples were

discarded following the water uptake measurement.
2.2.2 Membrane Dry Density

The density measurement methodology was learned from literature.®® %8 The density of
dry polymer membranes was determined using a Mettler Toledo analytical balance (Model
XSE204, Switzerland) with a Mettler Toledo density determination kit (Part #11106706). The
measurements were conducted following the procedure of density determination of solid, as
provided by Mettler Toledo.3® The dry polymer membrane sample was first weighed in air, then
in an auxiliary liquid, which is a non-solvent for the polymer under consideration. The polymer

dry density was calculated as:

mq

pPp = (p2 —p1) + P4 (6)

mi—mj

where: my is the weight of sample in air, m is the weight of sample in auxiliary liquid, p1 is the

density of air under measured temperature, p> is density of the auxiliary liquid under measured

12



temperature. N-Heptane was chosen to be the auxiliary liquid since it was recorded to show little
affinity for PEO.38: 40 All the density measurements were conducted under ambient temperature,
but the exact temperature values were still recorded by a thermometer placed in the auxiliary

liquid for more precise determination of air and liquid density.
2.2.3 Membrane Potential and Apparent Permselectivity

Apparent permselectivity was measured experimentally using a two-chamber apparatus
(Figure 1).1°21 A' membrane sample was placed between the two cell chambers, and the
chambers were filled with aqueous salt solutions of different concentrations. Overhead
mechanical stirring at 460 rpm ensured that the solution in each chamber was well mixed without
creating cavitation-induced bubbles in the chamber. Additionally, the concentration of the
solutions in each chamber were maintained by a continuous, single-pass flow of fresh solution.
Additionally, the concentrations of the solutions in each chamber were maintained by a
continuous, single-pass flow of fresh solution. Double junction Ag/AgClI reference electrodes
(RR EF 0024, Pine Instrument Company, Grove City, PA), filled with 10% KNO3 solution, were
placed in the solutions on either side of the membrane. Double junction reference electrodes
provided a more stable potential reading compared to single junction reference electrodes. The
electric potential difference across the reference electrodes, Ex was recorded using a multimeter
(Model 2000, Keithley, Cleveland, OH) as a function of time using a LabView program.
Typically, the electric potential stabilized after 20 to 30 minutes (cf. figure 2). The potential, Ex
was recorded every 10 seconds, and the stabilized condition was defined as the point where the
rate of change in Exwas less than 0.3 mV over 20 minutes. The value of Exwas taken as a time
average of the electric potential difference measurements made over 30 minutes following

stabilization of the potential.

13



The offset potential of the reference electrodes, Eoftset, Was measured after completion of
the Ex measurement. This offset potential captured the asymmetry of the specific reference
electrodes that were used in the measurement. Both reference electrodes were placed in the high
concentration solution, and the electric potential difference between the reference electrodes was
measured using a multimeter. The value of Eoftset Was determined by averaging the offset
potential over a period of 30 minutes to 1 hour once the offset potential had stabilized. Equation

X was used to determine the membrane potential.

Solution concentrations were chosen to be €, = 0.1 mol/L and €, = 0.5 mol/L for
measurements with commercial membranes and €, = 0.1 mol/L and C; = 0.2 mol/L for lab-
prepared XLAMPS. These concentrations should ensure that the electric potential, Ex, would be

sufficiently large to measure accurately. The average electrolyte activity values were determined

as.
aio = Vio Co (7)
af_rL = VELCL (8)

where y3° and y3 are the average electrolyte activity coefficients on the low and concentration
sides of the membrane, respectively, and these activity coefficients were calculated using the
Pitzer model.*! The counter-ion and co-ion transport numbers in solution were calculated from

equation 9:

¢s = _zleiDf
i 1 1 SnS
YjlzjlciD;

9)

where z; is the ion charge, ¢ is the concentration of ion in solution, and D}’ is the self-diffusion

coefficient of ion i. Since only sodium chloride (a monovalent, strong electrolyte) was used in

14



this study, the counter-ion concentration in solution was taken to be equal to the co-ion

concentration in solution.

2.2.3.1 Temperature Dependence of Apparent Permselectivity

To probe the influence of temperature on apparent permselectivity, fresh solution baths
(Figure 1) were cooled or heated using a water bath. To prevent evaporation, the solution baths
were connected to the measurements such as the solution was not exposed to the atmosphere
until it exited the tubing after passing through the measurement cell. A probe was placed in the
low concentration solution chamber to measure the temperature, and the water bath temperature
was set such that the desired chamber temperature was achieved. Chamber temperatures were set
in the range of 14°C to 31°C. These temperatures were selected to be both above and below
typical room temperature to determine whether modest temperature fluctuations appreciably

influence the apparent membrane permselectivity measurement.
2.2.3.2 Flow Rate Dependence of Apparent Permselectivity

Apparent permselectivity was measured using a series of single pass solution flow rates,
ranging from 1 to 15 mL/min, to determine the minimum flow rate that would maintain the
solution concentration in both chambers of the experimental apparatus (i.e., maintain the pseudo-
steady state condition during the measurement). Flow rates were controlled using a digital
peristaltic pump (Masterflex L/S Digital Drive, Cole-Parmer, USA). Fresh solution was fed to

the chambers, and the displaced solution was not recycled to the chambers.
2.2.4 Error Propagation Analysis

Uncertainty resulting from the electric potential measurements and the solution

preparation process was taken into consideration using standard error propagation analysis.*? The
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magnitude of electric potential measurement fluctuations, AE, an independent variable for the
purpose of this error propagation analysis, was taken to be a series of values ranging from 0 to
0.4 mV, which was found to be an experimentally relevant range. The uncertainty of the
membrane apparent permselectivity, Aa, was calculated using AE and standard error propagation
techniques. The deviations from the target solution concentrations for low concentration, ACo,
and high concentration, AC., solutions, independent variables for the purpose of this error
propagation analysis, were taken to be a series of values ranging from 0 to 0.015 mol/L and 0 to
0.075 mol/L, respectively, and values of Aa were calculated using ACo or AC_ and standard
error propagation techniques. The effect of error in the salt mass measurement, Am, associated
with the preparation of 1 L of low and high concentration solution on the membrane
permselectivity was also investigated. Values of Am ranging from 0 to 100 mg (NaCl) were
considered, and standard error propagation techniques were used to determine the influence of

Am on the uncertainty of the apparent permselectivity.
2.2.5 Kinetic Desorption

Kinetic desorption measurements were conducted on lab-prepared membranes to obtain
membrane salt sorption and diffusion coefficient.3® 4> When the membrane sample thickness is
controlled to be much smaller than the diameter, the diffusion of salt out of the sample could be
approximated as a one dimensional unsteady-state diffusion process and desorption
concentration at each time point could be obtained by solving a partial differential equation. By
tracking the desorption concentration at each different time points and at infinite time, the
membrane salt sorption coefficient and diffusion coefficient could be obtained.** In this study,

the membrane samples were cut into circular sample coupons with diameter ranging from 0.95
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cm to 2.22 cm, whereas the membrane thickness were controlled to be around 250 pum such that
the one dimensional unsteady-state diffusion assumptions applied.

Prior to measurements, the circular membrane sample coupons were soaked in salt
solutions with considered concentrations (i.e., 0.1 mol/L or 0.2 mol/L) for 24 to 36 hours. This
soaking time should allow the membrane to be fully equilibrated with external solutions.*’
During the measurements, the membrane sample was taken out of the salt solution and the excess
solution on the sample surface was carefully wiped off by a laboratory tissue. Then the sample
was immediately transferred into a beaker containing 25mL to 150mL DI water, depending on
the estimated amount of salt in the sample and the target desorption concentration (typically 2 to
5 ppm). The solution was stirred by a stirring bar or an overhead stirrer and the conductivity of
the desorption solution was recorded every 10 to 60 seconds using a conductivity benchtop meter
(inoLab® Cond7310, WTW Corp Inc., CA, USA). The desorption process was stopped when the
conductivity of the desorption solution was observed to remain constant for a time period that is
longer than half of the total desorption time. After the desorption process, the desorption solution
concentration was then calculated using a calibration curve which was made before the

desorption measurements. The solution concentration at each time point was recorded as €7, and

the solution concentration at infinite time was recorded as C3,. Then CC—§ was plotted as a function
of the square root of time +/t, as shown in Figure 5. At small time and small desorption
concentration (f—; < 0.6), the corresponding relationship between c; and c$, can be

approximated as:

1

g2y 0

cs,

where: D" is the salt diffusion coefficient, § is the hydrated membrane thickness.
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The hydrated sample thickness &, as then immediately measured using a micrometer
(Model No. 293-344, Mitutoyo, U.S.A). Thickness was measured at 3 to 5 different places of the
sample and the final reported value was the average of 3 to 5 measurements. The hydrated
membrane diameter d, was also measured using a laboratory ruler. After that, the salt diffusion
coefficient DJ", could be calculated from measured membrane thickness and slope of the linearly

fitted initial desorption curve, as shown in Figure 5.
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Figure 5. Schematic illustration of data analysis for desorption measurement
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The membrane salt sorption coefficient K, could be calculated from membrane salt
concentration CI™ and external salt concentration, C5, where the membrane concentration was
could be obtained from c3,, desorption volume Vg, and hydrated sample volume V;,, as shown in

equation 10:

Ky =S = Sl (10)

cs ciVp
Since the membrane in this study were all cut into circular samples, the hydrated

membrane volume was calculated as:

(11)
3. Results and Discussion

3.1 The Effect of Experimental Factors on Apparent Permselectivity

3.1.1 Temperature and Flow Rate

Temperature variations around room temperature could affect apparent permselectivity,
and little is known about the temperature sensitivity of this property. The membrane apparent
permselectivity decreases slightly as temperature increases (Figure 6). These effects are
relatively small as increasing temperature from 14°C to 31°C results in a decrease in apparent
permselectivity that is less than 2% for both commercial membranes. Therefore, under typical
experimental conditions (i.e., room temperature with fluctuations that do not exceed +5°C), some
temperature-induced apparent permselectivity fluctuations may occur, but these fluctuations
should be relatively small (no larger than 2%). The standard deviation from the mean of the three
replicate values (i.e., the error bars in Figure 6) is generally in the range of 1% to 2% for these

measurements, so the dependence of apparent permselectivity on temperature, over this
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temperature range, is on the order of the uncertainty that results from simply dismantling the cell

and reassembling the cell to conduct replicate measurements

1m100—————

1.08 - —=— Selemion CMV
1.06 | —e— CMI-7000s
1.04 | A
1.02} i
1.00 | i
0.98 | i
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Membrane Permselectivity, o
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Figure 6. Apparent permselectivity decreases slightly as temperature increases over a modest range of temperatures
surrounding room temperature. The apparent permselectivity was characterized using 0.1 mol/L and 0.5 mol/L
aqueous sodium chloride solutions. Fresh solution single-pass flow rates were 5 mL/min. Each data point
corresponds to the average of three replicate measurements made on a membrane sample (the cell was
disassembled and reassembled between measurements), and the error bars correspond to one standard deviation
from this average.

The rate of fresh solution addition to each chamber will influence the solution residence
time in the chamber, and this residence time influences the formation of the pseudo-steady state
measurement condition. During the measurement, the solution concentration on both sides of the

membrane should be effectively constant, and achieving this pseudo-steady state condition
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requires a sufficiently high flow rate of fresh solution to be provided to each chamber. In order to
maintain the concentration on both sides of the membrane, the solution residence time, t, must

be much shorter than the diffusion time scale, ¢4, for salt permeation through the membrane.

Thus, % = % <« 1 where V, is the volume of the chamber, f is the solution flow rate, § is
diff s

the membrane thickness, and Dy is the salt diffusion coefficient in the membrane.

Apparent permselectivity values were measured using a series of flow rates (1 to 15
mL/min). Above 5 mL/min, the apparent permselectivity stabilizes for both membranes (Figure
7), suggesting that those flow rates are sufficient to achieve the pseudo-steady state condition.
The sensitivity of apparent permselectivity to flow rate is more pronounced for the Selemion
CMYV membrane, and the CMI membrane achieves the pseudo-steady state condition at a flow
rate of 3mL/min, which is lower than that required for the CMV membrane. This situation could
be explained by the time scale relationship described above. The CMV membranes are thinner
than the CMI membranes (Table 1), so the diffusion time scale of the CMV membrane is much
shorter than that of the CMI membrane. Thus, a greater flow rate must be used with the CMV
membrane to reduce the solution residence time compared to what is required for the CMI
membrane. This analysis also explains why the CMI membrane is less sensitive to flow rate than
CMYV membrane. Thicker membranes, such as the CMI membrane, have larger diffusion time

scales, so the pseudo-steady state condition can be achieved at lower flow rates.
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Figure 7. Apparent permselectivity as a function of solution flow rate at 21°C. The apparent permselectivity was
characterized using 0.1 mol/L and 0.5 mol/L aqueous sodium chloride solutions. Each data point corresponds to the
average of three replicate measurements made on a membrane sample (the cell was disassembled and reassembled
between measurements), and the error bars correspond to one standard deviation from this average.

3.1.2 Concentration Deviation

The relationship between concentration deviations and apparent permselectivity for low
concentration solution and high concentration solution are shown in Figure 8a and 8b. Figure 8a
shows the situation for deviations around a C. = 0.5 mol/L NaCl solution, and Figure 8b shows
the situation for deviations around a Co = 0.5 mol/L NaCl solution. The actual solution
concentration is normalized by the target concentration (i.e., 0.1 mol/L or 0.5 mol/L), and the
actual apparent permselectivity is also normalized by the value measured using the target

solution concentrations.
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Figure 8. Error analysis reveals the relative deviation of the apparent permselectivity as a function of the relative
deviation of solution concentration for: (a) the high concentration solution and (b) the low concentration solution.

The influence of concentration changes on apparent permselectivity depends whether the
change increases or decreases the difference of the thermodynamic activity values of the
solutions on either side of the membrane. When the value of Ci increases (i.e., ACL > 0) with a
fixed value of Co, the difference of thermodynamic activity values of the solutions on either side
of the membrane increases. This situation results in an increase in the apparent permselectivity
(Figure 8a) compared to the base case (CL = 0.5 mol/L). For example, if the concentration of the
high concentration solution was 5% greater than the base case (i.e., ACL = 0.025 mol/L), the
measured apparent permselectivity would increase by approximately 2.8% compared to the base
case. When the value of Co increases (i.e., ACo > 0) with a fixed value of Ci, the difference of
thermodynamic activity values of the solutions on either side of the membrane decreases. This
situation results in an decrease in the apparent permselectivity (Figure 8b) compared to the base

case (Co = 0.1 mol/L). For example, if the concentration of the high concentration solution was
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5% greater than the base case (i.e., ACo = 0.005 mol/L), the measured apparent permselectivity
would decrease by approximately 2.8% compared to the base case. Therefore, concentration
changes that increase the activity difference across the membrane cause an increase in apparent

permselectivity and vice versa.

Uncertainty in the measurement of salt mass, while preparing the salt solutions, is one
possible source of error in the salt solution concentrations. While the relationship between the
relative magnitudes of concentration and apparent permselectivity uncertainty is similar for the
high and low concentration solutions (as discussed in the preceding paragraph and Figure 8), the
influence of absolute magnitude of uncertainty in the solution preparation process (e.qg.,
uncertainty in the mass of salt measured during the solution preparation process) has a more
significant effect on apparent permselectivity if the uncertainty is in the low concentration
solution compared to the high concentration solution (Figure 9). For example, preparation of 1 L
of 0.1 mol/L and 0.5 mol/L aqueous NaCl solution requires measuring 5.844 g and 29.22 g of
sodium chloride, respectively. A 10 mg salt mass deviation in the 0.1 mol/L solution will
introduce a 0.1% deviation in apparent permselectivity. The same mass deviation in the 0.5
mol/L solution will only introduce a 0.015% deviation in apparent permselectivity. Therefore
uncertainty in the salt mass measured during the solution preparation process will influence the

low concentration solution to a greater extent than the high concentration solution.
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Figure 9. Uncertainty in the salt mass measured during the solution preparation process, 4m, has a more significant
influence on apparent permselectivity if the uncertainty is in the low concentration solution compared to the high
concentration solution.

In addition to potential salt mass measurement errors, which could contribute to Am,
sorption of atmospheric moisture into the salt crystals and/or losses during solute transfer (after
the mass measurement) could also contribute to Am and thus affect the apparent permselectivity.
These contributions, however, may be small in practice. Deviations from target sodium chloride
solution concentrations of 10 ppm in the high and low concentration solutions introduces
approximately 0.015% and 0.1% error, respectively, in apparent permselectivity, and this
uncertainty is within the replicate uncertainty that results from disassembling and reassembling

the measurement cell between replicate apparent permselectivity measurements.
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3.1.3 Electric Potential

During the apparent permselectivity measurement, the measured value of Ex increased
and reached a stabilized value (cf. Figure 2). The final measured value of Ex was taken as the
average electric potential, and the standard deviation AE was taken as the measurement
uncertainty. The membrane potential, Em, was determined using the measured electrode offset
potential (Equation 4). The uncertainty in the measurement of Eofset Was typically more than 2
orders of magnitude smaller than the value of AE, so the value of AE was taken as the
uncertainty in Em. A AE value that is 1% of En will introduce approximately a 1% deviation in
the final membrane apparent permselectivity (Figure 10). For the conditions (0.1 mol/L and 0.5
mol/L NaCl solutions) used in this study, average membrane potential values, Em, were around
37 mV, and in this case, typical values of AE ranged from 0.1 mV to 0.2 mV. Therefore,
fluctuations in the measurement of En contribute roughly 0.2% to 0.5% uncertainty in the final
apparent permselectivity. In contrast, the concentration variability of low concentration solution
and high concentration solution typically introduce about 0.015% to 0.1% uncertainty in the final
apparent permselectivity, and the uncertainty from temperature fluctuations is expected to be no

larger than 2%.
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Figure 10. Fluctuations in the membrane potential measurement (4E) introduce uncertainty in the apparent
permselectivity.

3.2 The Effect of Co-ion Identities on Membrane Permselectivity

Permselectivity of XLAMPS was measured with four different monovalent salts, sodium
chloride, sodium bromide, sodium nitrate and sodium perchlorate, with concentration of 0.1
mol/L and 0.2 mol/L. When different co-ions were used, the permselectivity of XLAMPS was
demonstrated to be different, and followed the trend: anaci > @nano, > @NaBr > Anaclo,: 85
presented in Figure 11a. The normalized salt sorption and diffusion coefficients of XLAMPS

were also presented in Figure 11b to demonstrate a competing mechanism between salt sorption
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coefficient and salt diffusion coefficient in determining the relative magnitude of permselectivity

among these four salts. The sorption coefficients and diffusion coefficients were all normalized

by the values of sodium bromide, therefore sodium bromide would serve as a reference in the

following discussion.
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Figure 11. (a) Permselectivity of XLAMPS measured using four monovalent salts, with concentration range of 0.1

NaBr

Salt Sorption Coefficient Normalized by K,

1
NaBr
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mol/L and 0.2 mol/L (b) Salt sorption coefficients and diffusion coefficients of XLAMPS, normalized by the values of

sodium bromide. Salt sorption coefficients were measured using 0.2 mol/L external solutions, salt diffusion

coefficients were measured using samples equilibrated in 0.2 mol/L salt solutions.

As demonstrated previously, permselectivity is inversely correlated with either co-ion

sorption or co-ion diffusion, i.e., higher amount of co-ion sorption with fixed co-ion diffusion

coefficient or higher co-ion diffusion coefficient with fixed amount of co-ion sorption will result

in lower permselectivity. For the four salts considered in this study, their sorption coefficients

represent for the co-sorption effects and follow the trend: Kyacio, > Knanos; > Knasr > Knacl:
Their diffusion coefficients represent for the co-ion diffusion effects follow opposite trends, in

that: Dyaci > Dagr > Dano, > DNacio,- The relative magnitude of permselectivity between

two salts is determined by either their difference in sorption coefficients or diffusion coefficients,
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whichever is larger. For example, Kyac; is 0.41 times lower than Ky,g;, Whereas D¢ is only
0.15 times higher than D{,g,. The difference between their sorption coefficients is larger than
the difference between their diffusion coefficients, hence sorption effects dominates in
determining their relative magnitude of permselectivity. In that case, Kn.gr > Knac) Will lead to
aNacl > Anapr- ON the other hand, Kyano, is about 0.08 times higher than Ky,g,, whereas
Diuno, is about 0.14 times lower than Dy, g, In this case, diffusion effects dominates in
determining their relative magnitude of permselectivity and Dy, > Dyano, Will lead to
aNaNo, > ONapr- 1NE situation becomes even clearer with sodium perchlorate since its sorption
coefficient is much higher than the sorption coefficient of sodium bromide. For sodium bromide,

Knacio, is about 5.3 times larger than Ky,g,, whereas Dy, ¢ o, about 1.7 times lower than D,

Sorption effects absolutely dominates and Knacio, > Knapr Will lead to anapr > anacio, -

This competing mechanism, again revealed that permselectivity is a combined result of
co-ion sorption and co-ion diffusion. Therefore, the effects of any co-ion specific factors on
membrane permselectivity, are fundamentally attributed to their effects on co-ion sorption or co-
ion diffusion. The absolute value of the sorption coefficients and diffusion coefficients of these

salts, are then of great interest.
3.3 Salt (Co-ion) Sorption

The salt sorption coefficients of XLAMPS were measured with sodium chloride, sodium
bromide, sodium nitrate and sodium perchlorate to investigate their contributions to membrane
permselectivity. The membrane salt sorption coefficients were measured with 0.1 mol/L and 0.2
mol/L salt solutions, as presented in Figure 12. Since the cations was fixed as sodium, the

difference among salt sorption coefficients should reflect different co-ion sorption behaviors.
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Traditionally, the co-ion exclusion behavior of charged, highly-swollen polymeric
membranes were quantitatively predicted by Donnan exclusion.® % 4> 46 According to Donnan
exclusion, the salt (co-ion) sorption coefficient for monovalent salts in charged membrane is a

function of membrane fixed charge group concentration C;*, and external salt concentration C;:

9,45

m m- 2 2 m
_ar i _aicp
K, = _[( )+1] ot (10)

It is predicted by Donnan exclusion that the salt sorption coefficient K, increases with
increasing external salt solution and decreases with increasing fixed charge group
concentration.®” The experimental results are consistent with Donnan exclusion in the way that as
external salt concentration increases from 0.1 mol/L to 0.2 mol/L, the sorption coefficient K, of
all salts increase as well. However, since salt valence are the only adjustable parameters in
equation 10, it fails to predict the different sorption coefficients of these four monovalent salts
with XLAMPS, as presented in Figure 11. The experimentally measured salt sorption
coefficients K show the trend: Kyacio, > Knano, > Knasr > Knaci, Whereas the predicted salt

sorption coefficients by Donnan exclusion stay uniform for the four salts.
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Figure 12. Salt sorption coefficient Ks of XLAMPS membrane, measured with 0.1 mol/L and 0.2 mol/L salt solutions.
The external concentration values correspond to the concentration range used for the membrane permselectivity
measurements.

Note that equation 10 is a simplified version of Donnan exclusion, where the membrane
activity coefficient is assumed to be equal to solution activity coefficient, i.e., activities are
approximated to be equal to concentrations.® It is somewhat challenging to take the effect of
activity coefficients into considerations since an widely-applicable, widely-recognized model
predicting the ion activity coefficient in charged polymer is not yet available. Recently,
Manning’s counter-ion condensation theory has been combined with Debye-Huckel theory and

Pitzer’ model by Kamcev et al. to predict the ion activity coefficient in charged polymeric
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membrane.*® This model is an applicable approach to estimate activity coefficients in charged
membrane. But since it requires experimentally measured membrane concentration as an input,
its final prediction of sorption coefficient is not absolutely independent of experimental values,
so its applicability is still doubtful. The prediction from Kamcev’s model will not be presented in
this study for the sake of saving space, but more future efforts needs to be conducted to include

ion activity coefficients into equation 10.

A continuum model was applied in this study to investigate the role of bare ion size and
excess polarizability in ion sorption by predicting the free energy change associated with moving
an ion from solution phase into membrane phase based on the bare ion radius and excess ion
polarizability.*-*® This model was proposed by Ninham et al.*® According to this model, the total
energy associated with moving an ion from external solution phase into membrane phase is the
sum of electrostatic solvation energy and dispersion energy. The electrostatic energy part is
calculated from Born’s model, %% 51 which accounts for the electrostatic solvation energy
change of moving ion from solution phase into membrane phase by assuming the ion is non-
polarizable.3! The dispersion part is developed by Ninham et al., which accounts for the extra
electrodynamic dispersion energy change of moving ion from solution into membrane when the
ion is polarizable and its polarizability is different from the surrounding medium.*’ The total free

energy is then calculated as:

AGTotal — AGEle 4 AGDisP — zle? ( 1 1 ) + 4kBTZ%o=0 [a;‘n(iwn) _ so1ion) (11)

8mega; \&m(0) £501(0) a?\/E em(ion) gso1(iwn)

where: z; is the valence of the ion; e is the elementary charge, &, is the permittivity of free space;
kg is Boltzmann’s constant; T is temperature, ; &,,(0) is the membrane relative permittivity

under zero frequency, which was often referred as dielectric constant in some previous literature
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and was taken as the value for hydrocarbon thin film (taken to be 2 in this study®?); &,,,(0) is the
relative permittivity of external solution under zero frequency (taken to be 80 for aqueous
electrolytes®); a; is the bare ion cavity radius;* a;, (iw,) and a’,,(iw,) are the excess ionic
polarizability as a function of considered frequencies in membrane phase and solution phase,
whereas the excess ionic polarizability in water were all used in this study;? &, (iw,,) is the
relative permittivity of membrane, &,,; (iw,,) is taken as the relative permittivity of water, and is

obtained from experimental data.>® w,, is a series of discrete frequencies under consideration.
wy, = kgTn/h (n =0,1,2...) where n = 0 term means it starts from % and h is the Planck

constant.

The excess ion polarizability in water, was modeled using a sing oscillator model:*® 52

*

a;in(iwn) = azol(iwn) = #721/0)12 (12)

where: a* is the ionic excess polarizability at zero frequency in water;** w; is the sing

adsorption frequency of a single ion and was typically calculated from first ionization potential;?’

The relative permittivity of membrane as a function of frequency, was also modeled with a single

oscillator frequency:*3 52

e (iwy) =1 +-201 (13)

1+w /w3,
where: &,,(0) is the membrane relative permittivity at zero frequency, and was taken to be 2 as
mentioned above; w,, is a characteristic frequency of the membrane and was taken to be 106

rad/s for hydrocarbon film. 46

All the ionic properties used in this calculation were also shown in table 3:
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Table 3. Anion properties used in energy calculation

lons Cl- Br- NO3 Cclo;

a* (A% 4.7 6.1 7.0 8.3

w; (10° rad/s) 1.97 1.8 2.13 2.56
a; (A) 1.81 1.96 1.79 2.20

The dispersion energy part then ends up being a summation over discrete frequencies
(w, = kgTn/h), but the first several hundred terms constitutes the largest part. In this study,
only the first 150 terms were considered due to the lack of water relative permittivity data. This
might underestimate the dispersion energy slightly but should not harm the general results and
principles. Under all the conditions and assumptions above, the total free energy of transferring
the ion from solution phase into membrane phase were calculated and results were reported in

Figure 12.

The electrostatic free energy part, dispersion energy part were then calculated and added
up. The calculated total free energy was then compared with the experimentally measured total

free energy AGE*P, as related with experimentally measured sorption coefficient:3!

K, == =exp [— AiETxp] (14)

Note that 14 is also based on the assumption of solution ideality since the activity

coefficients have been set equal to unity.

The comparison among electrostatic free energy, total free energy, and experimental free
energy is presented in Figure 13, where the sorption coefficients required for calculating
experimental free energy though equation 14 were measured using XLPEGDA (n=3) membrane
with 0.1 mol/L salt solutions. The reason for such choice of experimental data will be explained

later. The salt sorption coefficient of XLPEGDA (n=3) follows the trend: 1 > Ky,cio0, >
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Knano, > Knasr > Knac1- The experimental free energy change is then calculated and

demonstrated to be energy barrier (i.e., K, < 1 and AGE*? > 0) and follows the trend: AGﬁfgl >

Exp Exp Exp
AGNaBr > AGNaNO3 > AGNaClO4'

The electrostatic free energy was calculated by Born’s model, (i.e., the first part on the
right hand side of equation 11) in which the ionic charge and bare ion radius are the only ion
specific parameters that influence the energy change. When only electrostatic energy is
considered, the estimated total free energy change is substantially higher than experimental
values, showing that the Born’s model might overestimate total energy barrier. In addition, the

total free energy change calculated by Born’s model follows the trend: AGﬁéeNog > AGE'e, >

AGE'e, > AG§;%104, indicating that smaller bare ion radius results in higher electrostatic energy
barrier. However, the prediction by Born’s model shows inconsistency with experimental values
in that AGRLyo, is larger than AGR.7; and AGRL,., which points out that bare ion radius is

probably not the only contributing parameter. Other effects must be considered as well to obtain

at least a qualitative agreement between prediction and experiment.

The dispersion free energy was then calculated by Ninham’s model, (i.e., the second part

on the right hand side of equation 11) where the ion excess polarizability a* and bare ion radius

a; were supposed to affect free energy change in the form of % Dispersion free energy was

3

calculated to be negative, indicating that it facilitates ion transferring from solution phase to
membrane phase, so the gap between estimated total energy and experimental total energy was
narrowed after the dispersion energy was incorporated. It can also be revealed from Figure 13
that the modified total free energy (with dispersion energy included) exhibits better qualitative

consistency with the experimental total free energy. The incorporation of dispersion energy
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compensated the high electrostatic energy barrier for sodium nitrate, thus leading the calculated

total free energy to show the same trend with the experimental free energy, i.e., AGY
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Figure 13. The comparisons among estimated total free energy with only electrostatic part, estimated total free
energy with both electrostatic and dispersion part, and experimentally obtained total free energy from equation 14.
The experimental sorption coefficients data were measured using XLPEGDA (n=3), with four salt solutions of 0.1
mol/L. The reason for such choice of membrane material will be discussed later.

So far, all of the calculations discussed above are rough estimations. There are still a lot

of debates in this area with regard to the validity of the continuum dielectric assumption*’ and

the proper choice of ion and polymer related parameter (e.g. whether the covalent radius or the

ionic radius should be used).>* Whereas the qualitative consistency between estimated total free
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energy change and experimental total free energy change at least demonstrates that the ion
excess polarizability, as well as ion size, plays a role in explaining the co-ion specific
phenomena in co-ion sorption, and both of them need to be evaluated more systematically in the

future.

3.4 Effects of NaClOs-ethylene oxide Complexation on Salt (Co-ion) Sorption

Back to figure 12, although Donnan exclusion prediction fails to differentiate the four
salts, it seems to at least provide a reasonable estimation for sorption coefficients associated with
sodium chloride, sodium bromide and sodium nitrate, whereas largely underestimating the
sorption coefficient associated with sodium perchlorate. For both concentrations considered (i.e.,
0.1 mol/L and 0.2 mol/L) the deviations of Donnan exclusion prediction from experimentally
measured salt sorption coefficients are 85% and 62% for sodium chloride, -31% and -4% for
sodium bromide, -40% and -12% for sodium nitrate. However, for sodium perchlorate, the
deviations can be as large as -540% and -850%, associated with 0.1 mol/L and 0.2 mol/L
solutions, respectively. It is then questionable that the anomalously high sorption coefficient of

sodium perchlorate only owe to its large bare anion radius and large anion excess polarizability.

Perchlorate based salts such as lithium perchlorate and sodium perchlorate were reported
to be dissolved in high-molecular-weight poly (ethylene oxide) (PEO) to yield solid
polyelectrolytes for fuel cell or battery applications.3 33 56-%8 |n these studies, sodium
perchlorate was believed to form complex structure with the repeating ethylene oxide (EO)

groups in solid PEO through coordinate bond, as shown in Figure 13.3%57
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Figure 14. Schematic illustration of solid NaClO4-PEO complexation crystalline structure.

It was then conjectured that sodium perchlorate could also form complex structure with
the EO groups in hydrated polymer, when at least 3 repeating EO units (4 oxygen atoms) were
presented. Such hypothesis was tested by measuring the salt sorption coefficients of XLPEGDA
(n=3), XLPEGDA (n=10) and XLPEGDA (n=13) and comparing their salt sorption coefficients
Ks with their water sorption coefficients Kw, as presented in Figure 15. The salt sorption
coefficients Ks of XLPEGDA (n=3), XLPEGDA (n=10) and XLPEGDA (n=13) all follow the
trend: Kyacio, > Knano, > Knasr > Knaci, Which is qualitatively consistent with the trend
observed with XLAMPS. Particularly, for XLPEGDA (n=10) and XLPEGDA (n=13), their
sodium perchlorate sorption coefficient are extremely high such that their Ky,cio, exceed the Ky
values. For non-charged, hydrated polymer membranes, Kwwas commonly regarded as an upper

limit for Ks.% 43 When K exceeds Ky, the salt concentration in the membrane solution (i.e., mol
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salt in membrane phase / L water in membrane phase) will also exceed the concentration of the
external solution. This phenomena indicates that salt in membrane not only dissolve in
membrane water phase, but also somewhat dissolve in membrane polymer matrix, indicating a
preferential interaction. *° Therefore, for XLPEGDA (n=10) and XLPEGDA (n=13), it is highly
possible that a substantial amount of sodium perchlorate dissolved in their polymer matrix
through the formation of NaClO4-EO complex structure, thus resulting anomalously high
Kacio,- Besides, since PEGDA (n=10) is also presented in the structure of XLAMPS as
crosslinker, it is highly possible that such NaClO4-EO complex also formed in the interaction
between sodium perchlorate and XLAMPS, thus also contributing to the high Ky,cio, of

XLAMPS.

However, it is unclear whether the NaClO4-EO complex can also form in XLPEGDA
(n=3). Theoretically, XLPEGDA (n=3) with three repeating EO units along with an oxygen
atom, (Figure 4) should just satisfy the requirement for forming the complex structure. Whereas
the sodium perchlorate sorption coefficient of XLPEGDA (n=3), though much higher than the
sorption coefficients of other three salts, is still far below Ky. In that case, it might be arbitrary to
draw solid conclusion about whether sodium perchlorate dissolved in the membrane matrix
through NaClO4-EO complex or not. Future work needs to be done to investigate this issue. Our
present conjecture is that NaClO4-EO complex can form in XLPEGDA (n=3), but probably only
in small amount. The choice of experimental sorption coefficients for Figure 13 was also based
on such conjecture. Compared with XLAMPS, XLPEGDA (n=10) and XLPEGDA (n=13), the
impacts of NaClOs-EO structure seemed to be minimized on XLPEGDA (n=3). Its sorption
coefficients, therefore better represents only the electrostatic effects and dispersion effects, and

are then taken to compare with theoretical calculation.
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Figure 15. Comparison between salt sorption coefficient Ks and water sorption coefficient Ky, of XLPEGDA
(n=3,10,13) membranes. Ks was measured with 0.1 mol/L salt solutions. Ky was measured with 0.1 mol/L salt
solutions as well.

3.5 Salt (Co-ion) Diffusion

The salt diffusion coefficients in XLAMPS were measured with the four salts, to
investigate their contributions to membrane permselectivity as well. The salt diffusion
coefficients in membrane were measured though desorption, after the membrane sample was
equilibrated with 0.2 mol/L salt solutions. The ratio of diffusion coefficients of salt in membrane
phase D™ to diffusion coefficients DS in aqueous bulk solution were calculated and compared

with the prediction of Mackie and Mears model, as presented in Figure 16.
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Mackie and Meares model is a relatively simple, but widely applied model to predict the
salt diffusion coefficient in swollen, homogenous polymeric membrane. The basic assumption of
this model is that the whole membrane system is composed of an internal solution and a polymer
matrix, and the presence of the polymer matrix reduces the cross-sectional area available for
transport and introduces tortuosity,?® thus slowing diffusion relative to bulk solution properties.
Therefore, the increase in polymer water content reduces the effect of this transport resistance.®
81 According to this model, salt diffusion occurs in membrane solution phase and there is no
interactions between diffusing salts and polymeric membrane. Therefore, the salt diffusion
coefficients in membrane only depends on the water volume fraction of the membrane, and bulk

solution diffusion coefficient, as shown in equation 15:

pp = i ()’ (15)

2-K,,

where: DS was taken to be the salt diffusion coefficients in aqueous solution, at infinite dilution,

298.15K in this study. 5%

It was revealed in Figure 16 that the Mackie and Meares model provided relatively good
estimation of DI*/D$ for sodium nitrate and sodium bromide. The DI*/Ds values of those two
salts are statistically indistinguishable with each other (0.11+0.007 for sodium bromide
compared to 0.10+0.017 for sodium nitrate) and statistically indistinguishable with the value
predicted by Mackie and Meares model (0.118). The D" /D$ of sodium chloride falls slightly
above the Mackie and Meares model’s prediction. (0.13+£0.006 as compared to 0.118) Whereas
the DJ*/D$ of sodium perchlorate falls far below the prediction (0.04+0.005 as compared to
0.118). Although Mackie and Meares model contains no explicitly ion-related parameters, it

implicitly accounts for ion diffusion behaviors through the incorporation of D$ into the equation.
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Therefore, for sodium bromide and sodium nitrate, the consistency between their experimental
DI*/D: and Mackie and Meares model predictions indicates that their diffusion behaviors in
membrane phase are somewhat predictable from their diffusion behaviors in bulk solution.
Whereas the inconsistent situation of sodium chloride and sodium perchlorate, indicates that
their membrane diffusion behaviors are not completely predictable from their bulk solution

diffusion behaviors.

N
o

N
(=
HEH

-
(3]

u Ds'" in XLAMPS Membrane
b [ ] Dsm/D: T

S

Salt Diffusion Coefficient
in Membrane D" (10° cm®s™)

s
o
—_
ll'
|
|
|
|
|
|
-
|
|
|
|
|
-
|
|
|
|
|
|
|
@
|
|
|
|
|
|
|
|
|
|
|
|
|

? [ D" /D’ Predicted by Mackie and Mears Model

(=] ! @ 4

0.0 [ 1 [l [l [ |
NaCl NaBr NaNO, NaClO,

Figure 16. Salt diffusion coefficient DI"* of XLAMPS membrane and D" /D; for different salts. DI* was measured
through desorption after the membrane sample was equilibrated with 0.2 mol/L salt solutions. DS was calculated

from the diffusivity of cations and anions, in aqueous solutions at infinite dilution, 298.15K through the relationship

o

DS = 2DsDs 53,59
S pi+p;’
S S
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In most liquid-based diffusion coefficient models, such as Stokes-Einstein and Wilke and
Chang equation, solute size is believed to inversely correlated with solute diffusion coefficient.t’
It is then reasonable to assume that the diffusion coefficient of ion is inversely correlated with
the ion size, and ion hydrated radius might be the best option to represent ion size in bulk
solution.®® ¢ The hydrated anion radius of four salts were presented in Table 4, as well as the
bulk diffusion coefficients of the four salts. In Table 4, sodium chloride with smallest hydrated
anion radius, showed highest diffusion coefficient, whereas sodium perchlorate, with largest
hydrated anion radius, showed lowest diffusion coefficient. An inverse correlation seems to exist

between hydrated anion size and salt diffusion coefficient.

Table 4 Hydrated anion radius® and bulk solution diffusion coefficients of the four salts considered in this study.

Salt Hydrated Anion Radius Salt Diffusion Coefficient in Aqueous Solution, at
in Aqueous Phase (A) Infinite Dilution, at 298.15K (105 cm? s%)
NaCl 3.32 1.61
NaBr 3.30 1.63
NaNO; 3.35 1.57
NaClO, 3.38 1.53

Back to the discussion with regard to Mackie and Meares prediction, for sodium bromide
and sodium nitrate, their diffusion coefficients in membrane are predictable from their diffusion
coefficients in bulk solution, and their relative magnitude of diffusion coefficient in bulk solution
is controlled by the difference in their hydrated anion radius. Therefore, for sodium bromide and
sodium nitrate, co-ion hydrated radii is probably the main factor that affects their diffusion
coefficient in membrane. However, for sodium chloride and sodium perchlorate, their diffusion
coefficients in membrane are not completely predictable from their diffusion coefficients in bulk
solution, indicating other interactions might be going on. For sodium chloride, that interaction

might be a weak repulsive force between polymer and diffusing salts. Such repulsive force might
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distance sodium chloride from polymer matrix, thus reducing diffusing resistance and ultimately
increasing diffusion coefficient. For sodium perchlorate, that interaction might be a strong
attractive force between polymer and diffusing salts. Such attractive force might immobilize
sodium perchlorate on polymer matrix, thus greatly reducing its diffusion coefficient. Combining
with previous discussion about NaClOs-EO complexation, it is highly possible that the NaClOs-
EO complex structure can act as the immobilization mechanism. However, more work needs to

be conducted to figure out the issue with sodium chloride and sodium perchlorate.
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4. Conclusions

Three origins of uncertainty in the apparent permselectivity measurement were firstly
discussed: temperature variations, concentration deviations, and membrane potential
measurement fluctuations. Apparent permselectivity decreased by approximately 2% as
temperature increased from 14 to 31°C. This uncertainty, however, was of comparable
magnitude to the replicate uncertainty. Second, membrane potential measurement fluctuations
were found to contribute likely 0.2% to 0.5% uncertainty to the apparent permselectivity
measurement. Finally, the influence of solution preparation errors were found to be the smallest
contributor of apparent permselectivity uncertainty (approximately 0.015% to 0.1%). The low
concentration solution is more sensitive to salt concentration deviations than the high

concentration solution.

The permselectivity, salt sorption coefficients and salt diffusion coefficients of XLAMPS
were characterized with four salts, sodium chloride, sodium bromide, sodium nitrate and sodium
perchlorate to investigate the co-ion specific effects on membrane permselectiviy. The cation
was fixed as sodium, and anions were all associated with different bare ion radius and excess
polarizability. The permselectivity of XLAMPS was demonstrated to be different when different
co-ions were used, and followed the trend: ayaci > anano, > @NaBr > @Naclo,- The salt
sorption coefficients of XLAMPS followed the trend: Kyacio, > Knanos > Knagr > Knaci- The
salt diffusion coefficients in XLAMPS followed the opposite trend with sorption coefficients, in

the way that Dyc; > DNagr > DNano, > DNacio,- The opposite trend, combined with

permselectivity results, revealed a competing mechanism between co-ion sorption and co-ion

diffusion, in determining permselectivity.
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A theoretical model, was proposed to connect co-ion bare radius and co-ion excess
polarizability with co-ion sorption coefficient. According to this model, large bare co-ion radius
and large co-ion polarizability were related with low co-ion sorption free energy barrier, thus
high co-ion sorption coefficient. The calculated total energy barrier followed the trend:

AGRoE > AGROE! > AGRIKS, > AGR3E, - The free energy was then also calculated using
experimental data with XLPEGDA (n=3), and also showed the trend: AGy b, > AGyab,. >

Exp Exp . . .
AGyano, > AGyaco,- The consistency between calculation and experimental results

demonstrated the qualitative validity of this model. Larger co-ion bare radius and excess
polarizability tended to result in higher co-ion sorption coefficient. Besides, the formation of ion-
polymer complexation could also be an origin of high co-ion sorption coefficient, and this
phenomena was observed for sodium perchlorate with XLAMPS. The anomalously high sorption
coefficients of NaClO4 with XLAMPS, XLPEGDA (n=10) and XLPEGDA (n=13) were also

believed to also result from the formation of NaClO4-EO complexation.

The membrane diffusion coefficients of sodium bromide and sodium nitrate, are
predictable from their diffusion coefficients in bulk solution, through Mackie and Meares model.
Therefore their diffusion coefficients in membrane is inversely correlated with their co-ion
hydrated radii. The membrane diffusion coefficients of sodium chloride is slightly larger than
Mackie and Meares model prediction, which might indicates a weak repulsive effects between
sodium chloride and polymer matrix. The membrane diffusion coefficients of sodium perchlorate
is anomalously lower than Mackie and Meares model prediction, which might indicates an strong
attractive effects between sodium perchlorate and polymer matrix, and it is highly possible that

the formation of NaClO4-EO complexation is responsible for such strong attractive effects.
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