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« The mechanisms underlying the selectivity of iomleange membranes are explored.
* lons show activation behavior of transport accagdiman Arrhenius-type equation.

* Smaller and more strongly hydrated ions show higinergy barrier for transport.

* Smaller and more strongly hydrated ions show higiherexponential factor.

» Activation behavior of ion transport is attributedion dehydration.
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ABSTRACT

We explored the mechanisms governing the selegtiot anion- and cation-exchange
membranes for the transport of four monovalent r@if.e., fluoride, chloride, bromide, and
nitrate) and four monovalent cations (i.e., sodiupmtassium, cesium, and ammonium),
respectively. Our ion adsorption and transportst@sth mixed ion solutions reveal that an ion
with larger ionic radius and lower hydration eneigymore favorably adsorbed onto the ion-
exchange membrane but diffuses more slowly thrahghpolymer matrix compared to an ion
with smaller ionic radius and higher hydration gyeindividual anion (as sodium salt) or cation
(as chloride salt) permeation tests through thesidachange membranes at different temperatures
were performed to evaluate the activation behagfoion transport through the ion-exchange
membranes by calculating the energy barrier aneeppenential factor (i.e., the ion flux when
the energy barrier is negligible) for ion transpivdm an Arrhenius-type equation. Our results
show that an ion with smaller ionic radius and kiglhydration energy experiences higher
energy barrier (e.g., fluoride, 10.3 kcal Mpland possesses higher pre-exponential factor
compared to an ion with larger ionic radius anddoWwydration energy (e.g., bromide, 4.6 kcal
mol™). This correlation corroborates our main hypothebat the activation behavior observed
for ion transport is a result of ion dehydratiorireg water-membrane interface. Our proposed ion
selectivity mechanism elucidates how ion dehydragjoverns the extent of ion permeation into
the membrane and the subsequent transport thrdoghcharged polymer matrix. Future
membrane design that promotes dehydration of taaget is challenging but can result in

unprecedented ion selectivity.

Keywords: ion-exchange membrane; ion selectivity; dehydration; energy barrier; Arrhenius-

type equation
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1. Introduction

Selective removal of small target ions and low-rolar-weight contaminants from water is
technologically challenging but can reduce operaticosts and minimize brine disposal [1-5].
Pressure-driven (e.g., reverse osmosis and naatbh) and electro-driven (e.g., electrodialysis
and membrane capacitive deionization) membranentdofies can address this challenge to a
limited extent [6—9]. In these processes, the mamdmpore selectivity for a specific solute is
predominantly dictated by steric (size)- and Donf(@&rarge)-exclusion mechanisms, rendering
the membrane relatively unselective when speci#ls similar size or charge are present [10-14].
The extent to which an ion is rejected from the roeme by size- and charge-exclusion
mechanisms is well correlated to its hydrated arm charge, respectively [15-19]. Nevertheless,
consistent selectivity trends (yet minor) are obsdrin these membranes, even for solutes
having similar hydrated size and charge, as indm@monly observed case of monovalent
anions (e.g., nitrate permeates more favorably ttfdoride through nanofiltration and ion-

exchange membranes) [20-25].

Hydration energy (i.e., the amount of energy reddawvhen one mole of ion undergoes
hydration) is used to explain the selectivity afisopossessing similar hydrated size and charge
[26—28]. In general, ions with higher hydration &yyeare more effectively rejected by reverse
osmosis [29,30], nanofiltration [31,32], and iorckange membranes [3,26,27,33-35].
Hydration energy can also explain the order of i@tutof monovalent ions from ion
chromatography [36—38]. Here, a monovalent ion \witther hydration energy (e.qg., fluoride) is
eluted from the column before a monovalent ion viatver hydration energy (e.g., bromide).
However, while the effect of ion hydrated radiugl ainarge on selectivity is attributed to the
size- and charge-exclusion mechanisms, respectitiedy exact mechanism relating hydration
energy to the observed ion selectivity is not fulhderstood.

Over the last decade, extensive research usingcolatedynamics simulations showed that
water molecules surrounding an ion in solution.(ithe hydration shell) can be partially
removed during ion permeation through uncharge@parres that are smaller than the hydrated
size of the ion [39—-42]. This partial removal oftaramolecules, known as ion dehydration,
contributes to the overall energy barrier assodiatith ion transport through the pore due to the

thermodynamically more favorable form of the hyddcaton compared to the non-hydrated ion.
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Differences in dehydration-based energy barrienevedown to boost selectivity between ions
permeating through nanopores [42—-45]. In ion seledbiological channels, ion dehydration
plays a crucial role to obtain selectivity [46,4[f].these channels, specific binding sites for ions
within the channel compensate for the energeti¢ obslehydration by providing favorable
compensatory interactions with the ion. Preciseedility results when this energetic
compensation is more favorable for one type oftlwam for another, relative to the energy of
dehydration [47]. That is, both the binding stréngtf water molecules to the ion before
dehydration and the interaction of the dehydrabedwith its new surrounding after dehydration

dictate the selectivity.

Numerous studies have shown that ions permeatirgugh polymeric membranes show
activation behavior [48-52]; that is, the ion flisxdependent exponentially on the temperature
according to an Arrhenius-type equation [53-56]e Birhenius-type equation connects the ion
flux to the energy barrier associated with the pemmeation through the membrane and a pre-
exponential factor representing the maximum iox flnat can be obtained when the energy
barrier is negligible. Based on insights from malac dynamics simulations of ion permeation
through nanopores, the mechanism of ion dehydratias also proposed to explain selectivity
trends in nanofiltration membranes by correlatihg texperimental energy barrier for ion
permeation to its hydration energy [20,21,48]. $mdly, Richards et al. [48] showed
experimentally that the fluoride anion experient¢es highest energy barrier among other
monovalent anions while permeating through a presdrven nanofiltration membrane. The
authors attributed the relatively high energy tarof fluoride to its much higher hydration
energy, corresponding to a much stronger and lesg-t®-remove hydration shell compared to
other anions. However, results from this work coubd show correlation between experimental

energy barriers and hydration energies of othesrem{e.g., chloride and nitrate) [48].

In contrast to reverse osmosis and nanofiltrati@mioranes, ion-exchange membranes are
permeable to counterions but almost impermeabt®imns and water. This exclusive transport
of counterions through the membrane is due to igh thickness of the membrane and the
significant amount of fixed charged groups withine tpolymer matrix that inhibits the
permeation of co-ions and promotes adsorption ohtarions [57—-61]. As in biological channels

[46,47], this counterion-exchange phenomenon asdh&ion-membrane interface is expected to
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energetically compensate for the loss of the hyainaghell of the ion, reduce the overall energy

barrier for ion permeation, and facilitate its sport along the thick polymer matrix.

Previous studies modelling ion partitioning anchgort in ion-exchange membranes have
accounted for the solvation state of the ion [63—B8particular, these studies have focused on
the ion solvation free energy change that arisesnwthe ion moves from one dielectric (i.e.,
water) into another (i.e., membrane polymer). Hosvedirect experimental evaluation of the
energy barrier associated with ion transport thhoimn-exchange membranes has not been
reported. Specifically, the energetic penalty daechanges in ion solvation at the water-

membrane interface has not been experimentallytijeain

The objective of this study is to experimentallyplexe the mechanisms governing the
selectivity of ion-exchange membranes in lightred growing efforts to understand and improve
ion selectivity. Our study of the permeation of fauonovalent anions and four monovalent
cations through anion- and cation-exchange membraspectively, shows that both anions and
cations present activation behavior of transposing an Arrhenius-type equation, we found that
an ion with smaller ionic radius and higher hydratenergy experiences higher energy barrier
and diffuses faster in the ion-exchange membranegpaced to an ion with larger ionic radius
and lower hydration energy. This correlation pregdexperimental evidence for the role of ion
dehydration in activation behavior of transport &nghlights the potential to increase selectivity

between similar counterions based on their alitityndergo dehydration.

2. Materialsand methods
2.1 Materials and chemicals

Commercial anion- and cation-exchange membraned-{(AN1 and CMI-7000, respectively,
Membrane International) were used for all ion aggBon and transport tests. Unless otherwise
indicated, membranes were immersed in 1 M sodiuloride (NaCl) solution overnight before
use. Sodium fluoride (NaF), sodium nitrate (NajNGsodium sulfate (N&O;), potassium
chloride (KCI), cesium chloride (CsCl), and ammanichloride (NHCI) were purchased from
Sigma-Aldrich. Sodium chloride (NaCl) and magnesiahioride hexahydrate (Mg&6H,0)
were purchased from J.T. Baker Chemicals. Sodiwomiate (NaBr) was purchased from Fisher
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Science Education. Deionized water (MilliPore AcadzA-10, resistance 15 ftcm) was used

for preparing solutions, equilibration of membrareewd rinsing the diffusion cell.
2.2 Characterization of ion-exchange membranes

The commercial AMI-7001 and CMI-7000 ion-exchangenmbranes were selected for this
study due to their functional ion-exchange grouips.,(quaternary ammonium and sulfonate
groups, respectively) and high robustness. A thgimodharacterization of the membranes is

essential to understand their ion transport behand selectivity.

Transport number of the membranes was measured tisen potentiometric method [3].
Briefly, each membrane (surface area of 14.5)amas placed between two chambers containing
NaCl at concentrations of 0.01 M and 0.1 M (Fig).She chambers were rigorously mixed to
minimize concentration polarization and allow iaffuion from the high- to low-concentration
chamber. The membrane potential (i.e., the diffegzan electric potential between the two sides
of the membrane) established due to the selectofithe membrane for anions or cations was
continuously monitored using a voltmeter (FlukeMultimeter) and recorded for 30 min after
stabilization. The average membrane potential gutirese 30 min was used to calculate the

transport number using
= N (&
AE = 2ty — 1) = In (a) 1)

where4E is the measured membrane potentjgls the transport numbeR is the universal gas
constant (8.314 J Kmol?), F is the Faraday constant (96485 C Mphknda; anda, are the

activities of the high- and low-concentration chamsh respectively [69].

The membrane inherent selectivity for transportainterions, the permselectivity, accounts
for both the transport number of counterions witthia membrane and the transport number in

the bulk solution according to [70]

.. tm—ti
Permselectivity = %
-4

(2)

Here,t, is the membrane transport number as determined Eqg. (1) and; is the transport
number of the counterion in the bulk solution (0&8% 0.61 for Naand CI, respectively),

derived from its relative diffusion coefficient water [71].
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The ion-exchange capacity of the membranes wasndigied by the exchange of previously
adsorbed ions (i.e., Nar CI) with another ion. After immersing both membraired¢ M NaCl
solution, the anion- and cation-exchange membramgs washed thoroughly with DI water to
remove excess of salt and then immersed in a 1 IMtieo of NaBr and KCI, respectively.
Besides the high concentration used (1 M), &rd K have higher affinity to the anion- and
cation-exchange membranes compared t@@ N3, respectively, and therefore are expected to
provide an efficient exchange [3]. We used aniomex DX-500 with an AS14A lonPac
column) and cation (Dionex ICS-1000 with a CS14Raa column) chromatography to measure
the anion (i.e., Cland Bf) and cation (i.e., Naand K) concentration in the solutions,

respectively, before and after the exchange.

For water uptake measurement, small pieces of digna and cation-exchange membranes
were weighted as supplied (i.e., without immerdgmdNaCl solution) and then immersed in DI
water for 24 hr. After 24 hr, the membranes werpedigently and weighted again. The water

uptake was calculated as the percentage (wt.%ptérnvaccumulated in the membrane.

Membrane thickness was measured using cross sectages of the membrane taken with
scanning electron microscopy (SEM, Hitachi SU-BBfore imaging, membrane samples were

sputter-coated with a chromium layer (BTT-IV, Demddacuum, LLC, Moorestown, NJ).

We also verified the functional groups on the stefaf the anion- and cation-exchange
membranes (quaternary ammonium and sulfonate groegsectively). Dry membrane samples
were tested as supplied with attenuated totalctfieee Fourier transform infrared (ATR FTIR)
spectroscopy (Thermo Nicolet 6700 FT-IR Spectromeidermo Fisher Scientific Inc.) to
identify typical bonds and stretches associatech wlite quaternary amine headgroups and
sulfonates. Energy-dispersive X-ray analysis (Eth SEM was used to detect the specific
elements characterizing the functional groups, (hgrogen and sulfur) and adsorbed counterions

(i.e., chloride and sodium) on the membrane surface

2.3 lon adsor ption onto ion-exchange membranes

The extent of adsorption of each ion onto the anand cation-exchange membranes was

measured using mixed solutions containing four mmi@.e., F CI, Br, and NQ as sodium
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salts) or four cations (i.e., NaK", Cs, and NH' as chloride salts), respectively, at a
concentration of 2.5 mM for each salt. Mixed saos were used, rather than single-salt
solutions, to take into account possible competitior adsorption among the ions. Before
immersing the membranes in the mixed ion solutiothee anion- and cation-exchange
membranes were immersed in 1 M,8@&, and 1 M MgC} solutions, respectively, for 24 hr to
exchange previously adsorbed ions with,50r Mgf*ions. The membranes were then washed
with DI water to remove excess of }##0, and MgC} solution and immersed in the mixed
solutions described above for additional 24 hr.ldvwahg adsorption, anion and cation
concentration in the solution were analyzed usmgraand cation chromatography, respectively.
Sulfate and magnesium ions, which are not parhefions investigated in our study, were used
to ensure a proper comparison by exchanging prelioadsorbed ions (the membranes are
supplied with Cland N& as counterions). The experiment was performed tatrgerature of
25°C. Adsorption was calculated as percentage ofedse in the solution anion or cation

concentration.

2.4 Selectivity of ion-exchange membranes

The selectivity of anion- and cation-exchange memeées for the transport of specific anion
or cation, respectively, was measured in a cust@adendiffusion cell (Fig. S2). A mixed anion
(i.e., F, CI, Br, and NQ as sodium salts) or cation (i.e., N&*, Cs, and NH' as chloride
salts) solution at a concentration of 0.1 M forheaalt was placed in the side chambers (the
mixed anion and cation solutions were used in sgpaxperiments) and was separated from the
middle chamber by the anion- and cation-exchangmbra&nes (each with surface area of 14.5
cn?). The middle chamber was filled with DI water amiked with a stir bar. The two side
chambers were continuously mixed together to mantlectroneutrality. Before each
experiment, the anion- and cation-exchange membramee immersed overnight in the same

mixed anion or cation solution of the specific exipent to exchange previously adsorbed ions.

During the selectivity experiments, ions diffusedni the side chambers to the middle
chamber through the anion- and cation-exchange waerab due to the concentration gradient.
A conductivity meter (Oakton, Con 2700) was platedhe middle chamber to monitor the

increase in conductivity over time. When condutyivih the middle chamber reached 1000 puS

7
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cm?, samples were taken from the middle cell and aealyoy anion or cation chromatography.
Reaching this stage (i.e., conductivity of 1000 ¢r$’in the middle chamber) lasted several
hours, ensuring that ion transport was stable. B\@e the ion concentrations in the middle
chamber at this stage could be reliably detectedaign and cation chromatographiyrhe

selectivity of X anion (i.e., F CI, Br, and NQ) over Cl anion,PZ-, and the selectivity of X

cation (i.e., N& K*, Cs, and NH") over Nd cation,P,ff;, were calculated using

x- _ Jx=/lci—
xt  Jxt/yat
PNa+ - Cy+/Cha+ (4)

whereJ;is the flux of componentthrough the membrane a@iis the average concentration of
component in the side (concentrated) chambers. Becauseeofrtiich higher volume of the
solution in the side chambers (0.3 L) compared tie middle chamber (35 mL), the
concentration of ions in the side chambers almmkhdt change over time and remained ~ 0.1
M. Therefore, the denominator in Egs. (3) and (45 wssumed to be 1. The flux of each ion was
calculated by dividing its amount in the middle ctieer at the final stage (i.e., 1000 pS'cim

the middle chamber) by the time elapsed to reaehfitral stage and the surface area of the

membrane. The selectivity experiments were perfdratex temperature of 25°C.

2.5 Determination of energy barrier and pre-exponential factor for ion transport

Experimental energy barrier&q) and pre-exponential factor8)(for anion (i.e., F CI, Br,
and NQ as sodium salts) and cation (i.e.,"NK", Cs, and NH" as chloride salts) transport
through the anion- and cation-exchange membramspectively, were determined from an
Arrhenius-type equation using single-salt solutiGngial concentration of 0.25 M):

J=Aexp(~1) (5)

where J is the ion flux through the membran®,is the universal gas constant, ahds the

absolute temperature.

The single-salt solution was placed in the sidardbexs and the middle chamber was filled
with DI water (Fig. S2). The same mixing regimetlod middle and side chambers was applied

8
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as in the selectivity measurement. Before eacleraxygnt, the anion- and cation-exchange
membranes were immersed overnight in the sameesgail solution of the specific experiment
to exchange previously adsorbed ions. During thgeement, ions diffused from the side
chambers to the middle chamber through the anind-cation-exchange membranes due to the
concentration gradient. A conductivity meter waaced in the middle chamber to monitor the

increase in electric conductivity over time.

For this set of experiments, the diffusion cell yaéeced in a temperature-controlled bath with
a heater. Temperature was increased in 5°C incrsneery 100 min, from 25°C to 40°C, and
monitored by both a standard thermometer that wased in the bath and the heater itself
(which was equipped with an internal thermometeoy. all increments, temperature stabilized in
less than 50 min, allowing a stable flux measurdnafierwards (Fig. S3). Therefore, for each
temperature, the average ion flud) (was calculated from the slope of the increase in
conductivity over time during the latter 50 min.elhatural logarithm of the ion flux, (#, was
then plotted as a function of /) and the energy barrieE4) and pre-exponential factoA)

were determined from the linearized form of theh&mius-type equation:

In()) = In(4) -2 (3) (6)

3. Resultsand discussion
3.1 Characteristics of ion-exchange membranes

The anion- and cation-exchange membranes (AMI-780d CMI-7000, respectively) are
dense, nonporous polymer films. According to thenafacturer, the membranes are made of a
polystyrene backbone cross-linked with divinylbamz@nd chemically functionalized with ion-
exchange groups, namely, quaternary ammonium alfiohsuacid for the anion- and cation-
exchange membranes, respectively. We verified timetfonal groups on the surface of the
anion- and cation-exchange membrane using ATR Epkttroscopy (Fig. S4). Two distinctive
peaks detected at absorbance of 958 amd 1039 cril are associated with the quaternary amine
headgroup (N-C, red) and the symmetric stretchulidsate group (S=0, blue), respectively [72].
SEM-EDX elemental mapping confirmed the presencaitobgen and chlorine originating from

the quaternary ammonium groups and chloride cowmgr respectively, on the surface of the

9
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anion-exchange membrane (Fig. S5). Sulfur and sedrriginating from the sulfonic acid
groups and sodium counterions, respectively, westeated on the surface of the cation-

exchange membrane (Fig. S6).

The main properties measured for the ion-exchangmbmanes are summarized in Table 1.
The calculated transport number for both anion- @ttn-exchange membranes indicated non-
ideal behavior of co-ion exclusion [73] but was Heg than 0.9, confirming the dominant
presence of counterions in the membranes due t®dmnan-exclusion effect [74]. A lower
permselectivity value was calculated for the anithvan for the cation-exchange membrane as
reported previously [58]. While the reason for suliffierence can be related to the higher ion-
exchange capacity of the cation-exchange membra8j \ve also surmise that the sulfonate
functional groups, with smaller size (and thereftigher charge density) and more polar
structure, are more effective in electrostaticadycluding co-ions compared to quaternary

ammonium functional groups.
Table 1

The ion-exchange capacity of both the anion- anibra&xchange membrane (per unit
volume) is much greater than the capacity of iathizarboxyl groups of a typical polyamide RO
(SW30) membrane [75], explaining the high permgeliég of the ion-exchange membranes for
counterions and suggesting that electrostatic atisorat the water-membrane interface might
play a major role in ion transport and selectivitye measured the membrane thickness using a
cross-section SEM image (Fig. S7). Although waltex through the ion-exchange membranes is
negligible due to their high thickness (and therefoigh hydraulic resistance), water content of
both anion- and cation-exchange membranes was xpm@tely 20% due to hydration of the

ionic groups within the membrane and other hydrappbrtions of the polymer matrix [57].

3.2 Order of ion adsor ption onto ion-exchange membranes

We explored the selectivity of the anion- and aaxchange membrane for the transport of
four monovalent anions (i.e.;,FCI, Br, and NQ) and four monovalent cations (i.e., N&”,
Cs’, and NH), respectively. Important properties of these asiand cations (i.e., ionic radius

and hydration energy) that govern their transpatavior in ion-exchange membranes are

10
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summarized in Tables 2 and 3, respectively. Acogydio the solution-diffusion model, ion
transport through a dense nonporous membrane cadivited into two distinctive steps:
adsorption (i.e., partitioning) onto the polymertmaand diffusion through the membrane [60].
Therefore, we evaluated first the adsorption offthe anions (Fig. 1a) and four cations (Fig. 2a)
onto the anion- and cation-exchange membrane, ctgply, to identify adsorption-induced
selectivity trends. To support our proposed medmarfor the adsorption order of the ions, we
compared the adsorption trends obtained for theeimmange membranes to the adsorption
behavior of the anions and cations in anion (Hx).ahd cation (Fig. 2b) chromatography.

Table 2
Table 3
Figure 1
Figure 2

For anions (Fig. 1), the order of adsorption oti® anion-exchange membrane (N® Br >

ClI" > F) correlates to the reverse order of the hydragioergy of the anions (Table 2). That is,
an anion with higher hydration energy showed loa@sorption onto the membrane after 24 hr
compared to an anion with lower hydration energmil@r results were obtained after three
hours of adsorption (Fig. S8), suggesting thatda2 equilibrium state was reached and the rate
of adsorption did not play a role in the resultssated. This set of results obtained at
equilibrium indicate that an anion with higher hgtion energy (e.g., Fhas lower affinity to the
membrane polymer matrix and its adsorption is fagsrable thermodynamically compared to
an anion with lower hydration energy (e.g., NOWe attribute the lower affinity of an anion
with higher hydration energy to the polymer matiaxits less easy-to-remove hydration shell
which interrupts with the formation of strong elestatic bonds with the positively charged
guaternary ammonium functional groups in the memdraompared to an anion with lower
hydration energy. In general, the easier it iseimave the hydration shell of an ion, the higher
the dehydration an ion can undergo. lon dehydrateamalso explain the order of anion elution
from anion chromatography (Fig. 1b). Here, an aniath lower hydration energy that can
remove more easily water molecules from its hydratshell (e.g., N@) develops stronger

electrostatic bonds with the fixed quaternary amionmngroups in the resin which result in

11
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longer residence time in the column during eluttompared to an anion with higher hydration
energy (e.g., T [36].

Similar trends were observed for the three sphientmmoatomic cations (NaK”, and C3)
tested (Fig. 2). A cation with higher hydration eme(e.g., N&) showed lower adsorption onto
the cation-exchange membrane at equilibrium and whged earlier from the cation
chromatography compared to a cation with lower afdn energy (e.g., Cs generalizing the
proposed mechanism of ion dehydration for both msiand cations. Ammonium (NB, with
slightly lower hydration energy than"Kwas less adsorbed onto the cation-exchange mambra
and eluted earlier from the column compared to\We attribute this deviation to the polyatomic
tetrahedral structure of N which might interfere with its binding to the néige sulfonate
groups in the membrane or the carboxylate grouparchromatography resin compared to the
spherical monoatomic cations (discussed later ati®@e 3.6). The similarity between adsorption
trends in ion-exchange membranes and ion chronegtbgrfor both anions and cations suggests
that ion properties (e.g., the hydration energgjher than specific adsorbent properties (e.qg.
structure and type of functional groups), govera #asorption order in the investigated ion-
exchange systems and therefore supports the meahahion dehydration.

3.3 Slectivity order of ion-exchange membranes

Membrane selectivity for a specific ion accounts lboth ion adsorption (i.e., partitioning)
onto the ion-exchange membrane and ion diffusicdhivithe membrane [3]. We measured the
transport rate of the four anions and four catitbm®ugh the anion- and cation-exchange
membranes, respectively, in mixed salt solutiongaiaing the four anions (as sodium salts) or
four cations (as chloride salts). We then calcdlatee selectivity of each anion (Fig. 3a) or
cation (Fig. 3b) over Cbr N&, respectively, according to Egs. (3) and (4), eetipely.

Figure 3

For anions (Fig. 3a), the selectivity order (Br NO; > CI > F) was the same as the
adsorption order (N> Br > CI > F), except for the swap between Bnd NQ' in the series
(i.e., NG was better adsorbed than But the membrane was more selective taligan to N@Q

). This selectivity order, including the higherrtsport of Br than NQ', was reported previously

12
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for some anion-exchange membranes [76,77]. Foortat{Fig. 3b), except for the location of
Na' in the seriesompared to the other cations, the selectivity o8, > K ~ CS > Na)
was different than the adsorption order(€K* > NH;" > Na) and, in general, showed minor
differences between the monoatomic cations. Wihiée delectivity of specific cation-exchange
membranes for all the four cations in the series @t investigated in the literature, the higher

selectivity for K over Nd was reported in a few studies [3,78].

Generally, for both anions and cations our resuticate that ion diffusion within the
membrane (i.e., the second stage of ion transpased on the solution-diffusion model)
mitigated the effect of adsorption (i.e., the fissage of ion transport) on the overall selectivity
resulting in differences between selectivity andagdtion trends. These results suggest that
more favorably adsorbed ions with higher affinibythe polymer matrix have lower diffusion
within the membrane (e.g., C&as more favorably adsorbed thah bt diffused more slowly
through the membrane). In general, an ion with éighffinity to the membrane develops
stronger attraction bonds with the fixed groupghe polymer matrix that inhibit its diffusion
within the membrane compared to an ion with lowiinigy to the membrane. This proposed
mechanism is supported by the elution order ofidhe from ion chromatography (Fig. 1b and
Fig. 2b), showing that an ion with lower affinity the resin (e.g., Fis eluted faster from the

resin than an ion with higher affinity (e.g., N

3.4 Activation behavior of ion transport through ion-exchange membranes

Activation behavior of ion transport can be evaddaby relating ion flux to temperature
according to an Arrhenius-type equation (Eqg. (38-452]. From this relationship, the energy
barrier and pre-exponential factor (i.e., the ilux fwhen the energy barrier is negligible) for ion
transport can be calculated. In contrast to measeme of ion flux solely, calculation of energy
barriers and pre-exponential factors also accoiantthe temperature and therefore can provide
mechanistic insights into ion transport that flueasurement, by itself, cannot. The energy
barrier experienced by the ion can result fromeddht mechanisms hindering its transport
through the membrane (e.g., charge repulsion aitioft with the polymer matrix). lon

dehydration during the transport of ions from bsliution into a confined environment is
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another mechanism that was demonstrated to cotdrifauthe overall energy barrier for ion

permeation through nanopores [40,41] and nandfdimamembranes [21,48].

To better explain the mechanisms of ion permedtioough the membranes and the resulted
selectivity, we measured individually the flux ol anion (as sodium salt) and each cation (as
chloride salt) through the anion- and cation-exgeamembrane (Fig. 4 and Fig. 5, respectively)
at four different temperatures to obtain the endrgyier Ea) and the pre-exponential facta)(
from the linearized form of the Arrhenius-type etoa (Eq. (6)). Specifically, we first measured
the increase in ion conductivity in the middle cl@mat four different temperatures due to ion
diffusion from the side chambers (Fig. 4a and Ba). We then calculated the ion flux for each
temperature (50 min segments) and plotted the aldtugarithm of the flux, I(QJ), as a function
of 1/T (Fig. 4b and Fig. 5b). To improve the clarity bétpresented results, for each point in Fig.
4b and Fig. 5b the flux was normalized to the #u25C.

Figure 4
Figure 5

Generally, all the ions investigated in this stighowed an activation behavior with linear
dependence between(J) and 1T (R* > 0.99). We attribute this highly temperature-etated
activation behavior to the diffusion-only transpaft ions through the membrane (i.e., ion
transport was driven only by concentration gradiehdr both monoatomic anions (Fig. 6a) and
monoatomic cations (Fig. 6b), the calculated en&ayyiers correlated to the hydration energies
of the ions, suggesting that an ion with higherrhtidn energy needs to overcome a higher

energy barrier while permeating through the menmdaran
Figure 6

This correlation between energy barriers and hyairanergies links the hydration energy, an
inherent ion property, to the energy barrier asged with ion permeation through the ion-
exchange membrane. More specifically, it implieattthe strength of ion hydration plays an
important role in ion transport through the polymmatrix and supports the previously proposed
mechanism of ion dehydration [41,48]: an ion witigher hydration energy (and therefore
stronger hydration shell) undergoes lower dehydnatiompared to an ion with lower hydration

energy. Importantly, our calculated energy barriarselatively thick ion-exchange membranes
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are comparable to previously determined energydyarfor monovalent anions in nanopores and
nanofiltration membranes with much thinner actiagel [41,42,48], suggesting that the barriers
arise mainly at the pore (or polymer matrix) entemas discussed previously [42,43]. The fact
that these energy barriers arise at the polymeaece further supports the proposed mechanism

of ion dehydration at the water-membrane interface.

Notably, the pre-exponential fact@ (i.e., the inherent maximum ion flux through the
membrane when the energy barrier for transporteigible) calculated for the monoatomic
anions (Fig. 6a) and monoatomic cations (Fig. 669 aorrelated to the hydration energy of the
ions. This correlation supports our results for sahectivity in the previous section, suggesting
that an ion with stronger hydration shell and lovadfinity to the polymer matrix (e.g., F
diffuses faster through the ion-exchange membranepared to an ion with weaker hydration
shell and higher affinity to the polymer matrixgg.Br). As discussed above, the faster diffusion
of an ion with lower affinity to the polymer matrisompared to the diffusion of an ion with
higher affinity to the polymer matrix can also expl the elution order of ions from ion

chromatography.

To support the trend observed for the energy lraane pre-exponential factor in Fig. 6, we
repeated the experiments for individual solutiohdlaF, NaCl, and KCI three more times each
using a new set of anion- and cation-exchange memelr(Fig. S9). As in Fig. 6, our measured
energy barriers and pre-exponential factors fofedght ions were significantly different from
each other and correlated to ion hydration endfgy CI'; Na™ > K™).

3.5 Mechanisms of ion transport through ion-exchange membranes

We showed for both anions and cations that at dkquiin the adsorption of ions with lower
hydration energy onto the ion-exchange membranéhésmodynamically more favorable
compared to the adsorption of ions with higher hyidn energy (Fig. 1a and Fig. 2a). Therefore,
an ion with larger ionic radius and lower hydratemergy reaches a lower (and therefore more
favorable) free energy state after adsorption cimtomembrane compared to an ion with smaller
ionic radius and higher hydration energy (Fig. ¥&g also demonstrated that monovalent ions
show activation behavior of transport through trembrane where, for monoatomic ions, an ion

with larger ionic radius and lower hydration energyperiences lower energy barrier of
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permeation through the ion-exchange membrane cadgaran ion with smaller ionic radius

and higher hydration energy (Fig. 7a). As discussigalve, this cumulatively calculated energy
barrier for ion transport through the membraneearismainly at the water-membrane interface
due to the transition of ions from bulk solutionioirthe confined environment of the membrane

polymer.
Figure 7

We attribute these differences in the energy baarel Gibbs free energy changéG) of
adsorption to the different ability of each ion partially remove water molecules from its
hydration shell during permeation through the isokF@nge membrane, as previously suggested
for nanofiltration membranes [21,48]. In generdlistability of an ion to undergo partial
dehydration depends on both the strength of itsrdiyah shell (expressed as the hydration
energy) and the interaction between the dehydraded with its new surrounding after
dehydration, as proposed for ion-selective biolalgichannels [46,47]. However, in ion-
exchange membranes, without perfect matching siteg biological channels, the extent of
dehydration undergone by an ion is primarily dietbby the strength of its hydration shell. That
is, an ion with higher hydration energy (e.g), tihdergoes lower dehydration than an ion with

lower hydration energy (e.g., Br

Due to its higher dehydration, an ion with lowedhgtion energy can approach closer to the
fixed charged functional groups in the membrane @atlop stronger electrostatic interactions
with the fixed groups, resulting in more favorahtisorption and higher affinity to the polymer
matrix compared to an ion with higher hydration rgye This distance-dependent electrostatic
attraction between the mobile counterions and ittedfions in the membrane can be described
by Coulomb’s law [79]. A similar mechanism was psepd to explain the selectivity order in
ion chromatography where an ion with higher hydratenergy (e.g., ) develops weaker
interactions with the fixed charged groups on teeirr and therefore is eluted from the

chromatography column earlier compared to an iah lewer hydration energy (e.g., Bf36].

Because of its higher dehydration-based energyebaan ion with smaller ionic radius and
higher hydration energy will statistically occupgs$ fixed charged sites on the membrane
surface during its transport in the membrane coetpan an ion with larger ionic radius and

lower hydration energy (Fig. 7b). However, due e tower affinity of an ion with higher
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hydration energy to the polymer matrix, it is ldsadered and can diffuse faster through the
membrane as supported by its higher pre-expondat&dr A (Fig. 6) compared to an ion with
lower hydration energy (Fig. 7b). Overall, our ppepd mechanism suggests that adsorption at
the water-membrane interface, rather than diffusidhin the polymer matrix, is the key step for

the observed selectivity in ion-exchange membranes.

3.6 Why energy barriers of nitrate and ammonium do not follow the trend with hydration energy?

The energy barriers calculated for the polyatoroitsi (i.e., NG and NH") were slightly
higher considering their hydration energies, resgltin discrepancy between the trends of
hydration energies and calculated energy barr®pecifically, NQ has the lowest hydration
energy among the anions but showed a higher er@agyer than Br similarly, NH;", with
slightly lower hydration energy than'Kexperienced higher energy barrier than We attribute
this behavior of N@ and NH to geometrical and orientation effects that maypase an
additional energy barrier for their transport (F8g.

Unlike spherical monoatomic anions such as (€lg. 8a), N@, with a trigonal planar
molecular geometry [80], may need to be in a speoiientation in order to enter the membrane
pore (Fig. 8b). This orientation adjustment is op of other energy-consuming barriers at the
water-membrane interface (e.g., overcome chargelsiep and undergo dehydration) and
therefore contributes to the overall energy baroepermeation. Previously calculated energy
barriers for anion permeation in nanofiltration nieeme also showed a discrepancy with ion
hydration energies, where NQanion experienced higher energy barrier for petimeahan
other anions with higher hydration energies suc@lasr Br [20,21,48].

Ammonium is made up of four equally spacgsf hybrid orbitals forming a tetrahedral
geometry with bond angles of 109.5° [80]. Althoutitis geometry provides NfA with a
symmetrical 3D structure (i.e., a rotation aroung axis results in a molecule indistinguishable
from the original), differences in electron derestiaround the molecule may render some areas

on the surface (i.e., the vertices) sterically leggproachable than others (i.e., the faces).
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Therefore, it is likely that in a specific orieritat, the distance between the center of the'NH
cation and the center of the fixed negatively chdrgroup in the membrane can be minimized
due to reduced steric hindrance, resulting in ambdynamically more favorable ionic
interaction (Fig. 8c). As in the case of NOthis orientation adjustment of NHresults in
additional energy penalty for permeation. This dtigesis is supported by our results from
cation chromatography, where thé &ation showed better adsorption thanNHespite having
higher hydration energy. In the cation chromatogyagNH;" developed weaker electrostatic
interactions with the functional negatively charggdups in the resin and was eluted befofe K

presumably due to steric limitations to form a elo@nd therefore more stable) ionic interaction.
4. Conclusion

We explored the mechanisms underlying the selégtiof anion- and cation-exchange
membranes for the transport of four monovalent r@if.e., fluoride, chloride, bromide, and
nitrate) and four monovalent cations (i.e., sodiupmtassium, cesium, and ammonium),
respectively. We first verified the previously refgal order of ion adsorption and selectivity in
the membranes where, in general, an ion with Idweration energy is more favorably adsorbed
but more slowly transported compared to an ion Wigher hydration energy. Our individual ion
permeation tests through the ion-exchange membranedifferent temperatures showed
activation behavior of ion transport through the-exchange membranes for all the ions
investigated; namely, the ion flux depends expaabyton the temperature according to an
Arrhenius-type equation. For spherical ions, bdth energy barrier and the pre-exponential
factor (that where derived from the Arrhenius-tygmpiation) correlated to ion hydration energy,
relating the activation behavior of ion transpatthe phenomenon of ion dehydration and
supporting the theory of ion dehydration-relatel@cése transport. In particular, our calculated
experimental energy barrier are comparable withvipusly reported energy barriers for
nanofiltration membranes with much thinner actiager. This observation highlights the major
contribution of ion dehydration at the water-menmeranterface to the overall energy barrier and
invites future studies to explore chemical funcaliration of membranes that can promote ion

dehydration in a more selective manner.
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Fig 1. (A) Adsorption of fluoride (B, chloride (CI), bromide (Bf), and nitrate (N@) onto the anion-
exchange membrane expressed as percentage of decrease in the sotrticoreoentration The membrane
was immersed in a mixed solution containing the four anjassodium salts) at a concentration of 2.5 mM
each. The solution was equilibrated with the membrane at aB8Cadsorption was measured after 24 h.
Before the experiment, the membrane was immersed in 1 80y&olution for 24 h to exchange previously
adsorbed anions with S& (B) Elution order of fluoride (f; chloride (CI), bromide (B, and nitrate (N©)
from anion chromatography as reflected by the anion chromatogranixed anion solution containing the
four anions (as sodium salts) at a concentration of 50 tregch (2.6 mM, 1.4 mM, 0.6 mM, and 0.8 mM for
F, CI, Br, and NQ@, respectively) was injected into the column. The column packamgisted of 9-um
diameter macroporous particles functionalized with quaternary ammogroups. The eluent was a mixed
solution of sodium carbonate (0.8 M) and sodium bicarboftateM) solution. Peaks in the chromatogram

were identified by comparing their elution times to thoseaiakd for chromatography of single anion solution.
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Fig 2. (A) Adsorption of sodium (N3, potassium (K), cesium (C§, and ammonium (NK) onto the cation-
exchange membrane expressed as percentage of decrease in the atlotioconcentration. The membrane
was immersed in a mixed solution containing the four cat{@s chloride salts) at a concentration of 2.5 mM
each. The solution was equilibrated with the membrane at aB8#Cadsorption was measured after 24 h.
Before the experiment, the membrane was immersed in 1 M MgCition for 24 h to exchange previously
adsorbed cations with Mg (B) Elution order of sodium (N} potassium (K), cesium (C, and ammonium
(NH,") from cation chromatography as reflected by the cation chronamogA mixed cation solution
containing the four cations (as chloride salts) in a concemrafi50 mg [* each (2.2 mM, 1.3 mM, 0.4 mM,
and 2.8 mM for N§ K, Cs, and NH', respectively) was injected into the column. The column pgckin
consisted of 8-um diameter macroporous particles functionalidddcarboxylate groups. The eluent was
methanesulfonic acid (0.01 M) solution. Peaks in the chragrato were identified by comparing their elution

times to those obtained for chromatography of single catdution.
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Fig 3. (A) Selectivity of X anion (i.e., E CI, Br, or NG;) over CI anion in the anion-exchange membrane.
Anions diffused from the side chamber containing mixed asa@ution (initial concentration of 0.1 M for
each anion as sodium salt) to the middle chamber (DI wateghrthe anion-exchange membrane. Anion
selectivityPX- was calculated according to Eq. (3). (B) Selectivity dfcétion (i.e., N§ K*, CS,, or NHy)
over N4 cation in the cation-exchange membrane. Cations diffused frerside chamber containing mixed

cation solution (initial concentration of 0.1 M for eachaaias chloride salt) to the middle chamber (DI water)

through the cation-exchange membrane. Cation seleoﬁﬁgtywas calculated according to Eq. (4). For both
anions and cations, the anion- or cation-exchange membrane wi#zatqd with the same mixed anion or

cation solution overnight. Experiments were performed at ageatye of 25°C.
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Fig 4. Activation behavior of anions (i.e.,,FCl, Br, and NQ', as sodium salts). (A) Conductivity increase in
the middle chamber as a function of time due to specific adiffusion from the side chambers. The side
chambers contained single anion solution (initial concentraifo®.25 M as sodium salt) and the middle
chamber contained initially DI water (Fig. S2). Temperature wa®ased in 5°C increments every 100 min,
from 25°C to 40°C (top axis). Since the initial condutyivof each anion in the side chambeCsefy) was
different, the conductivity for each anion in the middle chan{B;) was normalized to the initial conductivity
in the side chambers. For each temperature, the initial 50 eri@ given for stabilization (grey data points)
and flux calculation was performed in the latter 50 min (eslatata points) (B) Arrhenius-type plots for anion
transport in the anion exchange membrane. For each anion, timel nagarithm of the fluxJ) at the four
different temperatures (normalized to the flux at 25°C) watiqulaas a function of T/ The anion fluxes at
different temperatures were calculated using linear regressithte afolored data points in Fig. 4a. For each
point in Fig. 4b the flux was normalized to the flux2&C. Error bars in Fig 4b represent standard error
derived from the linear regression.
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Fig 5. Activation behavior of cations (i.e., NaK®, Cs, and NH', as chloride salts). (A) Conductivity
increase in the middle chamber as a function of time due to ispeaiion diffusion from the side chambers.
The side chambers contained single cation solution (imiiatentration of 0.25M as chloride salt) and the
middle chamber contained initially DI water (Fig. S2). Tempgeatvas increased in 5°C increments every
100 min from 25°C to 40°C (top axis). Since the initiahductivity of each cation in the side chambés)

was different, the conductivity for each cation in the middle deanC;) was normalized to the initial
conductivity in the side chambers. For each temperature, thed 50t min were given for stabilization (grey
data points) and flux calculation was performed in the la@anih (data points with color) (B) Arrhenius-type
plots. For each cation, the natural logarithm of the flyaf the four different temperatures (normalized to the
flux at 25°C) was plotted as a function of 1The cation fluxes at different temperature were calculated using
linear regression of the colored data points in Fig. 5ae&oh point in Fig. 5b the flux was normalized to the

flux at 25C. Error bars in Fig 5b represent standard error derived fine linear regression.
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Fig 6. Experimental energy barriers and pre-exponential factorjoar{ions (i.e., F CI, Br, and NQ, as
sodium salts) and (B) cations (i.e., N&", Cs, and NH", as chloride salts). For each ion, the natural
logarithm of the ion fluxJ) through the membrane at four different temperatures (20, 35°C, and 40°C)
was plotted as a function of 1/T to obtain the energydrafta) and the pre-exponential factd)(according

to Eq. (6). The energy barrier and the pre-exponentialrfagoe derived from linear regression of the data in
Figs. 4b and 5b (before normalizing the flux to the fx25°C) and represent the slope and the intercept
(multiplied by the membrane surface area, 14.% amthe linear representation of the Arrhenius-type equation
(Eq. (6)), respectively. All ions showed a linear dependéetyeen I(J) andL/T with R? > 0.99. Error bars
represent standard error derived from the linear regression.
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Fig 7. Proposed mechanism for the role of ion dehydration inremmsport through ion-exchange membranes
illustrated by anion transport through an anion-exchange mag@b(A) Gibbs free energy change and energy
barrier for anion adsorption onto an anion-exchange membi@m anion with smaller ionic radius and
stronger hydration shell (green) experiences a higher energegrb@rrundergo dehydration at the water-
membrane interface and reaches a higher free energy state compareshittnanith larger ionic radius and
weaker hydration shell (yellow). Interaction of anions wiked positively charged functional groups in the
membrane (pink) compensate energetically for the removal of watecules from the hydration shell of the
ion and reduce the free energy state of the ion. Note th&ethenergy state in the membrane can be higher
than the free energy state in the bulk solution, dependinghe extent of chemical potential difference
between the two media (B) An anion with smaller ionic radiussaronger hydration shell (green) undergoes
lower dehydration and develops weaker electrostatic interactiongheitfixed positively charged functional
groups in the membrane (pink) compared to an anion witleddomic radius and weaker hydration shell
(yellow). Because of its higher energy barrier, an anion waitiller ionic radius occupies less fixed positively
charged sites on the membrane surface compared to an anidargdthionic radius. Due to its lower affinity
to the positively charged fixed groups in the membranenamgth smaller ionic radius are less hindered and

can diffuse faster in the membrane compared to the larger anions.
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Fig 8. Proposed role of ionic geometry in ion transport. (Ayridatomic ion (e.g., Cand N&) represented by

a green sphere: ion orientation does not play role in iosgmahand does not affect the energy barrier. (B)
Nitrate anion (N@) represented by a central nitrogen atom (orange sphere) swdoythree oxygen atoms
(blue spheres) in a trigonal planar geometry; orientation tadgue plays a role in ion permeation into the
membrane pore and results in an increased energy barrier. (@priom cation (NH') represented by a
central nitrogen atom (orange sphere) surrounded by fouodwd atoms (purple spheres) in a tetrahedral
geometry; orientation adjustment plays a role in ionic intenagtwith the negatively charged sulfonate group
in the membrane (red sphere) and results in an increased enaigy Bdirions are illustrated without their

hydration shell to emphasize shape effect on ion transport.

35



Table 1. Experimental characterization of the anand cation-exchange membranes.

Parameter Anion-exchange membrane  Cation-exchange membrane
Transport numbett) 0.960 £ 0.01 0.967 £ 0.02
Permselectivity 0.900 +0.03 0.946 + 0.03
lon-exchange capacity 1.66 £ 0.38 2.00+0.21
(meq g
Water uptake (wt. %) 18.3 £ 0.56 21.9+0.59
Thickness (um) 479 £5 490 £ 5

Table 2. lonic radius and hydration energy of asimvestigated in this study. For consistency,

data was collected from the same source.[81]

Hydration energy

Anion lonic radius (nm) (kcal mol™)
Fluoride (F) 0.133 1111
Chloride (CI) 0.181 81.3
Bromide (Br) 0.196 75.3
Nitrate (NG 0.179 71.7

Table 3. lonic radius and hydration energy of caimvestigated in this study. For consistency,

data was collected from the same source.[81]

Hydration energy

Cation lonic radius (nm) (kcal mol™)
Sodium (N3) 0.102 87.2
Potassium (K) 0.138 70.5
Cesium (C¥ 0.170 59.8

Ammonium (NH;") 0.148 68.1
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