Journal of Membrane Science 679 (2023) 121692

Contents lists available at ScienceDirect

Journal of
Membrane
Science

e o

Journal of Membrane Science

FI. SEVIER

journal homepage: www.elsevier.com/locate/memsci

Check for

Electrochemical and hydraulic analysis of thin-film composite and cellulose  [%&s
triacetate membranes for seawater electrolysis applications

Rachel Taylor*, Le Shi b:¢" Xuechen Zhou ", Ruggero Rossi“, Cristian Picioreanu ®,
Bruce E. Logan ™"’

& Department of Chemical Engineering, The Pennsylvania State University, University Park, PA, USA

Y Department of Civil and Environmental Engineering, The Pennsylvania State University, University Park, PA, USA

¢ Key Laboratory of Environment Remediation and Ecological Health, Ministry of Education, College of Environmental and Resource Sciences, Zhejiang University,
Hangzhou, PR China

d Department of Environmental Health and Engineering, Johns Hopkins University, Baltimore, MD, USA

€ Water Desalination and Reuse Center (WDRC), Biological and Environmental Science and Engineering Division (BESE), King Abdullah University of Science and
Technology (KAUST), Thuwal, Saudi Arabia

ARTICLE INFO ABSTRACT

Keywords:

Seawater electrolysis
Thin film composite
Cellulose triacetate
Electrical resistance
Ion transport

Polymeric filtration membranes could be a cost-effective alternative to cation exchange membranes (CEMs) in
electrolysis with a contained anolyte and saltwater catholyte because they size selectively hinder salt ion
transport between compartments while facilitating proton and hydroxide transport. Optimizing membrane
performance requires a better understanding of membrane properties that impact electrical resistances and ion
retention. Twelve reverse osmosis (RO) membranes, one nanofiltration (NF) membrane, and one cellulose
triacetate forward osmosis (FO) membrane were examined for their electrical resistances under conditions
typically used for characterization of CEMs. Resistances measured at low current densities (0.07-0.3 mA cm™2)
varied between different membranes by over an order of magnitude in 1 M NaCl at neutral pH, from 6.1 +£ 0.1 Q
cm? to 70 + 30 Q cm?. There was no significant correlation between membrane resistance and applied potential
during saltwater electrolysis at 20 mA cm™2 (p = 0.44), or between membrane resistance and water permeability
(p = 0.35). These results indicate that traditional CEM resistance characterization methods do not predict
polymeric filtration membrane electrolysis performance because proton and hydroxide transport, which is
important during electrolysis when large pH gradients develop, must be considered separately from salt ion and
water molecule transport through size selective RO, NF, and FO membranes during water electrolysis.

1. Introduction

Ultra-pure water is currently required for water electrolysis to pro-
duce carbon neutral (green) hydrogen through proton exchange mem-
brane (PEM) electrolysis [1-3]. Research into using less purified water is
gaining momentum because low-grade waters such as brackish water or
seawater are more globally accessible, while coastal regions, where
seawater is available, typically have better access to renewable energy
sources compared to onshore locations. Additionally, producing highly
deionized water makes the overall process more complex and expensive
[4,5]. Direct seawater electrolysis has been difficult to implement due to
the presence of chloride ions in seawater which react at the anode to
form undesirable species such as chlorine and derivative species (e.g.

hypochlorite and hypochlorous acid), which can damage electrolyzer
components [6]. While there has been extensive research into devel-
oping novel catalysts that preferentially evolve oxygen over chlorine, an
alternative approach is using thin-film composite reverse osmosis (RO)
membranes with a contained anolyte and a seawater catholyte [7-12].
An anolyte that contains fully oxidized salt species such as perchlorate
(NaClOy4) can be used as an inert electrolyte, while the membrane pre-
vents chloride ion transfer to the anode and thus its oxidation to chlorine
gas and other species. Traditional cation exchange membranes (CEMs)
cannot be used under these conditions because they allow too much
chloride ion leakage from the catholyte to the anolyte [1]. RO mem-
branes have an additional advantage of being substantially less expen-
sive than CEMs [12].
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RO, forward osmosis (FO), and nanofiltration (NF) membranes are
three types of size-selective membranes that are being studied as alter-
natives to ion exchange membranes. RO membranes have the greatest
selectivity for preventing transport of salt species, but they must facili-
tate transport of small ions, such as protons/hydronium and hydroxide,
to maintain the high current densities needed in water electrolyzers
[13-16]. RO, NF, and FO membranes are size selective due to their
highly dense active layers [17-19]. Thin film composite RO and NF
membranes are typically composed of three layers, including a dense,
polyamide active layer, which can range between 20 and 150 nm thick
for NF membranes and 100-200 nm thick for RO membranes [20]. The
active layer is bound to a polysulfone support layer (~50 pm) which is
used to connect the thin, fragile active layer to a thick (~100 pm)
polyester web backbone. The polyester web backbone maintains the
mechanical properties of the membranes in large hydraulic pressure
gradients [14,21,22]. While FO membranes also have a size-selective
active layer, they differ in that a porous support layer is not required
to have mechanical strength to withstand higher pressures because
water transport across FO membranes is only driven by an osmotic
pressure gradient [23]. CEMs are usually homogenous block
co-polymers, charged to selectively transport all cations in a solution
with only a small dependence on the size of the ions. However, RO, NF,
and FO membranes mainly transport species based on size, which allows
for the selective containment of large salt ions in the anolyte and cath-
olyte while transporting protons and hydroxide ions to maintain a set
current density [24]. The electrochemical properties of RO, NF, and FO
membranes have yet to be broadly studied for applications in
electro-driven separations such as saltwater electrolysis.

In electro-driven processes, membrane electrical resistance is one of
several factors used to compare electrolyzer performance [24-26].
Electrical resistance is a measure of a membrane’s ability to transport
electrical charge in the form of ions across it, and therefore ion exchange
membranes with higher resistances increase energy consumption for
water electrolysis [24,26]. The electrical resistance of the RO membrane
active layer has been measured using electrochemical impedance spec-
troscopy and has been related to salt permeability during desalination
tests with a large water flux through the membrane. Few studies have
examined the resistance of the RO membrane active layer and sup-
porting layers together, which is the critical property of these mem-
branes in electrochemical applications [15,27-29]. In the first study
using RO membranes for water electrolyzers, Shi et al. [12] showed that
one RO membrane had an electrical resistance comparable to CEMs,
while another had a much larger electrical resistance. The membrane
with a resistance comparable to the CEM was used to electrolyze salt-
water at an applied potential similar to that used with the CEM, while
using the membrane with the higher resistance required a higher applied
potential during electrolysis, but the reason for this difference in per-
formance between the two RO membranes was not reported [12].
Because only two RO membranes were used, it was not possible to
examine if other membrane properties, such as water permeability,
could be used to predict performance in a water electrolyzer [12].

The purpose of this study was to determine if resistances of different
size-selective filtration membranes, measured under conditions typi-
cally used to characterize resistances of CEMs, could be correlated with
water electrolyzer performance at high current densities. At high current
densities, large pH gradients develop, and water ions account for a larger
percentage of charge transport across the membrane, while in low cur-
rent density resistance tests, salt ions primarily transport charge across
the membrane. Electrical resistances were measured at a low current
density in neutral pH for twelve RO membranes, one NF membrane, and
one FO membrane. Three RO membranes with varying electrical re-
sistances, and the FO and NF membranes were selected for further
characterization in electrolyzer and permeability tests to examine
whether water flux could be used to better understand membrane per-
formance in water electrolyzers. Therefore, membrane overpotential,
salt ion crossover during electrolysis, and membrane permeability were
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examined to see if any of these properties could be correlated to mem-
brane resistance or be used to determine optimal characteristics of TFC
membranes for green hydrogen production from saltwater.

2. Experimental
2.1. Membranes

The following flat-sheet RO membranes were used (membrane ab-
breviations in parentheses) based on the manufacturer and intended
application of either brackish water (BW) or seawater (SW) desalination:
Trisep Membrane ACM5 [RO1 (BW)]; DuPont membranes BWXLE [RO2
(BW)], BW30XLE [RO4 (BW)], SWXLE [RO5 (SW)], BW30 [RO6 (BW)],
BW30LE [RO7 (BW)]; Hydranautics membranes SWC4 [RO3 (SW)],
SWC5 [RO8 (SW)]; Toray membranes 73AC [RO9 (BW)], 73HA [RO10
(BW)]; GE Suez membranes GE AK [RO11 (BW)], GE AG [RO12 (BW)].
The nanofiltration membrane was DuPont NF270 (NF), and the forward
osmosis membrane was Fluid Technology Solutions CTA FO (FO). A
variety of RO membranes with different rejections, manufacturers, and
advertised energy requirements were studied to understand how much
RO membrane electrochemical performance can vary. An outside
micrometer (Mitutoyo Kawasaki, Japan) was used to measure the total
thickness of dry membranes.

2.2. Resistance measurements

The membrane resistances were determined using a four-electrode
direct current method typically employed for CEMs [12,30,31]. The
electrodes and membrane were submerged in 60 mL of electrolyte so-
lution, in a cylindrical chamber with a cross-sectional area of 7 cm?. The
membrane was positioned in the middle of the chamber, 5 cm away from
the anode and cathode. A scheme and picture of the experimental set-up
is in the supporting information (Supporting Information, Fig. S1 and
Fig. S2). Platinum coated titanium mesh electrodes were used as the
anode and cathode, placed 10 cm apart. Two Ag/AgCl (3 M NaCl)
reference electrodes (BASi West Lafayette, IN) with Luggin capillaries
were placed on either side of the membrane. The Luggin capillaries
minimized the ohmic drop between the reference electrodes [32]. The
exposed membrane area, 7 cm?, was the same as the cross section of the
cylindrical chamber.

A potentiostat (Biologic VMP3) was used to obtain linear sweep
voltammetry (LSV) data from O V to 3.5 V at a scan rate of 5 mV/s. From
this data, the ohmic region was determined, and current densities were
selected for membrane electric resistance measurements. In the ohmic
region, the applied potential, U (V), changes linearly with current, I (A),
and the proportionality constant between the two is the ohmic resistance
R (W), consistent with Ohm’s law, U = IR [33]. Measuring the potential
across a membrane at current densities in the ohmic region will yield the
ohmic resistance of the membrane as the slope of the potential vs. cur-
rent data. Eight current densities were selected that ranged from 0.07 to
0.3 mA cm ™2 in chronopotentiometry (CP) tests based on 30 s intervals.
An example of how resistance is calculated from chronopotentiometry
data is provided in the SI.

Membrane resistance (Rpem) Was calculated from measurements
made in the absence and presence of the membrane, based on R, =
Ryolimem — Rsol, Where Rgo (the solution resistance measured without
membrane) was subtracted from the total resistance with the membrane
present, Ryy) + mem- The area resistance (Q cm?) of the membrane was
calculated using the exposed membrane area. Measurements were
repeated 3 times, using a fresh piece of membrane each time. The re-
sistances for each membrane were measured in both 0.6 M (~3.5 wt%)
and 1 M (~5.5 wt%) NaCl. The membranes were equilibrated in the
electrolyte for three days prior to the experiment.
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2.3. Water flux measurements

The water flux through the membrane was measured using a high-
pressure dead-end cell (HP 4759, Sterlitech, Auburn, WA). Deionized
water was used at an applied pressure of 34.4 bar. The mass of permeate
was measured over time using a scale, and this data was used to calcu-
late the flux normalized to pressure (L m~2h~!bar L or, usually written
as LMH bar™!). The exposed membrane area was 14.6 cm?,

2.4. Water electrolyzer experiments

The applied cell potentials required for saltwater electrolysis with an
asymmetric anolyte and catholyte contained by each membrane was
compared at a constant current. A zero-gap electrolyzer (Scribner, North
Carolina) configuration was used to investigate performance in a con-
ventional proton exchange membrane (PEM) electrolyzer [34,35]. In the
zero-gap electrolyzer, the membrane is placed directly next to the anode
and cathode to minimize ohmic resistance. The anode and cathode are
placed adjacent to serpentine flow channels carrying the anolyte and
catholyte at a rate of 15 mL s LA platinized titanium (Pt-Ti) flow field is
used for the anode and a graphite flow field is used for the cathode. Gold
plated copper current collectors are attached to the Pt-Ti and graphite
flow fields, and all components are contained between two exterior
anodized aluminum end plates held together with bolts and washers.

A two-electrode set-up was used to perform the experiment and
measure the applied potential required for saltwater electrolysis. Carbon
cloth electrodes (4 cm?) coated with 10% Pt/C catalyst were used as the
anode and cathode. The anolyte was 1 M NaClO4 and catholyte was 1 M
NaCl with the electrolytes (each 200 mL) recirculated through the flow
cell at a rate of 15 mL s~. The exposed membrane area was 5 cm?.
Chronopotentiometry (CP) was used at a constant current density of 20
mA cm ™2 using a potentiostat. Experiments were run for 3 h, and the
applied potentials were compared at the end of the 3 h. Each experiment
was conducted twice for each membrane type, using a fresh piece of
membrane and fresh electrodes each time (n = 2).

2.5. Ion crossover experiments

A two-electrode set-up was used to measure ion transport across the
membranes, as previously described [12]. The anode and cathode were
both carbon paper coated with a 10% platinum/carbon catalyst and had
areas of 1.68 cm?. The catholyte was 30 mL of 1 M KC, and the anolyte
was 30 mL of 1 M NaClO4. K™ was used in the catholyte so the Na *
crossover could be studied in the direction of the electric field. The
anolyte and catholyte were added into the cylindrical cell, and CP was
used to apply a current density of 10 mA cm™2 for 1 h to facilitate
electrolysis. After this step the anolyte and catholyte were collected, the
pH of both were measured, and ion chromatography (Dionex, Thermo
Fisher Waltham, MA) was used to measure the concentration of ions that
crossed over into each compartment, (Na™ and ClOy in the catholyte, or
K* and CI™ in the anolyte). The membrane had an exposed area of 7 cm?.

3. Results and discussion
3.1. Membrane resistances

Membrane resistances varied by an order of magnitude with no
apparent correlation between resistance and the type of RO membrane
(BW or SW). In 1 M NaCl, the RO1 (BW) membrane had the lowest
resistance of 6.1 + 0.1 Q cm?, an order of magnitude lower than the RO9
(BW) membrane, with the highest resistance of 70 + 30 Q cm? (Fig. 1).
BWRO and SWRO membranes had similar resistances, despite their
different reported salt rejections and permeabilities [36]. The NF
membrane had a NaCl rejection much lower than all the RO membranes
(50% compared to 98.5-99.8%) according to manufacturer data, and
one of the lowest measured resistances in 1 M NaCl, 14 + 1.7 Q cm?
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Fig. 1. Resistances of RO, NF, and FO membranes measured in either 0.6 M or
1 M NaCl using the four-electrode direct current method.

[37]. ABWRO membrane with a reported salt rejection of 98.5% had an
even lower resistance (RO1), suggesting that the same properties that
control one directional ion transport during water filtration do not
control two directional ion transport across membranes in potential
gradient [38,39]. The FO membrane had a resistance of 24 + 5.6 Q crnz,
which was in the midrange in comparison to the other membrane
resistances.

On average, the resistances of the membranes increased by 35 + 8%
from the 1 M-0.6 M NaCl solution, suggesting there is a proportional
relationship between electrolyte concentration and conductivity, as a
40% decrease in concentration resulted in a 35 + 8% increase in con-
ductivity. This decrease in membrane resistance reflects the decrease in
the number of charge carriers present in lower concentration solutions.

One potential reason for the observed weak correlation between
electrical resistance and membrane type (BWRO, SWRO, NF, FO) is due
to the membrane support layers influencing their resistances. In general,
membrane resistance is directly related to both material resistivity and
thickness [40]. The membrane backbone, which minimally contributes
to membrane filtration performance, might still have a significant ohmic
contribution during resistance measurements due to its large thickness
(~150 pm), about a thousand times larger than the polyamide active
layer thickness (~150 nm) [41]. Although the resistivities have not been
reported for dense polyamide and polyester web backbone, their po-
rosities (less than 20% for PA [42,43] and greater than 60% for polyester
web [44,45]) suggest the polyamide layer will have a higher resistivity
than the polyester support layer. Thus, the thickness of the backbone
layers could bring its resistance to values comparable to that of the
polyamide layer. Therefore, while the support layers minimally
contribute to salt selectivity during filtration [15], they might be
responsible for the electrical resistance and thus not correlate with
filtration parameters and membrane type (SWRO, BWRO, NF, or FO).
Further measurements of the backbone resistance will quantify its ohmic
contribution in comparison to the total membrane thickness.

The large variations observed for the membranes with high re-
sistances may be reflective of measurements of very small amounts of
ion flux across the membrane. When the membrane resistance is high,
the salt passage is low, and a small increase in salt passage is equivalent
to a large fractional increase. Previous studies reporting membrane
resistance with this method also reported large error bars for their
highest resistance membranes [12].

The total membrane thickness did not have any correlation with the
membrane resistance (p = 0.5, Supporting Information, Fig. S5). Mem-
brane resistance is directly proportional to the total thickness of a single
type of homogenous CEM, enabling trends between CEM resistance and
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membrane thickness [46,47]. However, the situation for other types of
membranes is more complicated due varying properties of the three
layers. When we compared the total thickness of the RO, NF and FO
membranes to their membrane resistance we found no significant trend.
This indicated that the layers have thicknesses and permeabilities that
vary for each membrane type and influence the overall resistance to
charge transfer [17].

3.2. Water permeabilities

Membrane permeabilities ranged from 0.7 L m2h bar! (RO3) to
14.6 L. m 2 h ! bar ! (NF) (Fig. 2a). There was a general increase in
resistance with less water permeability, but there was no significant
trend (y = 20.97¢-9%% R2 = 0.67, p = 0.35) (Fig. 2b). The perme-
abilities of three RO membranes with varying electrical resistances were
measured, as well as the nanofiltration membrane due to its different
composition. The FO membrane permeability was not measured because
the membrane is only used with an osmotic pressure gradient and thus it
cannot withstand the high hydraulic pressure used in the test. The
measured NF membrane permeability was comparable to that reported
in literature (Fig. 2a) [48,49]. NF membranes have larger pore sizes
(0.5-2 nm) than RO membranes (0.2-1 nm) because they are typically
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Fig. 2. (a) Water permeabilities of three RO membranes and one NF membrane
measured at an applied pressure of 34.4 bar. (b) Water permeabilities as a
function of measured area resistance.
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used to filter organic compounds and soften surface and groundwater by
separating divalent ions [38,50-52]. Therefore, NF membranes have
higher water and NaCl permeability than RO membranes. SWRO
membranes are typically used in higher pressure gradients with higher
concentration salt solutions, so they have higher salt rejections and
lower permeabilities to achieve the desired separation [53]. Thus, it is
reasonable the SWRO membrane has the lowest water permeability of
the four membranes measured. When only the RO membrane perme-
abilities were plotted against their electric resistance, the fitted curve
had R? = 1 but the trend was not significant (p = 0.08) possible due to
the limited number of data points.

3.3. Membrane performance in electrolysis

Membranes with higher resistances required higher voltage during
saltwater electrolysis, but statistically, membrane resistance and applied
potential required for saltwater electrolysis could not be shown to be
significantly correlated (R? = 0.38, p = 0.44) (Fig. 3b). Electrolyzing
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Fig. 3. (a) Potential applied to electrolyze saltwater at a constant current
density of 20 mA/cm? for 3 h using three RO membranes, one NF membrane,
and one FO membrane. The applied potential was compared when it had sta-
bilized after 2 h, indicated by the red box. (b) Comparison of the applied po-
tentials for saltwater electrolysis and the membrane resistances. The equation
of the line isy = 0.01x + 2.87. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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saltwater with the FO membrane required the smallest applied potential
of 2.8 £ 0 V, although this membrane did not have the smallest
measured resistance (Fig. 3a). The membrane with the smallest
measured resistance, RO1 (BW), had a similar applied potential of 2.9
0.1 V. Electrolysis with the RO2 (BW) membrane required the highest
applied potential of 4.1 + 0.1 V, while the RO3 (SW) membrane, which
had the largest measured membrane resistance, had an applied potential
of 3.8 + 0.1 V. The membrane resistances in 0.6 M NaCl were plotted
against the applied potential required for electrolysis using each mem-
brane (Fig. 3b). The lack of a correlation contrasts with trends amongst
traditional ion exchange membranes, where membrane resistance at low
current directly correlates to applied potential in electrochemical cells
[26,54].

The generation of protons at the anode and hydroxide ions at the
cathode during water electrolyzer tests produced large pH gradients
between the electrolytes [12]. The final pHs after 3 h of electrolysis
(Supplementary Information, Fig. S7) were 1.4 & 0.1 for the anolyte and
12.2 + 0.1 for the catholyte. RO and NF membranes can tolerate this pH
range; however, the pH operating range of FO membranes is 3-7 [51,55,
56]. Contact with the acidic anolyte and basic catholyte may have
damaged the membrane, resulting in a lower applied potential being
required for this membrane [55,57].

3.4. Membrane ion crossover

In resistance tests at neutral pH (at low current densities), the con-
centrations of H" and OH™ are very low so charge is balanced by salt
ions transported through the RO membrane. However, during water
electrolysis large pH gradients develop, so water ion migration plays a
larger role in current transport across the membrane. The difference
between salt ion flux and proton or hydroxide ion flux is more significant
in RO, NF, and FO membranes than in CEMs because of their steric
partitioning in addition to dielectric and Donnan partitioning [58,59].
While it is possible to correlate neutral membrane resistance to applied
potential during electrolysis for CEMs, it was not possible to correlate
these two properties for RO, NF, and FO membranes.

RO, NF, and FO membranes hinder proton and hydroxide transport
differently than they hinder Na® and Cl~ transport because of their

60
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dense, size selective active layers with pore sizes between 0.1 and 2 nm
[50]. Electrochemical impedance spectroscopy (EIS) was reported to
measure the conductance of the active layer of RO membranes in pH 3.7
and 5.7 salt solutions (both KCl and MgCl) using a rotating disk elec-
trode [27]. The active layer had a higher conductance in the solution
with a higher concentration of protons (pH 3.7). The EIS study differs
from this one in that it considers only the active layer of the membrane,
but similar trends are observed when comparing the total membrane
resistance in neutral solution to applied potential during electrolysis
with large pH gradients. Protons can more easily transport and carry
current across the dense polyamide layer, so increasing their concen-
tration during electrolysis changes the membrane resistance to charge
transfer in comparison to the neutral salt solution.

To demonstrate the relative importance of salt ion versus water ion
transport in water electrolyzer tests salt ion crossover was measured
using electrolytes with four different salt ions. The catholyte contained
KCl and the anolyte was NaClO,4. Na™ crossover was higher for the FO
(49.5 + 0.5 mM) and NF (27.3 £+ 0.04 mM) membranes than for the RO
membranes (RO1 = 4.4 4+ 0.5 mM, RO2 = 5.3 4+ 0.5 mM, RO3 = 9.8 &+
0.7 mM) (Fig. 4). Conversely, CI~ crossover was higher for the RO
membranes than for the NF and FO membranes. For Cl~ crossover, RO1
(BW) had 23.0 £+ 0.7 mM, RO2 (BW) had 21.0 + 0.2 mM, and RO3 (SW)
had 10.5 + 0.2 mM. For the NF and FO membranes Cl~ crossover was
about four times less, with NF having 6.5 + 0.01 mM and FO having 5.5
+ 0.6 mM. K* and ClOjg crossover was one to two orders of magnitude
less than Na™ and ClOj crossover. The FO membrane had the highest
amount of K* crossover (7.5 + 0.4 mM), and the K* crossover for RO2,
and RO3 was undetectable. The ClO3 crossover followed a similar trend
as the Na* crossover, with the FO and NF membranes having the most
crossover (FO = 7.3 4+ 0.1 mM, NF = 4.3 4+ 0.1 mM), and the RO
membranes having the least crossover (RO1 = 0.47 + 0.07 mM, RO2 =
0.36 + 0.01, RO3 = 0.44 + 0.01).

Na' and Cl~ ions are transported across the membrane in the same
direction as the electric field, and so their transport is due to both
diffusional and electromigration forces. Thus, these two ions had the
highest amount of crossover for all membranes. RO membranes showed
higher CI~ crossover than Na*, while the FO and NF membranes had
more Na' crossover than Cl™. The RO and NF membranes had their

Fig. 4. Concentration of salt ions that crossed over
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active layers facing the anolyte during the experiments. The proton
generation at the anode caused an anolyte pH between 1 and 2 for all the
membranes, (Supplementary Information, Fig. S8). According to pub-
lished zeta potential data of RO membrane active layers, the active layer
of the membrane is most likely positively charged at a pH between 1 and
2 [28]. During electrolysis, this positively charged active layer in contact
with the acidic anolyte could have caused the preferential transport of
Cl™ over Na* in the direction of the potential gradient [28]. Hydroxide
generation at the cathode resulted in a pH between 12 and 13 in the
catholyte (Supplementary Information, Fig. S8). By changing the active
layer to face the catholyte instead of the anolyte, the membrane charge
will most likely be negative instead, and Cl~ transport could be further
reduced in comparison to Na® transport, as suggested by results in a
previous study where the impact of the direction of active layer was
examined on salt ion transport [12]. There was minimal K™ and ClOg
crossover here for all membranes because the concentration and po-
tential gradients for these ions were in directions opposite to the electric
field.

Using the ion crossover data and the total Coulombs of charge passed
through the electrolyzer based on the set current, we calculated the
fraction of charge carrier that was due to water ions (protons and hy-
droxide ions) for each membrane (calculations in the Supplementary
Information). The membranes with the lowest fraction of charge carrier
(FO and NF) across the membrane had the highest amount of salt
transport in the direction of the potential gradient which balanced
charge across the membrane (Fig. 5a). The RO membranes hindered salt
ion transport during electrolysis more so than the NF and CTA FO
membranes. The FO membrane had the highest amount of total salt
crossover, and RO3 (SW) had the least amount of total salt crossover and
highest fraction of proton and hydroxide charge carriers.

The FO membrane has a more homogenous active layer than a
typical RO membrane with higher free volume, making it a looser
membrane, so salt ion transport across the membrane could rapidly
occur (even during the brief few minutes when the chronopotentiometry
experiment was being set up and initial salt samples were being
collected), causing this membrane to have a fraction of charge carrier for
protons and hydroxide close to zero [60]. Also, the FO membrane may
have been damaged during electrolysis due to its smaller tolerance for a
very high or low pH, which could have allowed salt ions to easily move
between compartments during sample collection after the experiment.
The smaller pore sizes and higher salt rejections of RO membranes may
have contributed to them hindering ion transport more effectively than
the NF and FO membranes [37]. The RO3 (SW) membrane has the
highest reported salt rejection according to manufacturer spec sheets
and the highest measured membrane resistance to Na™ and Cl~ trans-
port, indicating the membrane sufficiently hindered the salt transport
and preferentially transported the electrochemically active species
(protons and hydroxide ions).

The fraction charge carrier of protons for each membrane had an
inverse trend with membrane permeability. The RO3 (SW) membrane
had the lowest permeability and had the highest fraction of proton and
hydroxide as charge carriers, while the membrane with the highest
permeability (NF) had the lowest fraction of proton and hydroxide as
charge carriers (Fig. 5b). This trend indicates that the membranes that
most effectively hindered salt ion transport resulted in the charge being
balanced by increased proton or hydroxide transport, although likely
this trend was not significant R%= 0.82, p = 0.13), which may be due to
the small number of data (four membranes).

In contrast to the membrane resistance measurements done at
neutral pH, the ion crossover experiments have large pH gradients be-
tween the anolyte and catholyte. The protons and hydroxide ions
generated at the anode and cathode, respectively, are most likely
minimally hindered by the thin-film composite membranes, and can
easily carry charge across them, contributing to the set current density.
These molecules are the smallest and have the largest diffusion coeffi-
cient in water of the ions present, making them the preferred charge
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Fig. 5. (a) The fraction of charge that was carried by protons and hydroxide
ions for each membrane during the ion crossover experiment. (b) Comparison
of the fraction of charge carriers that was protons and hydroxide to the mem-
brane permeability measured using the high-pressure dead-end cell. The
equation of the line isy = — 0.01x+ 0.48.

carriers [12]. Because the fraction of charge carrier has a correlation to
the membrane water permeability, it seems likely that the membrane
polyamide active layer governs large salt ion transport during electrol-
ysis with large pH gradients. In large pH gradients with high concen-
trations of proton and hydroxide ions, salt ion transport no longer
determines the resistance or electrolysis potential because there are
preferable, alternative charge carriers (water ions). Therefore, the
SWRO membrane, which has the highest reported NaCl rejection [61],
contains the salts in their respective compartments the best, and alter-
natively transports the highest amount of water ions to maintain the
current density. The NF membrane, which has the lowest reported NaCl
rejection [38,43], allows the most leakage of salt ions between the
anolyte and catholyte, and has the least amount of water ions carrying
charge. Additional tests will be needed to further examine the signifi-
cance of this apparent trend.
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4. Conclusions

An evaluation of the electrochemical properties of four types of
polymeric filtration membranes shows that RO, NF, and FO membrane
resistance during electrolysis cannot be predicted using tests developed
for ion exchange membranes due to the large pH gradients that will
develop in water electrolyzer tests. Results from the ion crossover tests
show a general trend of increased charge balance based on water ions
rather than salt ions during electrolysis. Charge is balanced by salt ions
in resistance tests at neutral pH, while charge is balanced by both salt
ions and water ions in water electrolyzer tests. As a result of this higher
dependence of water ions in the water electrolyzer tests, there was no
correlation between resistances measured at low current densities with
overpotentials measured in water electrolyzer tests.
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