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ABSTRACT: The impact of ion migration induced by an electrical field on water flux in a

Electro-forward osmosis
with current

forward osmosis (FO) process was examined using a thin-film composite (TFC) membrane,
held between two cation exchange membranes. An applied fixed current of 100 mA (1.7 mA
cm™?) was sustained by the proton flux through the TFC-BW membrane using a feed of 34
mM NaCl, and a 257 mM NaCl draw solution. Protons generated at the anode were
transported through the cation exchange membrane and into the draw solution, lowering the
pH of the draw solution. Additional proton transport through the TEC-BW membrane also
lowered the pH of the feed solution. The localized accumulation of the protons on the draw
side of the TFC-BW membrane resulted in high concentration polarization modulus of 1.41
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X 10°, which enhanced the water flux into the draw solution (5.56 LMH at 100 mA), compared to the control (1.10 LMH with
no current). These results using this electro-forward osmosis (EFO) process demonstrated that enhanced water flux into the
draw solution could be achieved using ion accumulation induced by an electrical field. The EFO system could be used for FO

applications where a limited use of draw solute is necessary.

B INTRODUCTION

In recent decades, osmosis-driven processes such as forward
osmosis (FO) have been extensively investigated in separation
processes for wastewater treatment, food processing, and
seawater/brackish water desalination due to its reduced
susceptibility to fouling and low energy consumption
compared to pressure-driven processes.”” To improve the
utility of the osmosis-driven processes, it is desirable to
increase water flux. One approach is pressure-assisted FO
(PAO),”™° which uses additional pressure to force water
through the membrane. However, potential membrane
deformation has limited the utility of this approach.”* An
alternative method was developed in the field of electro-
chemistry based on applying an electrical field, using an over
limiting current (OLC), to create a concentration gradient of
saline water across a porous frit.”* However, it is not clear how
successfully this process could be scaled up due to the need to
pump water through a thin glass frit. Thus, other approaches
are needed in order to improve water flux.

Concentration polarization (CP) of the solute, on the
surface or inside of the membrane, often limits the water flux in
FO and pressure-driven processes, such as reverse osmosis
(RO). Several approaches have therefore been developed to
minimize the impact of CP on water flux, such as depositing a
hydrophilic substance on the membrane or fabricating double-
skinned membranes to minimize CP inside the membrane.””"*
However, these approaches have not been successful in
significantly increasing water fluxes. An alternative method,
electrolysis-assisted FO has been examined to disrupt ion
movement by using an electric field, but it has only been
successful in mitigating reverse solute flux, not increasing water
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flux."” In addition, there have been studies demonstrating that
that fouling was reduced by applying a voltage across the feed
solution,'* or water permeation was controlled through a thin
electrically conductive membrane such as graphene,'> but
there are no previous studies showing an increased water flux
across a thin-film membrane with an applied electrical current.

Here, we demonstrate that water flux into the draw solution
can be enhanced by developing a localized high concentration
of protons on the draw side of the thin-film composite
membrane through current generation and water splitting at
the anode (which releases protons into solution). This system,
called an electro-forward osmosis system (EFO), was
constructed by creating two chambers on either side of a
composite thin-film membrane, enclosed by two cation
exchange membranes. The electrolyte chambers were on the
other sides of the cation exchange membranes, and a model
salt of sodium chloride solution was used. By applying a set
current to produce protons at the anode, a CP layer could be
developed on the draw side of the membrane, resulting in an
enhanced water flux. The functioning of this system was
examined using two different thin-film composite membranes,
in the presence and absence of cation exchange membranes or
with different ion exchange membranes, and by changing the
salt concentrations and pH values of the sodium chloride
solutions. The impact of the chloride ion in the water was
further examined using sodium nitrate as the salt.
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B MATERIALS AND METHODS

EFO Cell Construction with Two lon Exchange
Membranes. All experiments were performed using a
commercial electrodialysis cell (PCCell 64002) and titanium
electrodes with a coating of platinum/iridium. The electro-
dialysis cell contained four channels separated by two ion
exchange membranes, and a polymer membrane in the middle
(Figure 1 and Supporting Information (SI) Figure S1). The
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Figure 1. Schematic of the electro-forward osmosis (EFO) system. In
the forward osmosis (FO) compartment, a thin-film composite
membrane was used as a FO membrane. Different concentrations of
salt solution, 34 mM (feed), 145 mM (redox), and 257 mM (draw),
were used to test the water flux of the system. The redox chambers
having electrodes (black bars) were used to provide the set current
across the system, and ion exchange membranes, IEMs (either cation
or anion exchange membranes), were placed between the FO
compartment and redox chambers for the stability of the EFO system.
Overall charge balance across the system is maintained mostly by
proton movement. Protons generated at the anode migrated to the
draw solution and accumulated on the membrane surface resulting in
water flux enhancement from the feed to draw solution due to
increased osmotic pressure generated by protons.
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ion exchange membranes were cation exchange membranes
(CEMs), except as indicated when one of these membranes
was switched to an anion exchange membrane (AEM). Woven
spacers inserted between membranes and chambers were 375
+ 4 pm thick, and had a width and length of 7.7 cm, producing
an effective membrane area of 59 cm”. The length, width, and
depth of the redox chambers were ~7.7 X 7.7 X 0.4 cm®. Flow
rates for the feed (5 mL min™"), draw (5 mL min™"), and redox
(30 mL min™") solutions were controlled by peristaltic pumps
(Masterflex) using silicone tubing 1.6 mm (inner diameter).
The flow rates for each chamber were selected based on
preliminary tests of S—30 mL min~' and achieving stable
voltage changes for different set current (100—300 mA). The
lowest flow rate was chosen to minimize energy input into the
system. Current was set at ~0.4 mA cm™> (25 mA) or ~1.7
mA cm™* (100 mA) using a potentiostat (VMP3, Bio-Logic),
and the resulting voltage was recorded during operation.

lon Exchange and Polymer Membranes. The polymer
membranes were either a polyamide based thin-film composite
(TFC) membranes designated for seawater (TFC-SW), or
brackish water (TFC-BW) desalination, purchased from Dow
Filmtech. The TFC-SW (SW30HR) membrane had a
thickness of 130 + 4 ym and TFC-BW (BW30LE) had a
thickness of 123 + S um. The pore size of a cross-linked
polyamide layer of TFC membranes is generally given as ~0.25
nm, even though the TFC-BW membrane is known to have a
higher permeability than the TFC-SW membrane due to less

polyamide cross-linking.'®'” One of the main attributes of the
TFC-BW membrane is that it has a more positive surface
charge at lower pH values than the TEC-SW membrane.'*"”
To demonstrate the concept of EFO, commercial RO
membranes were used here for tests due to their wide
availability and relatively low cost compared to FO
membranes. The CEM (Selemion CMV, Asahi Glass, Japan)
had a thickness of 98 + 1 pm and ion exchange capacity of
2.08 mmol/g. The AEM (Selemion AMV, Asahi Glass, Japan)
was 106 + 1 pym thick with an ion exchange capacity of 1.85
mmol/ g.zo’21

Measurement of Water Flux, Solution Conductivity,
Voltage, and pH. Low salt concentration (34 mM,
representative of a typical brackish feedwater), high salt
concentration (257 mM, representative of draw solution), and
moderate salt concentration (145 mM, used in redox
chambers) solutions were prepared by dissolving NaCl
(Macron Fine Chemicals) or NaNO; (Sigma-Aldrich, >
99%) in deionized water (Synergy, EMD Millipore). HCI
(VWR, 36.5-38%, ACS grade), HNO; (VWR, 68—70%), or
NaOH (J.T.Baker, Pellets) were used to adjust the pH, as
indicated. The effluent conductivity was recorded using two
flow-through conductivity meter electrodes (ET908, eDAQ,
Australia) located at each cell outlet.”” The pH was measured
by a pH meter (SevenMulti, Mettler Toledo). Effluents from
the feed and draw chambers were recycled and recirculated to
separate bottles (~500 mL).

The water flux, J, (LMH; L m™> h™!), was calculated as

AV
h = A, At (1)

where AV is the volume of water decreased in the feed side
(L), A, the effective membrane area (~5.9 X 107> m?), and At
the permeation time (h). The active layer of the membrane
faced the draw solution (AL-DS), except as indicated.

The reverse solute flux, J, (molMH; mol m™ h™! or SMH;
Siemens m~> h™!), was calculated as

_ AGW)

SA At 2)

where C, and V, are the salt concentration and the feed volume
measured during operation. ], was calculated based on changes
in the solution conductivity at 1 min intervals, and expressed in
units of molMH (mol m™* h™!), which are units widely used in
FO, when there was no applied current (0 mA). SMH
(Siemens m™ h™") units were used when current was applied
to the system (100 mA) because the solute contains both salt
and other ions (HY, OH").

Reactions on the Anode, Cathode, And in the Bulk
Solution. The following electrode reactions are assumed for

standard conditions at pH 0 (anode) or 14 (cathode) and only
23,24

1 1 -
anode (acidic): EHZO = ZOZ +e +H'

E° = 123 Vvs SHE (pH0) (3)

-1 -
cathode (alkaline): H,O + ¢~ = EHZ + OH

E° = —0.83 Vvs SHE (pH 14) (4)

With these two reactions, protons are released at the anode
along with oxygen, and hydroxide ions are produced at the
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Figure 2. Schematic of the system of EFO without ion exchange membranes and redox chambers (similar to a conventional FO system, but with
electrodes), showing experiments conducted using (a) NaCl/HCl or (b) NaNO;/HNO; paired chemical species. These experiments were
conducted to demonstrate the water flux with only FO (in the absence of current) or with current generation directly in the draw and feed
solutions. The two different electrolytes were chosen to contrast the impact of chloride ion on the reaction at anode which competes with oxygen
evolution compared to the NO; electrolyte which is stable and thus does not impact oxygen evolution (see eqs 3—9 for the complete reactions).

cathode. Under acidic conditions relevant to EFO operation
here, however, most electrons from the cathode in the
presence of only water would result in the formation of
hydrogen gas, according to

cathode (acidic): 2H" 4+ 2¢” = H, E° = 0V vs. SHE (pHO)
(s)
Since the solution will also contain NaCl, when a voltage is
applied, chloride ions can also be oxidized to chlorine gas
(Cl,), chlorine dioxide (ClO,), hypochlorous acid (HOCI), or
hypochlorite ions (OCI™), via the following reactions:”**>~*”

2CI" =Cl, +2¢" E’=145V (6)

CI” +2H,0 = ClO, + 4H" + 5¢” E°=160V  (7)
Cl,(aq) + H,0 = HOCI + H* + CI” &k = 2865 ' at 25°C
(8)

)

Based on the equations, there could be several products
produced at the anode which could impact net production of
protons, or produce chemicals that could damage the
membrane. For example, if Cl, is produced, no protons
would be released into water and instead charge is balanced by
the consumption of chloride ion. All of these chloride products
are oxidizers that could damage the membrane.

EFO Construction without lon Exchange Membranes.
To examine the need for the two CEMs and electrolyte
chambers, additional tests were conducted using only the FO
membrane (no ion exchange membranes) (Figure 2). In the
absence of the CEMs, all ions produced at the electrodes are
directly exposed to the feed or draw solutions. Two electrolytes
were used for these tests: NaCl/HCI, and NaNO;/HNO;. By
using a nitrate-based electrolyte, the possible impact of
chloride-derived products could be examined as nitrate does
not produce byproducts that could oxidize the membrane, and
protons are released in direct proportion to the current. These
tests were conducted at a constant current of 100 mA, with the
nitrate electrolyte set at pH 2 to match that used with the
chloride electrolyte.

— gt - —
HOCl = H* + OCI”  pK, =75

8354

Stability of the System. To assess water transport
through CEMs in the EFO system, the same concentrations
of NaCl solution (145 mM) were used in feed and draw sides,
and DI water was used for redox chambers (SI Figure S2a).

Modeling. Membrane intrinsic parameters for water
permeability (A, cm s™' bar™"), salt permeability (B, cm s™*),
and the membrane structure parameter (S, cm), were
calculated using

_ e
AP (10)
S
ROk (11)
R=1- -2
C (12)
where J, is the water flux and AP is the applied pressure,””’' R

is the salt rejection, k is the mass transfer coefficient,*” C, is the
concentration of salt in the permeate solution, and C; is the
concentration of salt in the feed solution. Dead-end filtration
(Sterlitech Corp., HP4750type) with a pressurized cell (N,
gas) was used to measure water permeability and salt rejection,
and concentration of salt in the solutions was measured using
conductivity meter. The mass transfer coeflicient of the system,
k, was calculated from the Sherwood number as Sh = kH/D,
where H = 750 pm is the hydraulic diameter of the channel,
and D = 1.61 X 107° cm?s~" is the diffusion coefficient of the
solute. The Sh was calculated from a correlation developed for
systems that use the flat membranes and spacers similar to this
system (see SI note).”*™**

The membrane structure parameter (S) in FO (active layer
facing feed solution) is

D ]ln B + Amp, ]
J (13)

B+ ], + Amg,,
where 7y, is the osmotic pressure of bulk solution in draw side
and 7y, is the osmotic pressure at the membrane surface in
feed side.””*
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Figure 3. (a) Schematic of the EFO system with the placement of CEMs and redox chambers possessing electrodes, and the simplified movements
of ions and water in the process. The pHs indicate the final conditions after operation of the system. NaCl solutions of concentrations of 34 (feed),
145 (redox), and 257 (draw) mM were used for the EFO system except as indicated. (b) Water flux of the TFC-BW membrane in the EFO system
with different orientations (AL-DS, active layer faces draw solution; AL-FS, active layer faces feed solution) and applied currents of 0 or 100 mA.
(¢) Solution conductivities in draw and feed side using a TFC-BW, thin-film composite brackish water, membrane with an AL-DS orientation, with
an applied current of 100 mA. The filled arrows indicate when electric current was applied and the empty arrows indicate when current was turned

off.

The concentration polarization modulus of the draw (CPp)
and feed (CPp) for NaCl in the FO compartment were
calculated using

7[ m
Cp, = Dm exp(—]—w]
T, k (14)
TT;
Ch = LI exp[]—wJ
g, k (15)

where 7y, , is the osmotic pressure at the membrane surface in
draw side, 7y, is the osmotic pressure of bulk solution in draw
side, 7y, is the osmotic pressure at the membrane surface in
feed side, and 7y, is the osmotic pressure of bulk solution in

feed side.

The water flux for the symmetric membrane can be

calculated as’®
)] (16)

Thus, k was calculated by using eq 16 by placing the symmetric
membrane in the flow cell. However, since there is significant
internal concentration polarization for polyamide-based TFC
membranes (TFC-SW and TFC-BW), the term of the solute
resistance to diffusion within the porous support layer, K, was
used instead of the mass transfer coefficient of the system, k.*”
However, a combination of J,, and k was used to predict CP of
salt, as is commonly done in these FO studies.*® This is
because reverse salt flux measured in EFO is different from FO
because both sides of the feed chamber is facing to higher
saline water stream."” In addition, CP in the feed side (CPy)
can be replaced using K as the following equation:

J,

w

=A
I, .

Jy
”D,beXP[_IJ - ”F,beXP(

k=5 -3
eD D (17)
Em
Ch=——= exp(]wK)
g b (18)

where ¢, is the support layer thickness, 7 is the tortuosity, and &
is the porosity of membrane.

The water flux of TFC membranes in FO part was predicted
using the following equation:*®

8355

J, =4

”D,beXP[_%] — 7 pexp(J, K) (19)

When current was applied in the EFO system, water flux across
the membrane was calculated based eq 19 with quantifyin§
osmotic pressure using the van’t Hoff equation (see SI note).’
In the EFO system, there are other ions such as protons and
hydroxide ions, but in eq 19, it is assumed that electrical
conductivity responds only with sodium and chloride due to
the high concentration of both sodium and chloride ions
compared to other ions.

The CP modulus for the protons (CPP) in the draw chamber
can be calculated using the following equation:

J, =4

]W
”D,bexp[_?) - ”F,bexP(]wK) + CPP(”D,p - ”F,p)
(20)

where 7p, , is the osmotic pressure of proton of bulk solution in
draw side and 7y, is the osmotic pressure of proton of bulk
solution in feed side. The bulk concentration of protons was
calculated from the pH using a pH meter.

B RESULTS AND DISCUSSION

Water Flux Enhancement with EFO. Using the TFC-BW
membranes in the EFO system, with the active layer facing the
draw solution (AL-DS), the water flux increased $ fold to 5.56
LMH at a set current of 100 mA (1.7 mA cm™2), compared to
that obtained in the same system without current (1.10 LMH)
(Figure 3a and b). When the membrane orientation was
reversed so that the polyamide active layer was facing the feed
solution (AL-FS), the flux was 2.13 LMH at a set current of
100 mA (Figure 3b) and 0.71 LMH without current. Since the
salt concentration of the draw solution is higher than that of
the feed solution in FO, water flux in AL-DS mode is generally
higher than AL-FS mode due to the less severe internal
concentration polarization of the AL-DS mode.*” Thus, in the
absence of an applied current, the AL-DS mode had slightly
higher water flux (1.10 LMH) than the AL-FS mode (0.71
LMH).

The pore size of the active layer of both TFC-BW and TFC-
SW membranes is ~0.25 nm.'®"” However, the permeability
(expressed as “water permeability” and “salt permeability” in
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Table 1. Membrane Intrinsic Parameters (A = Water Permeability, B = Salt Permeability, and S = Structural Parameter), Solute
Resistance to Diffusion within the Porous Support Layer (K), Concentration Polarization (CP) Modulus of NaCl Ion, and
Calculated and Empirical Water Flux with and without Current (k = 1.34 X 10™* cm/s)“

membrane intrinsic parameters CP modulus of NaCl water flux (LMH)
membrane A (cm/s- bar) B (cm/s) S (cm) K (s/cm) draw feed I=0mA I =100 mA
TFC-BW 6.14 X 107° 246 x 107¢ 0.91 (0.91) 5.68 X 10* (5.66 x 10%) 0.80 5.70 (5.67) 1.10 1.24 (5.56)
TFC-SW 3.67 x 107° 3.80 x 1077 3.40 (3.50) 2.11 X 10° (2.18 x 10°) 0.94 6.53 (6.91) 0.32 N/A

“The CP modulus for protons was 1.41 X 10°. Empirical values are given in parentheses. 100 mA (TFC-BW) or 25 mA (TEC-SW) was applied.
Water flux of TFC-SW was not calculated because of low applied current (25 mA) due to the high rejection of ions.

Table 1) of the TFC-BW membrane is much greater than sustained primarily by proton transfer through the two CEMs
TFC-SW membrane because it was developed for brackish and the thin-film membrane.

water desalination whereas the TFC-SW membrane was In general, CP is known to have a negative effect on water
designed for seawater desalination. Thus, when the TFC-SW flux, whether it is concentrative or dilutive.> Therefore, this
membrane was used in the EFO system, the maximum stable proton accumulation, which positively affects the water flux in
current was 25 mA, due to the high ohmic resistance of this the EFO, can be identified as a proton-localized CP to
membrane. At a current of 25 mA, the TFC-SW membrane in differentiate it from conventional CP based on salt rejection. In
the AL-DS configuration produced a water flux of 0.70 LMH, the proton-localized CP, the higher the CP, the greater the
which was over twice that obtained without current (0.32 protons concentration on the draw side of the membrane.
LMH). Water transfer by electro-osmosis (EO), which is The possibility of water flow across the CEMs in FO without
defined as a process where charged that move in an electrical an applied current was examined using an osmotic gradient
field pull along water molecules, was negligible because the across the CEMs. No observable water flux across the CEMs
water flux enhancement with EFO that was measured here was was measured with a very stable conductivity change in the
substantially higher than those reported in the literature (see SI feed solution over time, indicating a lack of water flow through
notes). the CEMs (SI Figure S2b).

Current generation in the EFO system resulted in the net The reverse solute flux was estimated based on changes in
production of proton ions at the anode (eq 3), and production conductivity compared to the loss of water (eq 2). With a set
of hydroxide ions at the cathode due to hydrogen gas current of 100 mA, the conductivity of the feed solution
production (eq 4). This production of protons decreased the changed by 3.0%, while there was a net water flux change of
anolyte effluent pH to 2.7 after ~1000 s of operation, and 1.3% (SI Figure SS, based on the final 10 min of the operation
protons transport through the CEM also decreased the draw with stabilized conductivities). Thus, the water flux was J,, =
solution pH to 2.6 (Figure 3a). The change in pH from pH 7 5.56 LMH, and the solute flux was J; = 0.37 X 107> SMH.
to pH 2.6 increased in the conductivity of the draw solution by However, this solute flux is not due to salt from the draw
~0.7 mS cm™ (based on the direct flow of synthetic pH 7 and solution as current generation and the pH changes also
2.6 solutions through the conductivity meter). This change in contributed to the ion flux from the draw solution into the feed
pH would be sufficient to increase conductivity in the draw solution, and additional ion transport was possible through the
solution (measured as ~0.8 mS cm™' at 1000 s after CEM facing the catholyte solution. Due to the small changes in
operation), and therefore there was likely negligible transport the overall salt concentration, a more detailed analysis of the
of sodium ions into the draw solution compared to protons. components of the solute flux were not further examined here.
When the current was turned off, the feed solution Water Flux in an EFO System in the Absence of lon
conductivity increased and returned to its original value due Exchange Membranes. An EFO system was examined
to the flow of fresh feed into the chamber, but the conductivity without two CEMs (and also the associated redox chambers)
of the draw solution stayed high likely due to the presence of a to demonstrate the importance of the CEMs and proton
greater concentration of protons in the recycling reservoir of production for enhancing water flux (Figure 2). In the absence
the draw solution (Figure 3c). Although both draw and feed of the two CEMs, the electrodes were placed directly in the
solutions were supplied with fresh solutions from each feed (cathode) and draw (anode) solutions, with the FO
separated reservoirs, a high proton concentration supplied in membrane (TFC-BW membrane) facing the draw solution in
the draw solution maintained relatively high conductivity. the middle (Figure 2a). To ensure that the proton

The release of hydroxide ions from water dissociation and concentration in the bulk electrolytes remained relatively
hydrogen production on the cathode increased the catholyte constant during the test, 10 mM of HCI was added to
pH to 10.7. As the feed solution became acidic over time, electrolytes (initial pH of ~2). In the absence of current, there
rather than alkaline, the lack of an increase in pH indicated that was a small but net water flux pair into the draw solution of

there was little transport of hydroxide ions through the CEM 0.89 LMH. With an applied current of 100 mA, the water flux
near the cathode (Figure 3a). Despite continuous migration of was highly erratic, with only a net flux of 0.72 LMH by the end

protons into the feed chamber, the solution conductivity of the of the test (SI Figure SS). This water flux was therefore much
feed decreased when current was applied (Figure 3c). Since the lower than that obtained in the EFO process with the two ion
cathode was negatively charged, this decrease in solution exchange membranes (5.56 LMH). The reason for the much
conductivity in the feed side was likely due to transport of lower water flux was likely a consequence of immersion of the
sodium ions and protons from the feed to the catholyte anode in the very saline draw solution (257 mM) without the
chamber due to the force maintaining the charge neutrality in two CEMs, compared to the anolyte solution (145 mM) used
each chamber. These changes in pH and conductivity indicated with the two CEMs. Current generation by the anode in the
that a current of 100 mA through the TFC-BW membrane was more saline NaCl draw solution would have further shifted the

8356 DOI: 10.1021/acs.est.9b01481
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Figure 4. Schematics showing the different combinations of ion exchange membranes used, and the final pHs of the solutions, for pairs of (a)
AEM-CEM and (b) CEM-AEM. (c) Water flux depending on the location of ion exchange membranes and operation times: CEM-AEM: 0~600 s,
CEM-AEM-2:900~1500 s, and CEM-AEM-3:1500~2000 s). A pair of CEM-CEM was illustrated in Figure 3a. TFC-BW membrane with a AL-DS

orientation was used.

dominant reaction from water splitting, which releases protons
into solution, to Cl, formation due to the higher CI™
concentration. Formation of Cl, from Cl~ ions does not
release any protons into solution (eq 6). Thus, moving from a
lower to higher CI™ concentration resulted in a reduction in
the generation of protons. From the pH difference before and
after operation, there was a greater rate of net proton
production at the lower CI™ concentration in the presence of
the two CEMs (0.10 mM min ™" of proton) than that obtained
with the anode immersed in the draw solution that had a
higher concentration of CI~ (0.08 mM min~" of proton) in the
absence of the CEMs. In the absence of the ion exchange
membranes, some discoloration of the thin-film membrane was
observed following tests with current generation. However,
subsequent tests demonstrated that there was insignificant
damage to the membrane as there was no appreciable change
in water flux (0.87 LMH with no current) in subsequent FO
tests (SI Figure S6).

The importance of proton production for enhancing water
flux using EFO was further demonstrated by conducting
additional tests using nitrate (NO;”) instead of Cl™ in the
solutions (at pH 2). Nitrate is relatively inert so that changing
the nitrate concentration from that of the anolyte (145 mM) to
that of the draw solution (257 mM) would not impact proton
generation as water splitting would remain the main source of
electrons (as opposed to electrons from chloride ion oxidation
using NaCl). When the NaNO;/HNO; pair was used in EFO
system with two CEMs, water flux was significantly increased
from 0.63 + 0.04 (no current) to 3.75 + 0.13 LMH (100 mA)
and the reduction in the feed solution mass was very stable
over time (SI Figure SS). When the impact of current was
examine in the system without the two CEMs, the water flux
without current was very small (0.73 LMH), similar to that
obtained with the chloride solution. With current generation
and no CEMs, the water flux was again highly erratic, but at the
end of the test the net water flux was 3.13 LMH (SI Figure
S5), which was similar to that obtained with the two CEMs.
The erratic water flux in all cases without the membranes was
likely a consequence of gas bubble production which could
cause a bending in the thin-film membrane (allowing slight
accumulation or losses in chamber volume) and possible
disruption of the concentration gradients on the thin-film
membrane. Thus, the use of the two redox chambers and two
CEMs was required to ensure the stable operation of the
system.
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Impact of lon Exchange Membrane Type and
Location. To further study the impact of proton transfer on
water flux, the CEM membrane near the cathode was replaced
with an AEM (AEM-CEM configuration, Figure 4a). The use
of the AEM facilitated hydroxide ion transport into the feed
solution, increasing its pH to 11.3. The draw solution pH was
also slightly higher with this AEM-CEM configuration than the
double CEM configuration, likely due to some hydroxide ion
transport through the TFC-BW membrane. However, the draw
solution pH still remained quite acidic (pH 3.2) due to greater
proton transfer from the anolyte chamber into the draw
solution (Figure 4a). The use of the AEM reduced the water
flux at 100 mA to 3.20 LMH, to slightly more than half that
obtained using two CEMs (5.56 LMH) (Figure 4c). Thus, this
reduction in water flux was likely due to the greater
contribution of hydroxide ion transport that accumulated on
the support layer of the membrane decreasing the concen-
tration gradient across the membrane compared to primarily
only proton transport using the CEM-CEM membranes.

When the AEM was placed next to the draw solution (CEM-
AEM), proton transport into the draw solution was greatly
reduced, but not eliminated, as shown by a decrease in the
draw solution pH to 4.6 (Figure 4b). In this configuration, the
water flux was further decreased to only 1.21 LMH (Figure
4c). The water flux for this CEM-AEM configuration was
measured at three different times over the duration of the tests
(0—600 s, 900—1500 s, and 1500—2000 s). Because of the
small size of protons, an AEM cannot perfectly block the
transport of protons.*”*" Thus, over time, the water flux
increased (1.21 LMH, 2.63 LMH, and 4.04 LMH), consistent
with the accumulation of protons in the anolyte and through
the AEM (Figure 4c). Therefore, these changes in pH support
the important role of proton transport enhancing water flow in
the EFO system.

Among the three configurations (CEM-CEM, AEM-CEM,
and CEM-AEM), the CEM-CEM configuration showed the
highest water flux because the process is based on maximizing
proton transport from the anode chamber into the draw
solution chamber. Therefore, the maximum water flux of the
CEM-AEM configuration, with the AEM next to the anode
chamber, cannot be higher than that of CEM-CEM
configuration as proton transport is hindered by the AEM.

Modeling Concentration Polarization and Water
Flux. The impact of proton accumulation on water flux was
examined by calculating the membrane intrinsic parameters (4,
B, and S), mass transfer coefficient (k), and the solute
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resistance to diffusion within the porous support layer (K).
The TFC-BW membrane was more permeable to water and
salt than the TFC-SW membrane as shown by higher A and B
parameters (Table 1), and a lower structural parameter of the
TFC-BW membrane (S 091 c¢m) than the TFC-SW
membrane (S = 3.40 cm). These parameters let to a less
resistance to NaCl mass transfer within the TFC-BW
membrane (K = 5.68 X 10* s cm™') than the TFC-SW
membrane (K = 2.11 X 10° s cm™). The more porous BW
membrane therefore had less concentration polarization for
NaCl on both the feed and draw sides (CPp = 0.80, CP =
5.70), than those of the SW membrane (CPp = 0.94, CPg =
6.53). The higher CP modulus of the feed side reflects the
positioning of the active layer of the asymmetric membranes,
TFC membranes, facing the draw solution.

A water flux of 1.24 LMH was predicted for the TFC-BW
membrane at a set current of 100 mA based on the measured
conductivity changes and the calculated CP modulus for NaCl
in the feed and draw solutions (Table 1 and eq 19). However,
much higher water flux, 5.56 LMH, was observed at a set
current of 100 mA. Although it has been reported that electric-
current allows the movement of ions in the FO process,13 it
was not as significant as the increase of water flux by a factor of
S from 1.10 LMH to 5.56 LMH. Thus, it was assumed that
increased water flux was mostly attributed to the accumulation
of protons that were generated in the EFO system. Based on
this discrepancy of the water flux between predicted (1.24
LMH) and observed (5.56 LMH), the CP modulus for
protons, CPp, (H*) = 1.41 X 10°, was calculated with 100 mA
of applied current, and this CP modulus is 5 orders of
magnitude higher than the CP modulus for NaCl (CPp =
0.80), showing the extremely high CP of protons compared to
NaCl (Table 1 and eq 20).

Mechanisms of Proton Concentration Polarization.
The high CP of protons on the draw side of the membrane was
due to the relative size of the hydrated protons (~0.28 nm,
versus an ionic radius of ~0.10 nm for hydronium ion)
compared to the pore size of a fully cross-linked polyamide
layer of a TFC membrane (~0.25 nm).'*"”** It has been also
reported that protons can hydrate in clusters in the form of
H,0," or HO,", decreasing their mobilities in aqueous
solutions.”> ™ Thus, protons could pass through the pores,
but their transport was retarded due to the associated water
molecules.

Membrane resistance is also related to the charge of the
membrane, which led to a proton rejection of ~44% for the
TFC-BW based on measurements in dead-end filtration tests
using DI water adjusted to a pH of ~3. The TFC-BW
membrane shows a strong positive charge ~pH 3 (surface zeta
potential & +20 mV) that can reject proton by electrostatic
repulsion.'®'” Under the same conditions, with 257 mM of
NaCl was added into the filtering solution, there was a ~99%
rejection of protons. This is because hydrated chloride ion,
larger in size than the pores of the TFC-BW membrane, do not
easily pass through the membrane, but attract the positive
proton by the electrical attraction (SI Figure S7). Due to this
Donnan effect,”” the proton removal rate of the TFC-BW
membrane was drastically increased to ~99% by adding NaCl.
It has been also reported that cation transport across a TFC
membrane in FO varies significantly with pH change and
occurred slowest at acidic pH."*

Proton migration was further examined using the EFO cell
as osmotic pressure and hydraulic pressure are not identical
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driving forces.*” When the initial solution pHs were set at 3 for
the feed side and 11 for the draw side (SI Figure S8), the
resulting changes in solution conductivities in the feed solution
showed a similar trend over time to that obtained when the
initial pH was near neutral for the TFC-BW membrane,
indicating the TFC-BW membrane rejected most of the
protons when operated without an applied current. However,
as indicated from pH changes in both draw and feed solutions
(Figures 3a and 4a,b), protons can pass through the TEC-BW
membrane to sustain current when a set current of 100 mA was
applied in the EFO system.

The Role of Initial Proton Concentration and Current.
The impact of the solution pH was examined by changing the
pH of the chambers to those obtained at the end of a test, and
comparing the water flux with and without current generation.
Therefore, the initial pH conditions were set as follows: redox
chambers (pH-R), pH 3 (the anode chamber) or 11 (the
cathode chamber); draw chamber, pH 3, and feed chamber,
pH 11 (Figure Sa). Without current, the same water fluxes
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Figure 5. (a) Water flux as a function of pH and applied current: no
pH adjustment (control), initial pHs were adjusted in redox (pH-R)
or feed/draw solutions (pH-FD). Solutions pH near the anode (draw
and redox chamber in the anode) were adjusted as pH 3 using HCI
and those near the cathode (feed and redox chamber in the cathode)
were controlled as pH 11 using NaOH to make the similar
environment as operating solutions. (b) The relationship between
water flux and applied current from 0—100 mA in case of initial pHs
of feed (pH 11) and draw (pH 3) solutions were adjusted. Applied
current density (mA cm™2) is described on each applied current (bar).
The TEC-BW membrane with a AL-DS orientation was used.

were measured in all cases, demonstrating a lack of an impact
of the starting pH. When a current (100 mA) was applied, the
water flux increased to the same amount also for all cases.
Therefore, the current and not the initial concentration of
protons was primarily responsible for the improved water flux
for the EFO system. Water flux was also demonstrated to be
proportional to the applied current, by setting it at 10, 50, and
100 mA, compared to a control (no current) (Figure Sb). This
implies that the electric current plays an important role in
bringing protons closer to the membrane surface to provide a
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Figure 6. Schematics of the EFO system using pH 2 solution as (a) draw solution or (b) draw and redox solutions without adding any NaCl.

Solution pHs were adjusted using HCl to be 10 mM.

greater osmotic pressure due to the high localized concen-
tration of protons.

Water Flux in the Absence of a High Salt Draw
Solution. To determine the impact the current separate from
that of the draw solution, the concentration of the draw
solution was reduced from 247 mM to 10 mM. Even without a
high concentration draw solution, the water flux was 2.24 +
0.31 LMH at a current of 100 mA (Figure 6a). In the absence
of the current, a reverse water flux of —0.17 £ 0.05 LMH was
measured (water flow from the draw to feed solution) due to
the higher salt concentration of the feed solution (34 mM
NaCl) compared to that in the draw solution chamber (10 mM
HCI). When both the anolyte and catholyte chambers were
also filled with 10 mM HCI (instead of 145 mM NaCl), the
water flux was 1.39 + 0.07 LMH at an applied current of 100
mA (Figure 6b). In contrast, a reverse water flux of —0.40 +
0.00 LMH was obtained without any current. As a result, in the
EFO system, when an electric current is applied, most of the
protons migrated from the anode to the draw accumulate on
the membrane surface, improving the osmotic pressure across
the membrane. Therefore, the current enabled to increase
water flux across the membrane regardless of the concentration
of draw solute and even the presence of the negative driving
force.

Outlook. The EFO system provides a new approach for
increasing water flux across an FO membrane. This system
could be used for FO applications where a high osmotic
pressure is required with limited use of draw solute, such as
desalination, beverage concentrate production, and fertilizer
dilution, as the osmotic pressure can be better controlled
through current generation.

To render the EFO system more practical in wider
applications, there are several issues need to be addressed.
First, since the current EFO system operates based on water
electrolysis, its energy demand is high (~8.84 kWh m™> at 100
mA and 2.9 V). In order to lower this, it would be necessary to
lower the operating voltage by using electrodes with lower
overpotentials, and developing more optimal membranes for
the EFO process. However, this process, similar to the “shock
electrodialysis”,” is currently dependent on water splitting. It
might be possible to further reduce the voltage needed at the
anode, for example by using bioanodes™ or more thermody-
namically favorable reactions at the anode, as long as they
produce protons in proportion to the electrical current. Other
operating conditions, such as different concentrations (feed/
draw/redox solutions) and flow rates as well as membrane
stability at the wide range of pH (from 2.6 to 10.7) should be
also examined to further improve performance or reduce
energy consumption. According to the manufacturer, the TFC-
BW membrane can be continuously operated over a pH range
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of 2—11. However, the manufacturer recommends the narrow
pH range (pH 5—7) for IEMs for long-term operation. The use
of the EFO process would benefit from the use of membranes
that are more resistant to high and low pHs, and additional
research on neutralizing solutions pHs after operation since
discharging very low pH solutions needs to be avoided in terms
of environmental impact. In addition, different types of
membranes including TFC and cellulose-based membranes
that are used in FO should be further tested. Since membrane
fouling occurs at the membrane surface where the membrane
contacts the feed solution, long-term operation of the EFO
process using different membrane orientations should be
further examined to minimize membrane fouling as the AL-DS
orientation is more prone to fouling than the AL-FS
orientation.>!
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