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ABSTRACT: Boron removal from aqueous solutions has long persisted as a
technological challenge, accounting for a disproportionately large fraction of the
chemical and energy usage in seawater desalination and other industrial
processes like lithium recovery. Here, we introduce a novel electrosorption-
based boron removal technology with the capability to overcome the limitations
of current state-of-the-art methods. Specifically, we incorporate a bipolar
membrane (BPM) between a pair of porous carbon electrodes, demonstrating a
synergized BPM−electrosorption process for the first time. The ion transport
and charge transfer mechanisms of the BPM−electrosorption system are
thoroughly investigated, confirming that water dissociation in the BPM is highly
coupled with electrosorption of anions at the anode. We then demonstrate
effective boron removal by the BPM−electrosorption system and verify that the
mechanism for boron removal is electrosorption, as opposed to adsorption on
the carbon electrodes or in the BPM. The effect of applied voltage on the boron removal performance is then evaluated, revealing
that applied potentials above ∼1.0 V result in a decline in process efficiency due to the increased prevalence of detrimental Faradaic
reactions at the anode. The BPM−electrosorption system is then directly compared with flow-through electrosorption, highlighting
key advantages of the process with regard to boron sorption capacity and energy consumption. Overall, the BPM−electrosorption
shows promising boron removal capability, with a sorption capacity >4.5 μmol g-C−1 and a corresponding specific energy
consumption of <2.5 kWh g-B−1.
KEYWORDS: bipolar membrane, boron, electrochemistry, desalination, electrosorption, electrified water treatment, chemical free,
post-treatment

■ INTRODUCTION
Boron is ubiquitous in seawater, typically ranging in
concentration from 4 to 6 mg L−1. Although an essential
micronutrient, excess boron intake is highly toxic to humans
and many crops, making effective boron removal in seawater
desalination critical. Additionally, boron removal is necessary
for the treatment of many contaminated groundwaters (e.g.,
several well water sources in California)1,2 and in the
production of ultrapure water (e.g., for the microelectronics
and semiconductor industries).3 Boron is also a detrimental
contaminant in battery-grade lithium carbonate, requiring its
effective extraction during lithium recovery and refining.4,5

Reverse osmosis (RO), the most widely utilized technology for
solute−water separation, rejects species based on the
combined effects of size and charge, rendering boron�present
in natural waters as the small and uncharged boric acid
molecule�a particularly difficult contaminant to remove.6

Hence, the typical rejection of boron by RO membranes
(<80%)7 is insufficient, requiring the use of chemical, energy,
and capital-intensive post-treatment processes to reduce boron
concentrations to permissible levels.2

The removal of trace levels of boron from aqueous solutions
has proven to be a challenging task, culminating in only a few
effective boron separation methods to date.8 Specifically, multi-
pass high pH RO and boron-selective sorbents are the most
cost effective and practical methods.9,10 The use of multi-pass
RO�in which the permeate from an initial RO pass is
repressurized, dosed with base (to convert the boric acid to the
borate anion), and sent through another pass (or several
additional passes)11 of RO�is the most commonly employed
method for achieving high degrees of boron removal. The
inherent pH swings of the process require substantial chemical
dosing,8 which is uneconomical and environmentally un-
sustainable. The additional RO passes also increase the overall
energy consumption of the seawater desalination process by an
estimated 10−15%.12
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Adsorption of boron using chelating resins is the typical
alternative to the multi-pass RO scheme. Although many
commercial resins have demonstrated highly effective boron
removal in full-scale continuous flow operation,13−16 relatively
slow removal kinetics necessitate large and costly bed volumes.
The repeated swelling and shrinking of the polymeric resins,
brought on by sorbent regeneration cycles, accelerate the
deterioration of adsorption capacity, thereby limiting the
effective lifecycle of the resins.13 Furthermore, the regeneration
of the resins also uses large quantities of strong acids or bases
as eluting agents, incurring greater financial and environmental
costs.8,13,14 The major shortcomings of both multi-pass RO
and boron-selective sorbents warrant the investigation of a new
and improved boron removal technology.
A process which has gained considerable attention in the

past decade for water deionization is electrosorption.17−19 In
electric double layer-based electrosorption, a small electric
potential (<1.4 V) is applied between a pair of porous carbon-
based electrodes. The applied voltage generates an electric
field, driving ions in solution into the oppositely charged
electrode, where they are immobilized in the electrical double
layers (EDLs) of the micropores. With the extremely high
surface areas of porous carbon materials (i.e, >1000 m2 g−1),17

a considerable amount of ions can be removed from solution
prior to electrode saturation. When the electric potential is
removed or reversed, the ions are released from the EDLs back
into the solution, producing a brine stream and regenerating
the electrode sorption sites.19 Electrosorption performs most
efficiently for low salinity waters and small extents of ion
removal;20,21 hence, its use for trace boron removal (e.g., from
seawater RO permeate) is expected to be an energetically
favorable application of the technology which, aside from a few
recently proposed schemes,22,23 remains largely unexplored.
For the electrosorption of boron at the anode, however, boric
acid (pKa ∼ 9.1)24 must be ionized to borate under high pH
conditions. Opportunely, with electrosorption being an
electrically driven process, unlike conventional boron removal

methods, it is possible to circumvent reliance on chemical
dosing for the necessary pH adjustment.
A method which offers reliable, energy efficient, and tunable

electrochemical pH control is bipolar membrane (BPM)-
induced water dissociation. BPMs, a distinctive type of ion-
exchange membrane, consist of an anion exchange layer (AEL)
(i.e., selective for anion permeation) and a cation exchange
layer (i.e., selective for cation permeation) laminated
together.25 Hence, whereas conventional ion-exchange mem-
branes are used for the selective transport of either cations or
anions, BPMs ideally restrict the transport of all ions across the
membrane. Thus, when the BPM is oriented with the AEL
facing the anode and the cation exchange layer facing the
cathode (i.e., reverse bias operation) and a sufficient potential
difference is applied, the lack of transmembrane charge carriers
is compensated by the dissociation of water molecules at the
membrane’s interfacial junction, in turn generating hydroxide
ions and protons on opposite sides of the membrane to sustain
the flow of current.26−28 It is important to note that BPM-
catalyzed water dissociation is distinct from water electrolysis,
with the latter referring to the water splitting electrode surface
reactions that result in gas evolution and a local acidic pH at
the anode. In contrast, BPM water dissociation produces no
gaseous byproducts, requires a lower operating voltage (i.e.,
lower theoretical energy consumption per amount of acid/base
generated), and is achieved with the AEL facing the anode,
generating a high anodic pH�as is required for boron
electrosorption.29 Historically, BPMs have been primarily
applied to electrodialysis processes to generate acid and base
products.28 The integration of BPMs into capacitive electrode
processes, however, is largely unfamiliar and presents a unique
platform for the direct removal and potential recovery of weak
acid and base species, such as boron.
In this study, we demonstrate a proof of concept for a novel

electrochemical process (Figure 1A), which implements the
use of a BPM between a pair of porous carbon electrodes to
couple precise electrochemical pH control with electrosorption
of boron. We begin by investigating the underlying transport

Figure 1. (A) Process schematic of BPM−electrosorption for boron removal. A BPM is placed between a pair of activated carbon electrodes,
resulting in two separate flow channels. When a sufficient potential is applied across the BPM, water dissociates to produce hydroxides on the
anode side and protons on the cathode side. Boron-contaminated water is fed to the anode side, where the boric acid (green sphere) is converted to
borate anion (blue spheres) and subsequently electrosorbed at the anode. Additional anionic species (e.g., chloride) may also be electrosorbed and
are depicted by the red spheres. The high-pH, boron-depleted effluent from the anode compartment may then be directed into the cathode side,
where the protons produced by the BPM neutralize the pH, generating the final boron-free product water. Upon saturation of the electrodes, the
cell is short circuited (or the polarity is reversed) to release the electrosorbed ions into a boron-rich brine stream. (B) Illustration of the constructed
BPM−electrosorption device and its individual components. The device consists of activated carbon cloth electrodes, a BPM, two flow paths, and
titanium current collectors.
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and reaction mechanisms unique to the BPM−electrosorption
system, identifying both the favorable and parasitic phenomena
toward the overall process efficiency. Upon introducing boron
to the feedwater, we demonstrate successful boron removal
and desorption and further validate that the boron removal
mechanism is indeed electrosorption. After confirming
successful boron electrosorption, we investigate the effects of
process conditions, uncovering tradeoffs and opportunities for
performance optimization with respect to the applied voltage.
We conclude by highlighting the key advantages of the BPM-
electrosorption technology for boron removal.

■ MATERIALS AND METHODS
Materials and Chemicals. Granular boric acid (J.T. Baker,

>99.5%), sodium chloride (Sigma-Aldrich, >99%), and sodium
bromide (Sigma-Aldrich, >99.5%) were dissolved in Milli-Q
ultrapure deionized water (>18 MΩ) for the preparation of
various feedwater solutions. Ultrapure carrier grade com-
pressed nitrogen was obtained from Airgas and used for
purging feed solutions.
An ultra-corrosion-resistant grade 2 titanium sheet (0.02 in.

thickness, McMaster Carr) was used for the current collectors,
and acrylic plates (0.5 in. thickness, McMaster Carr) were used
for the endplates. Ultra-thin silicone (0.01 in. thickness,
McMaster Carr) was utilized for the membrane gasket
material, while a slightly thicker (0.03 in. thickness, McMaster
Carr) water and steam-resistant EPDM rubber was used for
the gaskets that house the electrodes.
Commercially available knitted activated carbon cloth

(CarboCloth, Charcoal House) was used as the electrode
material for both the anode and cathode. The Brunauer−
Emmet−Teller (BET) surface area of the carbon cloth material
was measured as 1001.6 m2 g−1. The pore size distribution was
determined using Barrett−Joyner−Halenda analysis, revealing
that the carbon cloth has a highly microporous structure, with
the majority of pores being <2 nm in diameter (Figure S1). A
commercially available BPM (Fumasep FBM with PEEK
reinforcement, Fuel Cell Store) was utilized throughout the
study.
Electrochemical Cell Design. The BPM−electrosorption

cell consists of several components, as illustrated in Figure 1B.
Specifically, two (2 in. × 2 in.) activated carbon cloth
electrodes (185 ± 9 mg each) are separated by a (2 in. × 2 in.)
BPM placed between two (9.0 cm2) serpentine flow paths. The
cell is sealed with rubber gaskets between the electrodes and
the membrane, and all the components are compressed into a
stack using acrylic endplates and glass-reinforced nylon screws.
The flow paths and holes were precisely cut into each of the
materials using a CNC milling machine.
We orient the etched titanium current collectors between

the electrodes and BPM to allow the solution to effectively
make contact with both the BPM and electrodes. Furthermore,
the placement of the etched current collectors effectively
connects the BPM and electrodes electrically in parallel,
circumventing the otherwise large potential drop across the
BPM and ensuring the same potential difference both across
the BPM and across the electrodes. We also add additional
titanium current collectors (without a flow path) to the
adjacent side of each electrode to maximize contact of the
electrode with current collectors, in effect minimizing the
contact resistance.
Performance Testing. The electrochemical flow cells were

either operated in single-pass or batch mode. In single pass

mode (Figure S3), feedwater, consisting of 5 mM NaCl and 1
mM B(OH)3 (unless otherwise specified), was pumped from a
20 L polypropylene reservoir to the cell using a MasterFlex L/S
peristaltic pump at a flowrate of 1.0 mL min−1. The pH,
conductivity, and dissolved oxygen (DO) of the effluent from
the anode side were continuously measured and recorded in
20 s intervals using in-line probes inserted into a custom-made
acrylic probe holder with a cylindrical flow path. Time series
effluent samples were collected by opening an in-line four-way
stop-cock for 30 s (0.5 mL samples). Prior to applying a
potential, solution was pumped from the feed reservoir
through the cell overnight to ensure both the membrane and
electrodes were fully equilibrated with the feed solution.
Samples were collected from three consecutive cycles which
followed three initial conditioning charge−discharge cycles.
Additionally, to more clearly investigate the mechanisms of the
BPM−electrosorption process, DO was removed from the
solution prior to feeding the electrosorption device. Specifi-
cally, the feed reservoir, which was equipped with a pressure
relief valve, was thoroughly sparged with nitrogen gas until the
DO concentration in the anode-side effluent was below 0.5 mg
L−1.
In batch mode experiments (Figure S4), two separate feed

reservoirs, each consisting of the same 25.0 mL of feed solution
(5 mM NaBr), were recirculated through adjacent sides of the
cell at 3.0 mL min−1. The solutions were sealed off from the
atmosphere and sparged with wet nitrogen to remove DO. A
nitrogen blanket was continuously maintained in the head-
space of each solution to prevent the dissolution of
atmospheric gases. A pH probe was inserted into each feed
reservoir to continuously monitor changes in pH. The
solutions were circulated through the cell for 2 h prior to
beginning the experiments to ensure equilibration with the
membranes and the electrode, thereby minimizing the effects
of adsorption. Samples (0.15 mL) were collected using a
permanently inserted syringe needle to avoid exposure of the
solution to the atmosphere during sample collection. Like in
single pass mode, all sampling was completed after three
charge−discharge cycles to ensure the system had achieved a
dynamic equilibrium, and three consecutive cycles were tested
to obtain triplicate data.
To elucidate the mechanisms of the investigated process and

reduce system complexity, the same feedwater was fed to the
anode and cathode chambers separately. We note, however,
that a more practical operation mode of the process would be
to feed the effluent from the anode side into the cathode side
flow channel, resulting in a circumneutral pH of the final
boron-depleted product water (from the cathode chamber), as
illustrated in Figure 1A. Although not directly demonstrated in
this study, such an operation mode will be investigated in our
future work.
A CH Instruments 600E potentiostat was used to regulate

the applied potential throughout the experiments, with the
current being recorded in 1 s intervals. The boron
concentration of the collected samples was measured using a
PerkinElmer Nexion 5000 Multi-Quadrapole inductively
coupled plasma mass spectrometer (ICP−MS). Sodium,
bromide, and chloride concentrations were obtained using a
Metrohm 940 Professional IC Vario ion chromatograph. All
samples were collected and stored in polypropylene containers
to avoid potential contamination from borosilicate glassware.
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■ RESULTS AND DISCUSSION
Validation of BPM−Electrosorption Mechanisms.

Because BPM-assisted electrosorption is a novel concept to
the literature, we begin by proposing and validating the
underlying process mechanisms during the charging and
discharging phases of operation. It is important to note that
the inclusion of a BPM and the use of two flow channels
fundamentally alter the conventional electrosorption (CDI)
process, which consists of only a single flow channel between a
pair of capacitive electrodes. Specifically, with two separate
flow channels, charge neutrality must be maintained in each
solution independently throughout the deionization and
electrode regeneration periods. In typical ion-exchange
membrane processes, which use multiple flow channels
between electrodes (e.g., water electrolysis, electrodialysis,
fuel cells, and redox flow batteries), charge neutrality is
ensured in each channel through the transport of ions across
the ion exchange membranes.30 However, BPMs ideally restrict
the passage of all ions across the membrane, with practical

membranes only allowing a small leakage of co-ions through.26

Thus, at relatively high currents in the BPM−electrosorption
process, charge neutrality in the flow channels must be
maintained through the direct coupling of the electrode and
BPM processes, as depicted in Figure 2A.
The mechanistic illustration in Figure 2A, provided for the

case of a boron-containing sodium chloride feed solution,
shows the hypothesized ion transport mechanisms for both the
charging and discharging steps. In the charging step, the
membrane is under reverse bias operation (i.e., the AEL faces
the anode, and the CEL faces the cathode), inducing water
dissociation at the interfacial junction after the membrane has
been depleted of priorly stored mobile charge carriers (i.e.,
predominantly chloride in the AEL and sodium in the CEL).
As hydroxides and protons are produced from water
dissociation, they are transported into adjacent flow channels
through the AEL and CEL, respectively. To satisfy the
condition of charge neutrality in the anolyte, the release of a
hydroxide ion from the BPM (or a chloride ion during initial
membrane ion depletion) must be accompanied by the

Figure 2. Evaluation of mechanisms in the BPM−electrosorption system. (A) Schematic illustration of the theorized charging and discharging
mechanisms in the BPM−electrosorption system. (B) Change in BPM−electrosorption process mechanisms as a function of applied cell voltage.
The regimes are identified according to the response in current as the voltage is linearly swept at a 5 mV s−1 scan rate. The flow cell was operated in
a single pass configuration with 500 mM NaCl feedwater to clearly identify characteristic features of BPM water dissociation. (C) Change in the
hydroxide and proton concentrations with respect to time in the anolyte and catholyte solutions, respectively. Experiments were conducted in batch
recirculation mode with 5 mM NaBr anolyte and catholyte solutions under 1.4 V for charging and 0 V for discharging. (D) Complete species
balances for the anolyte solution over time for 5 mM NaBr batch experiments. The change in the amount of each species with respect to the initial
concentration (i.e., before applying a potential) is shown, with negative and positive values indicating the removal and addition of the species from
the recirculating batch solution, respectively. In both (C,D), the charging duration is shown in the pink background, while the discharging duration
is represented by the orange background.
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simultaneous electrosorption of an anion (i.e., chloride, borate,
or hydroxide ion) or co-ion expulsion of a cation (i.e., sodium
ion) from the electrode. Similarly, each proton contributed to
the catholyte (from BPM water dissociation) must be paired
with the electrosorption of a sodium ion or proton or the co-
ion expulsion of a chloride ion. Borate is not considered as a
relevant ion for co-ion expulsion (from the cathode), as the pH
of the catholyte is expected to remain below the pKa of boric
acid. It should be noted that co-ion expulsion, like in
conventional electrosorption processes, is parasitic toward
current efficiency and should ideally be minimized.
For the discharging process, we consider the case of short

circuiting the electrodes (i.e., 0 V). During discharging, the
ions previously electrosorbed in the electrodes are released
back into each flow channel. However, because the flow
channels are separated by the BPM, the rate of ion release is
coupled to that of water reformation in the BPM, whereby
hydroxides and protons from the adjacent flow channels
recombine within the membrane to form water molecules. In
the discharging period, salt ions also diffuse from solution into
the electrodes and ion-exchange layers of the BPM, restoring
the ions that were expelled during the charging step (i.e., co-
ions expelled from the electrode and mobile counterions
depleted from the BPM). Thus, a dynamic equilibrium state is
reached between the BPM, electrode, and solution over
repeated charge−discharge cycles.
To clearly demonstrate the outlined principles of the BPM-

assisted electrosorption process and reduce system complexity,
we conducted our initial experiments using single salt solutions
(i.e., without the inclusion of boric acid in the feedwater). We
performed voltage sweep experiments under reverse bias
operation to gain an initial understanding of the transport
phenomenon present during charging of the BPM−electro-
sorption system. A high salt concentration (0.5 M NaCl) was
utilized to minimize the contribution of solution resistances to
the current and obtain an I−V curve that is primarily
representative of only the BPM and electrode charge
transfer-related phenomena. By sweeping the voltage from
0.0 to 2.6 V, we obtained an I−V curve with two distinct
regimes, which has been shown to be characteristic of BPM
water dissociation processes (Figure 2B).27 Specifically, at
relatively low cell potentials (<0.8 V), the current quickly
encounters a plateau region where increasing the voltage does
not lead to a notable change in the current response. At these
low potentials, water dissociation is not yet prevalent, and the
majority of the current is carried by the leakage of salt ions
across the BPM (i.e., co-ion transport). Beyond 0.8 V,
however, the current rapidly increases, indicating the onset
of water dissociation at the BPM interfacial junction.
Although the current in this water dissociation region

increases quickly with a near quadratic relation, BPM ED
(BPED) often shows an even steeper, almost exponential rate
of increase in current.25,27,31 The relatively slower rate of
increase in current observed in BPM−electrosorption is likely
due to the differing electrode charge transfer mechanism.
Specifically, in BPED, rapid Faradaic reactions at the electrode
surfaces are promoted through the use of strong electrolyte
solutions which are applied as electrode rinse solutions,
ensuring the electrode reaction is not rate (current) limiting.28

However, in BPM−electrosorption, the majority of the current
is capacitive (for moderate applied voltages), achieved through
electrosorption of ions in the electric double layers of the
electrodes. Electrosorption, which requires ions to migrate into

the electrode’s micropores and be arranged into the electric
double layer structure, imposes greater mass transfer resistance
as compared to the Faradaic electron transfer in BPED.32−34

Additionally, in electrosorption, a relatively large potential
drop across the EDL structure (i.e., the Stern potential and the
Donnan potential) detracts from the effective potential for ion
transport.33,35,36 In effect, electrosorption processes typically
provide more modest current values, particularly when
compared to multi-cell pair electrodialysis stacks in which
the electrode potential (associated with the Faradaic charge
transfer reactions) is negligible with respect to the overall stack
potential.21 Nonetheless, the BPM−electrosorption process
demonstrates current densities up to 11.2 mA cm−2,
corresponding to an ideal effluent anolyte pH of 12.8
(assuming a 1:1 stoichiometry between electron transfer and
BPM water dissociation and that BPM water dissociation is the
only pH influencing phenomenon)�well above the pKa of
boric acid (i.e., 9.1).
We further validate the prevalence of BPM water

dissociation by monitoring the change in pH of the anolyte
and catholyte solutions across three consecutive charge−
discharge cycles in batch recirculation operation. Because the
water dissociation reaction results in the generation of one
hydroxide and one proton, it is expected that the change in pH
of the anolyte and catholyte solutions should be equal and
opposite. In Figure 2C, we confirm this behavior by evaluating
the rate of change in concentration of the hydroxides and
protons in the anolyte and catholyte, respectively. During cell
charging, the hydroxide and proton concentrations increase
rapidly, showing peak rates of generation by 10 min, followed
by a gradual decline in the rate of generation for the remainder
of the charging period. This variable rate of water dissociation
during the charging period provides evidence that the water
dissociation reaction is indeed coupled with capacitive
electrode processes, as hypothesized. Specifically, the rate of
hydroxide and proton generation is the highest following the
depletion of priorly stored charge carriers (i.e., mobile
counterions) from the ion-exchange layers of the membrane,
as this is when water dissociation in the BPM is induced. The
rates of hydroxide and proton generation then show a decline
over time, as is expected due to the gradual saturation of
electrosorption sites. Such behavior is in contrast to steady-
state, constant-current processes, such as BPED, where the rate
of water dissociation remains constant indefinitely.
Upon short circuiting the cell and switching to discharging

mode, the sign of the change in concentration immediately
flips, indicating the consumption of hydroxides and protons.
The relatively equal consumption rates of hydroxides and
protons confirm the occurrence of water reformation at the
interfacial junction of the BPM (i.e., forward bias operation).
Since the discharging process is solely driven by a
concentration gradient in the short-circuit operation mode
utilized, the rate of hydroxide and proton consumption
asymptotically approaches zero, reflecting the end of water
reformation and ion desorption from the electrodes.
The majority of the points in Figure 2C, both in the

charging and discharging, agree within the uncertainties of
measurement, reinforcing that water dissociation is indeed the
dominant mechanism of pH change in the system at moderate
applied potentials (1.4 V). However, a notable discrepancy
exists at the beginning of the charging cycle (<5 min), during
which the rate of proton accumulation in the catholyte is
substantially greater than the rate of hydroxide accumulation in
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the anolyte. It is important to note that this deviation exists
inside the bulk anolyte and catholyte solutions and is therefore
not reflective of transient phenomena occurring inside the
membrane; thus, the mechanism of water dissociation is not
necessarily contradicted. When a BPM is placed under reverse
bias operation, the ion exchange layers are initially depleted of
mobile counterions, and a new equilibrium is established
between the ions inside the membrane�including hydroxides
and protons�and the fixed charge groups.37,38 Hence, during
the first few minutes of operation, the generated hydroxides
and protons may be exchanged for salt ions and retained in the
AEL and CEL, respectively. Ions with a particularly high
affinity for a functional group are more highly exchanged in the
membrane during this equilibration period, leading to a slower
rate of transport through the layer and into solution. It is well
known that the mobility of hydroxides is significantly lower
than that of protons in ion-exchange membranes,39 explaining
the slower rate of initial hydroxide release from the AEL.
Additionally, the ion-exchange layers of BPMs are not
necessarily of equal ion exchange capacity and thickness,
which would also lead to a difference in each layer’s initial rate
of ion depletion and duration of equilibration. Hence, we
attribute the unequal rate of hydroxide and proton
accumulation in solution at the start of the charging step to
these transient effects.
We conclude our mechanistic investigation of the BPM−

electrosorption process by conducting a full species and charge
balance across a charge−discharge cycle in both the anolyte
and catholyte under batch recirculation operation. We use (5
mM) sodium bromide as the feed solution for these
experiments, as opposed to sodium chloride, to avoid
interference from the gradual leakage of the concentrated
KCl electrolyte from within the pH probe, which was
continuously in solution to monitor the hydroxide and proton
concentrations. In Figure 2D, we specifically show the change
in the concentration of sodium, bromide, and hydroxide ions
in the anolyte, using the concentration at time zero as a
reference point. Notably, taking the valence-based sum of the
change in concentration of each ion should theoretically equal
zero to be in compliance with charge neutrality in solution.
Our experimental data agrees well with this condition, with the
largest discrepancy from charge neutrality being ∼0.1 mmol
L−1, which may be attributed to the measurement capabilities
of the ion chromatography columns and pH probe.
Upon cell charging, the concentrations of sodium and

bromide increase, with the change in the sodium ion
concentration being slightly less than that of bromide, and
the difference being made up by a small increase in hydroxide
concentrations (5 min). Although the concentration change of
hydroxide is relatively small compared to that of sodium and
bromide for this time point, it should be noted that the pH of
the anolyte had nonetheless already increased substantially
from 7.3 to 9.4. The behavior of this first time point is in
agreement with our proposed mechanism�that at the
beginning of the charging step, the dominant mechanisms
are co-ion (i.e., Na+) expulsion from the electrode and mobile
counterion (i.e., Br−) release from the AEL of the BPM. Over
the remainder of the charging period, in contrast, the sodium
ion concentration in solution remains relatively stable,
indicating insignificant rates of co-ion expulsion from the
electrode. Concurrently, the amount of hydroxide in solution
rapidly increases, while bromide is removed from the solution
in approximately the same quantity due to electrosorption.

Hence, it can be concluded that BPM-induced water
dissociation is indeed highly coupled with electrosorption for
the majority of the charging duration. Specifically, the anodic
current efficiency (ηan) for electrosorption versus co-ion
expulsion can be approximated as 81% using the following
relation, which compares the change in bromide concentration
(ΔCBr) to the sum of the change in bromide concentration and
the change in sodium concentration ΔCNa

C
C Can

Br

Br Na
=

+ (1)

For ΔCBr, the change in bromide concentration at the end of
the charging cycle is utilized. However, for ΔCNa, we use the
maximum change in sodium concentration throughout the
charging session (i.e., 15 min) to account for potential transfer
of sodium from the anolyte to catholyte over time via co-ion
transport across the BPM.
Once the applied potential is removed and the cell enters the

discharging period, it can be seen that sodium is rapidly
removed from solution, likely back into the pores of the
electrode. Meanwhile, the hydroxide concentration declines as
it is consumed for water reformation in the BPM, and the
bromide concentration increases as desorption from the
electrode proceeds. As the bromide and hydroxide gradually
return to their original concentrations (i.e., from before
beginning the charging step), the rates of hydroxide
consumption and bromide desorption begin to decrease, in
accordance with the diminishing concentration gradients in the
system. By the end of the discharging period, the
concentrations of all species return to near their original
values, indicating nearly complete desorption from the
electrode and promising the cyclability of the process.

Electrosorption of Boron by the BPM−Electrosorp-
tion Process. After gaining an understanding of the
fundamental mechanisms involved in charging and discharging
the BPM−electrosorption system, the boron removal capa-
bility and mechanism were assessed through a series of single-
pass experiments using a mixed salt feedwater consisting of
sodium chloride and boric acid (5 mM NaCl, 1 mM B(OH)3).
A single-pass configuration was used for the remainder of the
experiments to best represent the practical operation of the
process. We note that we used a slightly higher boron
concentration for the feedwater, compared to that typically
encountered in the permeate of first pass seawater RO (<0.5
mM), to most clearly gauge the boron removal capacity of the
system, while still remaining within an environmentally
relevant range. As discussed in the prior investigation of
process mechanisms, ions may be sorbed by either the
electrode during cell charging or by the BPM during
discharging. Therefore, in addition to determining if the
process is capable of removing boron, it is also critical to
determine the fate of the boron in the system.
In an effort to see the largest change in boron concentration,

we began our boron removal performance testing by applying
2.6 V, the maximum potential tested in our linear sweep
voltammetry experiments (Figure 2B). Figure 3 (blue data
points) presents the change in boron concentration over three
consecutive charge−discharge cycles, with discharging com-
pleted at 0 V. At the beginning of the charging period, the
boron concentration slightly increases, as borate stored in the
AEL is released into solution (while the BPM is depleted of
mobile counterions). By 5 min into the charging period,
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however, we observe a significant decrease in the boron
concentration of the effluent, indicating effective removal by
the BPM−electrosorption system. Over the remainder of the
charging time, boron continues to be removed, although to a
diminishing extent as the anode begins to saturate with ions.
When the cell is short-circuited, the boron concentration
immediately spikes well above the feed concentration,
representing desorption of boron from the electrodes. As the
concentration gradient of boron between the pores of the
electrode and the feed solution lessens over time, the
desorption of boron eventually ceases.
As seen in Figure 3, the sorption and desorption of boron

were highly reproducible across the three consecutive cycles.
Integration of the charging peaks with respect to time gives an
average specific removal capacity of 4.99 ± 0.19 μmol g-C−1,
significantly higher than prior studies using flow-through
electrosorption.22 Similarly, integrating the discharging peaks
reveals high regenerability of the anode, with an average 87 ±
12% desorption rate of boron. We note that when using only
concentration gradients as the driving force (i.e., 0 V) for
desorption, discharging durations slightly longer than the
charging period may be required, as suggested by the
asymmetric cycle timing (i.e., 20 min charge and 40 min
discharge) used in our single-pass experiments. Nonetheless,
the kinetics of desorption may be accelerated by applying a
reverse potential or current.
To ensure the observed removal of boron is achieved

through electrosorption, as opposed to physi- or chemisorption
in the electrodes or BPM, we conducted a series of rigorous
control experiments where no electric potential was applied.
Specifically, we performed controls in which the BPM−
electrosorption system was assembled with all its components
(“BPM + electrode”) and where the carbon electrodes were
removed from the system (“BPM only”) to assess the relative

impact of both the electrodes and the membrane on boron
removal. To encompass the effects of the pH swings
encountered in a typical charge−discharge cycle (i.e., applied
voltage for charging and 0 V discharging), the control
experiments consisted of periodically switching the feedwater
between a pH 10 solution and an unadjusted pH solution (pH
∼ 5.8), corresponding to the charging and discharging periods,
respectively. At a pH of 10, effectively all the boron in solution
is ionized, whereas at pH 5.8, boron is present predominantly
as the uncharged boric acid. Thus, any adsorption and
desorption related to the swinging of the pH and boron
ionization degree should theoretically be captured by these
experiments.
With only the BPM (pink data points in Figure 3), the

boron concentration does not show any notable change or
trend throughout the durations of high pH and neutral pH.
The deviation which is observed may largely be attributed to
the measurement error of the ICP−MS. The BPM’s lack of
boron uptake was further evidenced by its low preference for
borate over chloride ions, as determined by an ion-exchange
test (Figure S5). Specifically, the AEL of the BPM was
converted to hydroxide form (i.e., all the counterions in the
ion-exchange layer were exchanged for hydroxide ions), and a
solution of 5 mM NaCl and 1 mM B(OH)3 at pH 10 was
recirculated along the AEL to determine the relative uptake of
borate and chloride ions over time. The borate removed from
solution, and hence exchanged for hydroxide in the membrane,
was found to be negligible compared to the uptake of chloride
ions, thus demonstrating a relatively low affinity of borate ions
toward the chemical composition of the membrane.
The control experiments which included both the carbon

electrodes and BPM showed a larger deviation in boron
concentration, as can be seen by the green data points in
Figure 3. Nonetheless, a clear trend is still not discernible.
Furthermore, it should be noted that most of the points, both
in the high and neutral pH conditions, are positive in
magnitude, indicating some release of boron but no notable
removal. We further assessed the significance of boron
adsorption on the carbon electrodes through attenuated total
reflectance Fourier transform infrared spectroscopy (ATR−
FTIR) characterization of the anode and cathode before and
after use in a single-pass boron electrosorption experiment.
The spectra of the electrode (Figure S6) show little difference
after being exposed to the boron-containing feed solution
during the experiment. Although a peak near 2950 cm−1 is
introduced in both the anode and cathode after the
experiment, this wavenumber does not correspond to boron,
indicating inconsequential amounts of adsorption and further
supporting the results of our control experiment. Thus, it can
be concluded that electrosorption is indeed the dominant
mechanism for boron removal under an applied voltage, with
adsorption in the BPM and electrodes playing an insignificant
role toward overall removal.

Determination of Optimal Voltage. The effect of
applied voltage on the boron removal performance of BPM−
electrosorption was investigated. Specifically, cell potentials
ranging from 1.0 to 2.6 V were tested, in accordance with the
water dissociation window determined in Figure 2B.
Intuitively, increasing the applied potential should increase
the capacity of the electric double layers, resulting in a larger
degree of electrosorption of all ions, including borate.
However, as shown in the bottom panel of Figure 4A, the
specific capacity of the anode for boron (ΓB) does not follow

Figure 3. Confirmation of boron removal with the BPM−electro-
sorption system and elucidation of the boron removal mechanism.
Feedwater consisting of 5 mM NaCl and 1 mM B(OH)3 was fed to
the system at a flowrate of 1.0 mL min−1 in a single-pass
configuration. The change in the boron concentration for three
consecutive cycles is shown for the case where an external voltage is
applied (2.6 V, blue points) and where no voltage is applied but the
feedwater pH is manually adjusted through chemical addition. Two
scenarios without an applied voltage are investigated: when the
BPM−electrosorption cell consists of all the required components
(i.e., BPM + electrodes, green points) and when the cell consists of
only the BPM (i.e., the electrodes are removed, pink points).
Durations where the cell is operating under high pH conditions are
shown in the pink background, whereas durations during which the
feedwater pH is not adjusted are shown in the orange background.
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the expected monotonic trend. Rather, we observe a parabolic
relation whereby increasing the cell potential above 1.0 V
initially results in a decline in boron removal performance,
followed by gradual restoration in the sorption capacity at
higher voltages. Specifically, increasing the charging voltage
from 1.0 to 1.8 V results in a 23.7% loss in sorption capacity,
while further increasing the potential to 2.6 V leads to a 17.1%
greater boron removal compared to 1.0 V operation.
Accordingly, a tradeoff between boron removal performance
and applied voltage is apparent.
The parabolic relation observed between boron removal and

applied potential may be rationalized through assessment of
the current and pH data at each applied voltage (Figure 4B).
As the potential is stepped up from 1.0 to 2.6 V, the current
response shows a consistent, proportional increase. Assuming
this rise in current translates to a faster rate of water
dissociation in the BPM�as suggested by our investigation
of process mechanisms in previous sections�the hydroxide
concentration in the anolyte is also expected to increase.
Stepping the voltage up from 1.0 to 1.4 V confirms this
expected behavior, increasing the maximum anolyte pH from
9.86 to 10.53. Notably, the elevated pH at 1.4 V corresponds
to a hydroxide concentration (∼0.32 mM) within the same
order of magnitude as the concentration of ionized boron
(∼1.0 mM). Thus, increasing the potential above 1.0 V greatly
exacerbates competition between borate and hydroxide ions
for electrosorption sites on the anode, which may explain the
drop in boron sorption capacity at 1.4 V. With hydroxide ions
having an inherent advantage over borate for electrosorption
due to their substantially greater mobility in solution, the pH
of the anolyte should ideally be maintained between 9 and 10
to ensure maximal ionization of boron, while minimizing
competition with hydroxide ions.
Although a drastic increase in the pH is observed upon

increasing the applied voltage from 1.0 to 1.4 V, further
increasing the voltage from 1.4 to 1.8 V surprisingly leads to an
inverse trend, whereby the pH of the anolyte slightly decreases.
Furthermore, the pH profile for 1.8 V shows a prominent

downward slope, decreasing from a pH of 10.41 to 9.68 over
the last 10 min of charging. The pH profiles of 1.0 and 1.4 V
are, in contrast, much more stable over the charging duration.
These anomalous features in the pH profile of 1.8 V indicate
the occurrence of additional pH-influencing mechanisms apart
from BPM water dissociation and electrosorption.
It is well known that when the cell potential is increased

above 1.4 V in electrosorption processes, Faradaic charge
transfer becomes increasingly prevalent and detrimental to
charge efficiency. Hence, the drop in boron sorption capacity
and the unexpected behavior in pH may be attributed to the
onset and occurrence of these Faradaic reactions. In particular,
proton-generating reactions at the anode, such as the oxidation
of the carbon electrode (eq 2) and water splitting (eq 3),40,41

are of particular interest for boron removal, as they are not
only counterproductive toward charge efficiency (like in
classical electrosorption processes) but also result in
neutralization of the hydroxides produced by BPM water
dissociation

EC 2H O CO 4H 4e 0.21 V/SHE2 2
0+ + + =+ (2)

E2H O O 4H 4e 1.23 V/SHE2 2
0+ + =+ (3)

In Figure 4C, we approximate the voltage at which
significant Faradaic charge transfer occurs in the BPM−
electrosorption system by taking the derivative of the current
with respect to voltage from a voltammetry sweep. An
inflection in the slope, accompanied by progressively greater
scattering of data points, is observed around 1.1 V, signifying
the presence of considerable Faradaic charge transfer. Hence,
at cell potentials above ∼1.0 V, proton generation at the anode
is expected to be of concern�either from carbon oxidation or
water splitting.
With Faradaic reactions, and thus generation of protons,

primarily occurring in the micropores of the electrode, a
substantial pH gradient is likely to develop between the
macropores (i.e., bulk solution pH) and the micropores of the
anode, whereby the pH in the electrode’s micropores is lower

Figure 4. Dependence of process performance on the applied cell voltage. Feedwater consisting of 5 mM NaCl and 1 mM B(OH)3 was fed to the
system in a single-pass configuration at a flowrate of 1.0 mL min−1 throughout. (A) Specific boron sorption capacity (ΓB) and corresponding
specific energy consumption (SEC) for each applied voltage. (B) Measured response of the current and the pH over the charging duration for each
of the applied voltages. (C) Change in the current with respect to voltage over a range of cell potentials. Two regimes are shown, indicating the
approximate voltage at which proton-generating anodic reactions are expected to become prevalent. Current vs voltage data was obtained from
linearly sweeping the voltage at a 5 mV s−1 scan rate with a feedwater concentration of 500 mM NaCl. (D) Schematic illustration showing the
theorized mechanism for hindered borate electrosorption at high cell potentials. Although the pH in bulk solution is sufficiently high for the
existence of borate ions, the pH in the micropores of the electrode may decrease at high applied voltages due to the occurrence of proton-
generating Faradaic reactions at the anode, thus back-converting borate (blue tetrahedral molecule) to boric acid (red trigonal planar molecule)
and preventing effective boron electrosorption.
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than in bulk solution, as depicted in Figure 4D.41,42 Such pH
gradients have been observed in studies of conventional
electrosorption and are likely to be even more severe in the
case of BPM−electrosorption due to the anode continuously
being exposed to high pH conditions, under which the carbon
oxidation and oxygen evolution reactions are more thermody-
namically favorable (i.e., reduction potentials become more
negative).41 Depending on the pervasiveness of Faradaic
proton generation, borate ions which are ionized in bulk
solution may undergo back-conversion to boric acid as they
enter the more acidic electrode micropores (Figure 4D),
effectively hindering boron electrosorption and resulting in
lower sorption capacity despite an increase in applied voltage.
According to the logic presented above, increasing the cell

potential from 1.8 to 2.2 and 2.6 V should further induce
parasitic anode reactions, leading to greater deterioration in
boron sorption capacity. However, in these cases, we observe a
gradual enhancement in boron electrosorption performance.
Furthermore, with each step up in potential, the pH continues
to rise to higher peak values and shows good stability over the
charging duration compared to operation at 1.8 V. Thus, it
may be inferred that for these voltage steps, the rate of increase
in anodic Faradaic reactions (proton generation) is outweighed
by a more significant rate of increase in BPM water
dissociation (hydroxide generation). Nonetheless, to maximize
the longevity of electrode performance, Faradaic reactions,
particularly carbon oxidation, should be mitigated through the
application of lower applied potentials.
Because of the intricate relation between boron sorption

capacity and applied voltage, the determination of an optimal
operating voltage is nontrivial. Thus, we utilize the SEC�the
energy consumption normalized by the amount of boron
removed�for further process evaluation and optimization.
The energy consumption, given by the numerator of eq 4, is
calculated by taking the product of the applied voltage (V) and
the integral of the current (I) over the charging duration (tc)
with respect to time (i.e., total charge transferred). The SEC is
then determined by normalizing the energy consumption by
the total amount of boron removed, given by integrating the
difference between the feed boron concentration (CB,0) and
the effluent boron concentration (CB) over the charging step
and multiplying by the volumetric feed flow rate (Q).
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The energy consumption is normalized by the mass of boron
removed, rather than the volume of water treated, due to the
relatively small extents of boron removal achieved by the
laboratory-scale flow cell and the transient effluent conditions
inherent of constant voltage operation. The accurate
determination of a volume-normalized energy consumption
will require more realistic operation in constant current mode
and the use of a significantly larger active area to augment the
cell’s boron removal capability to reach the boron removal
extents required for achieving regulatory guidelines. Nonethe-
less, boron mass-normalized SEC values still serve as an
appropriate metric for the initial evaluation of process
performance.
The SEC of each applied voltage, shown in the top panel of

Figure 4A, reveals that charging at 1.0 V provides the most
efficient boron removal, with an SEC of 2.88 kWh per gram of

boron electrosorbed (g-B−1). In contrast, operation at 1.8 V
requires more than sixfold the energy consumption, due to the
increased current and voltage but a lower extent of boron
removal. Although the sorption capacity of boron at 2.2 and
2.6 V is greater than at 1.0 V, the advantage in boron removal
is not proportional to the substantial increase in potential and
current, thus resulting in relatively high-energy consumptions
of 16.3 and 16.9 kWh g-B−1, respectively. Hence, 1.0 V is
determined to be the optimal voltage for boron electro-
sorption, with the remainder of experiments being carried out
at this cell potential.

Comparison of Electrosorption Configurations for
Boron Removal. To assess whether the incorporation of a
BPM provides a significant advantage toward electrosorption
of boron, we compared the boron removal performance of
BPM−electrosorption to alternative electrosorption configu-
rations. Specifically, the performance of traditional flow-by
electrosorption and flow-through electrosorption�a config-
uration which has recently been demonstrated for boron
removal22�were evaluated alongside BPM−electrosorption. A
fair comparison was ensured between each configuration by
keeping all operating parameters (i.e., feedwater composition,
applied voltage, charging and discharging duration, and
flowrate) equal. The design and materials used in the
construction of each cell were also kept as similar as possible,
with details provided in the Supporting Information, to further
guarantee a meaningful assessment. Each of the experiments
conducted for the comparison of electrosorption configura-
tions was completed in a single-pass configuration using the
same experimental protocol.
To gain insights into the process dynamics of each

configuration, the boron concentration was monitored over
time for the first charge−discharge cycle of each triplicate set.
Accordingly, in Figure 5A, we overlay the change in boron
concentration over time for each configuration. It is
immediately apparent that in the flow-by configuration, the
boron concentration does not effectively change across both
the charge and discharge durations, showing only negligible
fluctuations that may be attributed to error in ICP−MS
measurements. This result is sensible since in conventional
flow-by operation, a high solution pH is not attained, and thus
boric acid is not ionized or electrosorbed at the anode. In fact,
monitoring the effluent from the flow-by cell showed a drop in
pH during the charging period, further deterring effective
boron electrosorption. With flow-by electrosorption being
deemed ineffective for boron removal (without the addition of
chemicals to increase the pH), we did not perform any
additional analysis on its performance.
For flow-through electrode experiments, the anode was

placed upstream of the cathode, as this orientation has recently
been demonstrated to promote the removal of boron.22

Specifically, it has been theorized that in such a configuration,
there is a spike in pH at the anode−separator interface, which
facilitates boron ionization and electrosorption. This locally
increased pH has been attributed to several phenomena,
including differences in the mobility and electrosorption rates
of protons and hydroxides, acid−base equilibria with surface
functional groups, and water dissociation reactions. Although
successful boron removal was demonstrated both theoretically
and experimentally in this study, the boron sorption capacity
remained marginal across various operating conditions, with
optimized performance showing <1 μmol g−1 removal and
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many other conditions resulting in non-sensible negative
removal values.
In our flow-through electrode experiments, when an electric

potential was applied, the boron concentration decreased
rapidly over the first 5 min (Figure 5A), representing
electrosorption. However, by 12 min of charging, the
concentration of boron in the effluent was higher than in the
feed, indicating premature desorption of boron. Such
desorption may be due to an unstable pH in the anode,
whereby a drop of the anodic pH causes back-conversion of
borate to boric acid and subsequent reversal of electrosorption.
When the cell is short circuited (i.e., discharged), a moderate
spike in the boron concentration is observed, as the remaining
borate on the electrode is desorbed. Nonetheless, with the
relatively small changes in boron concentration and the
presence of unexpected desorption in the charging step, it
remains unclear whether boron is effectively electrosorbed in
the anode or if the observed changes in boron concentration
are largely an effect of a dynamic adsorption equilibrium on the
carbon electrodes due to the transient pH conditions�and
hence degree of boron ionization�in the flow-through system.
Overall, our flow-through electrosorption results indicate

small extents of boron removal, with an average specific
capacity of only 0.66 μmol per gram of carbon electrode, in
close agreement with the boron sorption capacity values
recently published.22 In contrast, the BPM−electrosorption
system demonstrated a remarkably higher boron sorption
capacity of 4.35 μmol per gram of carbon�nearly a sevenfold
improvement in performance (Figure 5B). The drastic
difference in boron removal performance may largely be due
to more effective and reliable generation of hydroxide in
BPM−electrosorption as compared to flow-through electro-
sorption. Specifically, in BPM−electrosorption, the pH of the
entire anolyte compartment (i.e., both the bulk solution and
solution inside the anode) is effectively increased. In flow-
through electrosorption, however, only the portion of the
anode at the electrode-separator interface is at high pH
conditions, while the remainder of the anode remains acidic.22

Thus, the effective electrode area for borate electrosorption in
a flow-through configuration is severely limited.

To further assess the performance of BPM−electrosorption
with respect to flow-through electrosorption, we also
determined the SEC of each configuration, as shown by the
blue bars in Figure 5B. Provided the same voltage, flow-
through electrosorption shows a significantly larger current
response than BPM−electrosorption (Figure S7)�despite its
much lower removal of boron. The higher current observed in
flow-through electrosorption may be attributed to its less
regulated ion transport mechanisms as compared to those of
BPM−electrosorption. Specifically, in BPM−electrosorption,
electrode processes (i.e., co-ion expulsion, electrosorption, and
Faradaic reactions) are directly coupled with water dissociation
in the BPM, thus constraining the rate of ion transport and
current. However, in flow-through electrosorption, such a
pairing is not imposed, resulting in comparatively lower ion
transport limitations which facilitates greater currents.
Accordingly, flow-through electrosorption transfers over
twice the amount of charge as BPM−electrosorption over
the same charging duration, thus corresponding to over twice
the energy consumption. Normalizing the energy consumption
to the amount of boron removed further differentiates the
performance of each configuration, with flow-through electro-
sorption consuming over an order of magnitude more energy
per gram of boron removed.
Another electrosorption configuration that has recently

demonstrated boron removal capability resembles membrane-
capacitive deionization (MCDI).23 However, unlike conven-
tional MCDI, only an anion-exchange membrane is placed in
front of the anode, while the cathode remains bare. Thus, when
sufficiently high potentials are applied (i.e., >2.0 V used in the
study), oxygen reduction and water splitting are induced at the
cathode, in turn producing hydroxide ions which migrate to
the flow channel. The pH of the feed stream is thereby
increased, effectively ionizing boron, which can then migrate to
the anode. Although not thoroughly discussed in the study,
water and carbon oxidation reactions will simultaneously occur
at the anode, generating protons, which are largely blocked
from entering the flow channel by the anion-exchange
membrane. Thus, a gradually more acidic pH in the anode is
expected to develop over the charging duration, in effect

Figure 5. Comparison of the boron removal performance between the BPM−electrosorption system and alternate electrosorption configurations.
Feedwater consisting of 5 mM NaCl and 1 mM B(OH)3 was fed to each of the systems in a single-pass configuration at a flowrate of 1.0 mL min−1.
(A) Boron concentration over a charge−discharge cycle for flow-by electrosorption (pink), flow-through electrosorption (green), and BPM−
electrosorption (blue). The charging duration is shown in the pink background, whereas discharging is shown in the orange background. (B)
Comparison of the boron sorption capacity and SEC of flow-through electrosorption and BPM−electrosorption. Pink bars show the specific boron
sorption capacity, while blue bars show the SEC.
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contradicting the proposed mechanism of boron electro-
sorption. Specifically, although borate ions may exist in the
high pH conditions of the flow channel�hence facilitating the
electromigration of boron into the anode�the borate ions are
likely to be back-converted into boric acid once inside the
pores of the anode. The uncharged boric acid is thereby
effectively trapped by the anion-exchange membrane and is
unable to re-enter the flow channel. The mechanism of boron
removal in this process may therefore be considered to be
more electrodialytic than capacitive in nature. Additionally, the
process utilizes a reverse current in order to achieve boron
desorption since reversing the electrode polarity creates the
local basic environment (at the cathode) required to re-ionize
the trapped boric acid and facilitate its transport back through
the anion-exchange membrane into solution. Hence, in this
process, energy input is required in both the charging and
discharging steps, unlike in BPM−electrosorption. Further-
more, the process’ reliance on Faradaic reactions at the
cathode for pH adjustment necessitates relatively high
potentials (i.e., generally above the water splitting potential),
which has been shown to be detrimental for the long-term
stability of carbon electrodes in electrosorption processes.18 In
contrast, BPM−electrosorption does not depend on cathodic
reduction reactions, instead using a water dissociation
mechanism to generate hydroxide ions, enabling efficient
operation at lower potentials (with the optimal voltage being
determined as 1.0 V in the previous section). Thus, BPM−
electrosorption is expected to provide greater promise for
stable long-term performance.

■ ENVIRONMENTAL IMPLICATIONS
Boron removal from aqueous solutions has long persisted as a
technical challenge, still requiring the use of chemical- and
energy-intensive processes to meet water quality standards. In
this study, we introduced a novel electrochemical technology
which combines the unique features of BPMs and capacitive
electrodes to effectively remove boron and complete all
required pH adjustments in a chemical-free manner. The
BPM−electrosorption process shows promising boron sorp-
tion capacity compared to alternative electrosorption methods
and is capable of operating at relatively low SEC values
(∼2.5 kWh g-B−1). However, larger-scale testing, in which
operation is more rigorously optimized, energy recovery during
discharging is considered, and boron is more extensively
removed, will be required for direct comparison with the
energy consumption of the current state-of-the-art method,
multi-pass RO.
The feedwater conditions utilized throughout the majority

of this study (i.e., 5 mM NaCl and 1 mM B(OH)3)
demonstrate that the BPM−electrosorption technology is
well suited for treatment of first-pass seawater RO permeate.
Additionally, preliminary experiments using various boron and
salt concentrations suggest that the process is flexible in terms
of applicability (Figure S8). Specifically, the BPM−electro-
sorption process showed effective boron removal for salt
concentrations as low as 1 mM sodium chloride and boron
concentrations ranging from 0.5 to 2 mM. Hence, BPM−
electrosorption may also be extended to applications which
consist of low background electrolyte concentrations, such as
the production of ultrapure water. Enhancing the selectivity of
boron electrosorption over competing anions found in natural
waters (e.g., chloride) may also enable direct application of the
technology toward waters with higher ionic strength, such as

contaminated groundwaters and lithium-rich brines. However,
because the energy consumption and boron removal perform-
ance are expected to be highly dependent on the feed solution
conductivity, ionic composition, and buffering capacity, further
investigation is necessary to effectively determine the most
efficient feedwater for the technology.
A key advantage the BPM−electrosorption technology

provides with respect to alternate boron removal methods is
the ability to achieve in situ elevation of pH followed by
subsequent neutralization of the product water pH in a single
process. Specifically, in BPM−electrosorption, water dissocia-
tion by the BPM generates hydroxide ions in the anolyte
channel while simultaneously producing protons in the
catholyte. Although the two chambers are separated from
one another by the water impermeable BPM, the anolyte and
catholyte may be hydraulically connected by feeding the
cathode chamber with the high pH, boron-depleted anolyte
effluent. Thus, the protons generated by BPM water
dissociation may be utilized to restore the pH of the final
product water to circumneutral. Such capability is not offered
in other electrosorption techniques, which utilize only one flow
channel and are thereby restricted to a high pH product water,
which must later be neutralized through additional processing
steps. BPED configurations are similarly limited to high pH
product waters since in ED, the boron is transferred from the
feed chamber to the adjacent receiving chamber (where
protons are generated by the BPM), rather than being stored
in electrodes (i.e., BPM−electrosorption).43 Hence, the high
pH product water may not be passed through the acidic
chamber without re-contaminating the water with boron. The
BPM−electrosorption process thus offers the unique ability to
“electrify” all necessary pH adjustments, overcoming a major
environmental limitation of boron removal with both multi-
pass RO and ion-exchange resins.
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