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ABSTRACT: The acids and bases used for ion exchange regeneration
contribute significantly to the increasing salinity of potable water
supplies. This research investigated the use of bipolar membrane
electrodialysis (BMED) for producing acids and bases from dilute salt
solutions that are produced during reverse osmosis or evaporative
cooling. Using single pass BMED, acids and bases were produced with
concentrations equal to ∼75% of the feed salt concentration with current
utilizations >75%. Current utilization increased with increasing feed salt
concentrations due to decreased leakage current through the monopolar
membranes. The maximum current density at which the BMED stack
could be operated depended on the feed salt concentration and the flow
velocity and was limited by water dissociation at the interface between
the diluate solutions and the monopolar membranes. The stack
resistance was dominated by the bipolar membranes, even for the most dilute feed solutions. The energy required per mole
of acid or base produced increased linearly with increasing current density. The energy costs for producing acids and bases were
significantly less than costs for purchasing bulk HCl and NaOH, and the process is scalable to large systems.
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■ INTRODUCTION

Water softening is often used for producing water for use in
electric power generation, evaporative cooling, and myriad
other industrial processes. The most common method of
industrial water softening is ion exchange, wherein scale
forming ions, such as Ca2+ and Mg2+, are removed via weak
acid cation (WAC) ion exchange media containing weak acid
anionic functional groups. The regeneration of WAC media
requires large quantities of acids (e.g., HCl) and bases (e.g.,
NaOH), which after use, end up producing a brine stream. For
example, a single regeneration cycle produces up to 320 kg of
concentrated brine solution per cubic meter of ion exchange
media.1 These brines are a major contributor to the
salinification of potable water supplies, especially in arid
regions.2 Conventional methods of brine disposal include
discharge to the sea, deep-well injection, and metered discharge
to the sewer system. Inland areas do not have the option of sea
disposal and deep-well injection can be costly and must meet
regulatory requirements.3 Metered discharge to sewer systems
can result in toxicity to biomass and inhibition of settling in
clarifiers used in secondary wastewater treatment.2

The acids and bases needed for ion exchange media
regeneration can be produced using an electrochemical cell
and the ions that are already present in the water being treated.
For example, bipolar membrane electrodialysis (BMED) can be
used to generate acids and bases from the ions in cooling tower
blowdown, or from reverse osmosis (RO) concentrates. Thus,

onsite acid and base generation can eliminate the need for
purchasing these chemicals while also eliminating the addition
of salts to the water supply.

Bipolar Membrane Electrodialysis. The repeating unit
cell in a BMED stack consists of an anion exchange membrane
(AM), a bipolar membrane (BPM), and a cation exchange
membrane (CM), as illustrated in Figure 1. BMED stacks may
contain up to 300 of these repeating unit cells.4 The BPM
typically consists of three layers, a 50−100 μm thick strong acid
CM, a ∼ 40 nm thick weak base layer, and a 50−100 μm thick
strong base AM.4 The weak base layer between the anion and
cation membranes serves to promote the splitting of water into
H+ and OH− ions via a catalytic mechanism and the second
Wien effect.4,5 Upon application of an electric field, H+ ions
created by water splitting migrate toward the cathode and get
trapped in an acid chamber by an AM. Likewise, OH− ions
created by water splitting migrate toward the anode and get
trapped in a base chamber by a CM. Electroneutrality is
maintained in the acid chamber by electromigration of anions
from the feed solution through the AM. In the base chamber,
charge balance is maintained by cation migration from the feed
solution through the CM.
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There are two limiting current densities (i) associated with
BMED, one results from ion depletion in the bipolar membrane
(ilim
BPM), and the other is associated with the electrodialysis (ED)

process occurring in the diluate compartment (ilim
ED). The ilim

BPM is
reached when salt in the bipolar membrane is sufficiently
depleted that it can no longer support the applied current.6−11

Below ilim
BPM, a significant portion of the current is carried across

a bipolar membrane by salt diffusing into, and then electro-
migrating out of, the BPM. Above ilim

BPM, the rate of salt ion
electromigration out of the BPM is greater than the salt
diffusion into the PBM. This results in increased resistance and
enhanced water dissociation.6−11 The ilim

ED is caused by depletion
of counterions adjacent to the AM or CM surfaces facing the
diluate solution. As ilim

ED is approached, the counterion
concentration in the boundary layer becomes very low, causing
the resistance of the boundary layer to drastically increase.12−16

When ilim
ED is reached, the counterion concentration is too low to

carry the current through the adjacent monopolar membrane.
This results in water splitting and drastically increases energy
consumption.12−16

BMED operates on the same fundamental principles as
electrodialysis (ED). However, these processes have different
degrees of technical and commercial relevance, and are in
different states of development. ED is a mature process with
many applications in water desalination and in the food and
drug industry. By contrast, BMED is an immature process that
is more commonly used for processing and synthesis of high
value commodities like wine and weak organic acids.4,17

The potential utility of BMED in water and wastewater
treatment has long been recognized. Huang et al. investigated
the use of BMED to regenerate a flue gas desulfurizing agent.18

They found the process to be not only technically feasible but
also economically attractive. Akse et al. considered BMED for
on demand production of expendable reagents for use in
advanced life support systems of next generation spacecraft.19

Other research has investigated the recovery and purification of
spent acids and bases.20,21 In 1997, Mavrov et al. showed that
BMED could be used to produce acids and bases from
desalination brines used in membrane pretreatment pro-
cesses.22−25 However, Mavrov et al. did not investigate a
range of feed salt concentrations and did not provide
information needed to assess the Faradaic efficiencies and
operational costs of using BMED in this application. The
objectives of this research were to establish the basic

relationships between the feed brine concentration, applied
current density, energy consumption, membrane area, and
reagent concentration. Each of these relationships is
fundamental to an understanding of process economics and
scalability.

■ MATERIALS AND METHODS
A block flow diagram of the experimental setup is shown in Figure 2.
Feed solutions were prepared using ACS grade sodium chloride

(NaCl), hydrochloric acid (HCl), and sodium hydroxide (NaOH)
from Fisher Scientific, and 18 MΩ cm ultrapure water (UPW). The
feed solution was contained in a continuously stirred 55 gallon high
density polyethylene drum (HDPE) maintained at 25 °C using a
stainless steel heat exchanger connected to a Laird MRC 300 chiller.
The same feed solution passed through all compartments and was
pumped using two Yamaha 80 W pool pumps placed in series. A 1 μm
bag filter was placed prior to a manifold feeding four rotameters used
for flow control. Experiments were conducted using the same flow
rates for the acid base and diluate compartments. Total volumetric
flow rates of 0.12 or 0.50 L min−1 were used for the acid, base and
diluate solutions. The electrode rinse solution passed through both
anode and cathode compartments at 1.5 L min−1. After passing
through the stack, the acid, base, and diluate streams were discharged
to a second 55 gallon HPDE drum. The electrode rinse solutions were
recirculated to the feed tank after passing through a custom degasser
and a 10 in. long block carbon filter. The custom degasser was made
from 1 in. PVC pipe and a float vent. The block carbon filter served to
degrade hypochlorite formed via oxidation of Cl− at the anode. The
concentration of hypochlorite in the feed barrel was spot-checked
using a pool test kit and never exceeded 0.5 mg L−1, which was the
minimum detection limit.

Acids and bases were produced during a single pass through a PC-
Cell EDQ380 electrodialysis unit (PC-Cell GmbH, Heusweiler,
Germany). The cell housing was made of polypropylene and had
380 cm2 of active area per membrane. The stack contained 8 unit cells,
consisting of a CM, a BPM, and an AM. Membrane spacers made of
silicone rubber and polypropylene mesh were placed between each

Figure 1. Schematic drawing illustrating the production of acids and
bases from the corresponding salts by electrodialysis with bipolar
membranes.

Figure 2. Block flow diagram of acid and base production process.
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membrane pair forming 195 mm × 195 mm × 0.5 mm flow channels.
The spacing between the electrodes and the cation exchange
membranes terminating each end of the stack was approximately 2
mm. The cathode was made of an expanded stainless steel mesh and
the anode was made of expanded titanium mesh with a platinum−
iridium oxide coating. The anion exchange membrane (Neosepta
ACM) was 0.17 mm thick and had an exchange capacity of 1.4−1.7
mequiv g−1. The cation exchange membrane (Neosepta CMX) was
0.18 mm thick and had an exchange capacity of 1.5−1.8 mequiv g−1.
The bipolar membrane was a 0.22 mm thick Neosepta BP-1 bipolar
membrane.
All acid and base production experiments were performed

galvanostatically using a Xantrex XRT 40-21 power supply at cell
currents between 1 and 10 A, corresponding to current densities
ranging from 0.26 to 26 mA cm−2. Samples were simultaneously drawn
from the acid, base, dilute, feed, and electrode wash streams. The pH,
conductivity, and temperature of each sample was measured using an
AquaPro 9156APWP epoxy body pH probe, an Accument two-cell
conductivity and temperature sensor, and a Symphony model SB90M5
multimeter. All probes were calibrated daily. Before samples were
taken, the BMED stack was given a minimum of 10 min to come to
steady state, equivalent to between 8 and 33 bed volumes. The
approach to steady state was monitored with current and potential
readings taken every minute.
Sodium concentrations in the feed, diluate, acid and base solutions

were determined using a PerkinElmer Optima 2100 DV inductively
coupled plasma optical emission spectrophotometer (ICP-OES).
Samples were analyzed in triplicate at 589.592 nm. The acid and
base concentrations were determined using pH measurements with
activity coefficient corrections using the Pitzer model,26 and the
measured Na+ concentration and pH of each sample.

■ RESULTS AND DISCUSSION

The first research task was to determine the effect of feed salt
concentration on the highest acid and base concentrations that
could be made without exceeding the limiting current density in
the diluate compartment, ilim

ED. Figure 3 shows the acid and base
concentrations as a function of current density produced from
NaCl solutions ranging from 48 mM to 390 mM using flow
velocities of 0.25 and 1.2 cm s−1. The maximum acid and base
concentrations that could be achieved for each feed solution are

listed in Table 1. Also listed in Table 1 is the fraction of the
maximum possible acid and base concentrations that could be

obtained from each feed solution without co-ion transport
through the monopolar membranes. The fraction of the
maximum concentrations that were attained based on the
feed solution concentrations ranged from 77 to 81% for acids,
and 73 to 77% for base. To produce these acids and bases
required removing ∼75% of the Na+ and Cl− ions from the feed
solutions passing through the diluate chamber. For the 236 mM
feed solution at 1.2 cm s−1, it was not possible to determine the
maximum acid and base concentration due to the 40 V limit on
the power supply.
The solid line in Figure 3 illustrates the maximum possible

acid and base concentrations that could be produced for 100%
current utilization (ξ), which is equivalent to the Faradaic
efficiency for acid and base production. The current utilization
can be determined from

ξ = FCQ
nI (1)

where F is Faraday’s constant, C is the acid or base normality
(i.e., concentration in equivalents per liter), Q is the volumetric
flow rate of acid or base, I is the applied current, and n is the
number of unit cells (i.e., 8). The ξ values for acid and base
production with u = 0.25 cm s−1 are shown in Figure 4. At

current densities less than 2 mA cm−2, ξ values less than 75%
are the result of i < ilim

BPM. In this circumstance, there was
substantial diffusion of Na+ and Cl− back into the transition
region against the electric field. Electromigration of these ions
out of the transition region decreased the current associated
with water splitting. At current densities greater than 2 mA
cm−2, current utilization less than 100% can be attributed to
leakage of acid and base across the monopolar membranes, and
to the splitting of water at the diluate−monopolar membrane
interface. Leakage of base into the diluate compartments was
experimentally observed by slight increases in pH for the

Figure 3. Concentration of acid (a) or base (b) made from 48 mM
(crosses), 95 mM (squares), 118 mM (asterisks), 192 mM (triangles),
and 390 mM (circles) sodium chloride solutions, flowing at 1.2 cm s−1

(linear markers) or 0.25 cm s−1 (geometric markers), as a function of
current density (i). The solid line illustrates ξi = 1 for u = 0.25 cm s−1

and the dot dashed line illustrates ξi = 1 for u = 1.2 cm s−1.

Table 1. Maximum Acid and Base Concentrations for
Different Feed Solution NaCl Concentrations (C), Limiting
Current Densities (ilim

ED), and Fraction of Maximum Possible
Concentrations for Acid and Base Production

C (mM) ilim
ED (mA cm−2) acid (mM) base (mM)

48 3.2 39/81% 37/77%
95 5.8 73/77% 69/73%
192 12.1 148/77% 144/75%
390 26.3 303/78% 299/77%

Figure 4. Acid (closed markers) and base (open markers) current
utilization (ξ), made from 48 mM (diamonds), 95 mM (squares), 192
mM (triangles), and 390 mM (circles) sodium chloride solutions
flowing at 0.25 cm s−1, as a function of current density (i).
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diluate solution, but never by more than 5 mM. There was also
some acid leakage into the diluate compartment, but it was less
than the base leakage; consequently, acid concentrations and ξ
values were always slightly higher than those for the
corresponding base, as shown in Figure 4. The fraction of the
acid and base that leaked into the diluate compartment
decreased with increasing concentration of the feed solution, as
illustrated in Figure 4 by the increasing ξ values with increasing
feed concentration. This occurred because greater salt
concentrations in the acid and base allowed a greater fraction
of the co-ion leakage currents to be carried by Na+ and Cl−,
rather than H+ and OH−, for a given acid and base
concentration. Similar conclusions can be made for the data
taken with u = 1.2 cm s−1, as shown in Figure S1 in the
Supporting Information.
The effect of ilim

ED on ξ values at 0.25 cm s−1 can be seen in
Figure 4. For each feed concentration, there was a drop in ξ
value when ilim

ED was exceeded. These drops are due to the onset
of field enhanced water dissociation at the monopolar
membrane-diluate solution interfaces.15,4,27,28 This transition
to a current limited regime manifests as a sharp increase in
stack resistance. The change in stack resistance occurs when the
counterion concentration at the ion exchange membrane-
diluate solution interface approaches zero.15,4,27,28 Transitions
to a current limited regime are commonly identified by
constructing a resistance per unit cell (R) versus inverse current
plot,12 as shown in Figure 5. These transitions manifest as

sudden increases in R with increasing current, i.e. decreasing
inverse current (I−1). The abrupt drop in ξ values seen in the
acid and base production data coincide with transitions to
current limited regimes. The ilim

ED was exceeded in every 0.25 cm
s−1 data set and in the 48 mM feed solution flowing at 1.2 cm
s−1. The magnitude of ilim

ED increased with increasing feed salt
concentration and increasing diluate flow velocity. This
dependence of ilim

ED on flow velocity and diluate salt
concentration is indistinguishable from that in ED without
bipolar membranes.12,14−16

Figure 5 also demonstrates that the stack resistance was
dominated by the resistance of the bipolar membranes, which
were, to a first approximation, only dependent on current
density. The acid, base, and diluate solutions, the CM, BPM,
and AM, represent series resistances within a BMED stack. Bulk
solution resistance is dependent on salt concentration. The
resistance of the laminar boundary layer adjacent to the
monopolar membranes is dependent on bulk solution
concentration and flow velocity, and the resistance of the
monopolar membranes is, to a first approximation, constant.

The data in Figure 5 shows that the stack resistance was
essentially independent of solution composition and flow
velocity for i < ilim

ED. The resistance of bipolar membranes is
known to decrease with increasing current density.9,10 Thus,
the trend in Figure 5 shows that the resistance of the stack was
controlled almost entirely by the resistance of the BPM.

Energy Utilzation. The energy requirements (E) for
producing a mole of acid or base can be determined from
the ratio of the applied power (I2R) to the molar production
rate of acid or base (ξnI/F), as given by

ξ
=E

IRF
n

1/2
(2)

Equation 2 attributes half the energy for acid production and
half the energy for base production, since they are produced
simultaneously. Figure 6a shows the E values for both acid and

base production as a function of current density for a fluid
velocity of 1.2 cm s−1. The data set for a feed NaCl
concentration of 49 mM shows the effect of exceeding ilim

ED on
the molar energy requirements. For this feed solution, ilim

EDwas
exceeded for i > 8 mA cm−2. In the other feed solutions, ilim

ED was
not exceeded, and E values increased linearly with i once ilim

BPM

was reached, in accord with eq 2. For current densities between
ilim
ED and ilim

BPM, both R and ξ were dependent on current density.
Figure S2 in the Supporting Information shows that R
decreases with increasing current density, and Figure 4 shows
the effect of current density on ξ values. Thus, the linear
relationship between E and i results from cancellation of these
two opposing effects. The data in Figure 6b shows the effect of
current density on E values for a fluid velocity of 0.25 cm s−1.
For all feed concentrations, ilim

BPM was reached or exceeded, and
the energy requirements ranged from 0.02 to 0.09 kW h mol−1.

Scalability. The size of the BMED cell that is needed for a
particular application will depend on the current density at
which it can be operated. This current density is dependent on
the salt concentration of the feed solution and the linear

Figure 5. Resistance of a unit cell (R) as a function of inverse current
(I−1) for 48 mM (diamonds), 49 mM (pluses), 95 mM (squares), 118
mM (exes), 192 mM (triangles), 236 mM (asterisks), and 390 mM
(circles) sodium chloride solutions for u = 0.25 cm s−1 (linear
markers) and u = 1.2 cm s−1 (geometric markers).

Figure 6. (a) Acid (closed markers) and base (open markers) molar
energy (E) requirement, made from 49 mM (squares), 118 mM
(triangles), and 236 mM (circles) sodium chloride solutions flowing at
1.2 cm s−1, as a function of current density (i). (b) Acid (closed
markers) and base (open markers) molar energy (E), made from 48
mM (diamonds), 95 mM (squares), 192 mM (triangles), and 390 mM
(circles) sodium chloride solutions flowing at 0.25 cm s−1, as a
function of current density (i).
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velocity in the cell, because of boundary layer mass transfer
effects. For an RO concentrate with 90% recovery, the ionic
strength of the concentrate solution will be 10 times the
concentration of the feed solution, which is typically ∼10−12
mN. Thus, the data in Figure 6a for a 118 mN feed solution can
be used to estimate the BMED stack size required for
producing sufficient acid or base for regenerating ion exchange
media per volume of water softened. When operated at 13.2
mA cm−2 the ξ value for acid production is 98% (Figure S1).
This results in an acid production rate of 116 mol d−1 m−2 of
active membrane area. To put this number in perspective, the
membrane area required for producing enough acid to
regenerate WAC media with a feed hardness of 4 mequiv L−1

can be calculated per million gallons of water treated per day
(MGD). Based on stoichiometric regeneration of the WAC
media,29 15.1 kmol d−1 of acid and base are required per MGD
of water softened. Thus, the membrane area required is 130 m2

per MGD of water softened. Commercial BMED stacks often
contain more than 100 unit cells each with an active membrane
area of 1 m2 or more.4 Thus, approximately 1 commercial
BMED stack would be sufficient for supplying acid and base for
softening 1 MGD of water with 4 mequiv L−1 of hardness.
The range of E values for current densities >5 mA cm−2

(0.025 to 0.09 kWh mol−1) in Figure 6 can be used to estimate
the energy costs for acid and base production under practical
conditions. Assuming an industrial energy cost of $0.07
kW−1 h−1,30 the cost to make 1 kmol of acid and base ranges
from $1.75 to $6.30, exclusive of pumping costs. The pumping
costs are typically similar to those for operating the BMED
stack.4 These values can be compared to the costs for
purchasing acids and bases in large quantities. Table 2 shows

current cost estimates for purchasing HCl and NaOH in bulk
quantities, including freight costs, which typically run about
$100/ton.31,32 Also shown in Table 2 are the range in electrical
energy costs, including pumping, for onsite acid and base
generation. At all current densities and flow velocities, the costs
for making acids and bases was significantly lower than
purchasing acids and bases in multiple ton quantities.
A more thorough analysis of the total operating costs would

require many assumptions that would be heavily dependent on
the application. However, a rough estimate can be made from a
previously published analysis for making 2 N acid and base
solutions from a 2.5 N NaCl solution.4 This analysis indicates
that the total costs for acid and base production are 1.7 times
the energy cost, assuming a current utilization of 70%. The total
costs include all peripheral equipment, maintenance, cost of
capital, and membrane replacement every two years. Thus, even
when these costs are included, the process proposed here
remains cost competitive to purchasing acids and bases.

However, the cost for purchasing acids and bases does not
include the environmental cost of increasing the salinity of the
water supply.
This research showed that dilute salt solutions can be used to

make acids and bases cost-effectively with high Faradaic
efficiencies. The lowest salt concentration investigated (48
mM), typical of that in an evaporative cooling system operating
at 5 cycles of concentration, can make acid sufficiently strong to
regenerate WAC ion exchange media. The ion exchange media
can be used to soften the water and remove other multivalent
cations that may foul the BMED stack prior to use in the
cooling system. Softened water in evaporative cooling systems
will eliminate the need for adding scale inhibiting chemicals and
will also allow the cooling system to be operated at higher
cycles of concentration, thereby saving on water use. Water
softening prior to reverse osmosis will also eliminate the need
for adding scale inhibitors and will result in water savings by
allowing higher permeate recoveries. Making ion exchange
regenerant solutions from ions that are present in the feedwater
will greatly reduce the impact of ion exchange softening on the
salinification of potable water supplies.
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