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a b s t r a c t

A robust ion-exchange resin wafer electrodeionization technology was used to demonstrate the energy
efficiency of impaired water desalination. The loose ion exchange resin beads used in conventional
electrodeionization were immobilized and molded to form a porous resin wafer material. In this study,
the energy efficiency of brackish water desalination using resin wafer electrodeionization was evaluated
along with salt removal ratio, current efficiency and productivity. Several key operating factors, including
treatment time, applied electrical energy and feed flow rate were selected through experimental design.
In addition, the removal rate constant in resin wafer electrodeionization was determined via a pseudo
first-order kinetic model, and then correlated with operation parameters. Furthermore, the prediction
models of the productivity and energy consumption were established using response surface method-
ology. Results suggest that resin wafer electrodeionization can improve energy efficiency to greater than
35% in comparison to reverse osmosis (normally ~12%) for impaired water desalination. The energy
consumption of resin wafer electrodeionization was found to be 0.35e0.66 kWh/m3 with productivity of
20.1e44.7 L/hr/m2 (i.e., 5.3e11.8 gal/hr/m2) for brackish water desalination. Furthermore, a preliminary
economic evaluation on impaired water desalination using resin wafer electrodeionization comparable
to commercial reverse osmosis process was provided. It suggests that resin wafer electrodeionization
offers the potential for an abundant source of fresh water from impaired water desalination at a cost-
effective manner, which should be viewed as a crucial component in the portfolio of water supply
options.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Freshwater stress and scarcity is one of the most challenging
society issues (OECD/IEA, 2013; Sahin et al., 2015). Desalination of
seawater and/or impaired water should be a resource-efficient so-
lution in the face of an increase in regional freshwater scarcity;
however, desalination processes are energy intensive in compari-
son to direct freshwater use. New approaches to reducing the en-
ergy for treating brackish and impaired water could help alleviate
freshwater stress (USDOE, 2014). The theoretical minimum energy
for desalination is achieved when the separation occurs as a
reversible thermodynamic process, and is a function of the water
, IL 60439, United States.
recovery percentage and salinity of the feedwater (Elimelech and
Phillip, 2011). While the practical energy required for desalination
is dependent on the fundamental removal mechanism and desali-
nation method (Porada et al., 2013).

Existing technologies, including multi-effect distillation (MED)
(Drioli et al., 2015) and reverse osmosis (RO) (Elimelech and Phillip,
2011), are well established for seawater (~35 g/L NaCl) desalination.
These technologies remove water from the saline source and have
not been optimized for impaired water (a salinity of 1e20 g/L)
desalination. They operate far from the thermodynamic efficiency
limit of desalination. With RO, energy efficiency improves only
slightly with decreasing feedwater salinity. Therefore, the energy
efficiency per unit of salt removed decreases with decreasing
salinity. Significant difference in energy efficiency of RO was real-
ized from near maximum 65% for seawater desalination to 11% for
impaired water desalination. In contrast, electrically-driven
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processes, such as electrodialysis (ED), remove salts or ions from
the feedwater rather than the water from the feed. Energy use
scales near linearly with the feedwater salinity and they offer su-
perior efficiency at lower salinity in comparison to pressure-driven
or temperature-driven processes.

To improve energy efficiency beyond RO for impaired water
desalination (i.e., <1.0 kWh/m3), different advanced processes,
such as forward osmosis (FO) (Luo et al., 2014), capacitive deion-
ization (CDI) (Bian et al., 2015; Dlugolecki and van der Wal, 2013)
and modified electrodeionization (EDI) (Alvarado and Chen, 2014;
Lu et al., 2015), have been proposed and developed. FO, an
osmotically-driven membrane process, is operated under low hy-
draulic pressure, even under no hydraulic pressure. For brackish
water desalination, FO usually requires a post-treatment process,
such as pressure-driven membrane processes and thermal pro-
cesses, to recover product water. Compared to RO (pressure-
driven) process, FO exhibits higher water recovery ratio, lower
membrane fouling tendency and more energy efficiency (Xu et al.,
2017). However, FO technology still suffers from significant issues
including (i) slow desalination kinetics, (ii) non-ideal membrane
performance such as water recovery efficiency, mechanical
strength and fabrication costs, and (iii) membrane fouling and
internal concentration polarization. CDI technology removes salts
from impaired water by electric field into pore surface electric
double layers, a process known as electrosorption (Biesheuvel and
Bazant, 2010). When treating brackish water with a salinity of 2.0
g/L, CDI required approximately 0.59 kWh/m3 to recover 70% of
the water at a permeate salinity of 0.5 g/L (Welgemoed and
Schutte, 2005). However, CDI suffers from considerable chal-
lenges, such as (i) high costs for electrode fabrication, (ii) small
scale of operation, and (iii) incomplete regeneration of the elec-
trodes (AlMarzooqi et al., 2014).

Electrodeionization (EDI) has being commercially applied to
produce ultrapure water in the semiconductor and pharmaceutical
industries. Electrically-driven separations processes such as ED and
EDI remove charged ions by applying an electric field. Ion exchange
(IEX) resins are incorporated into the EDI process channel to pro-
vide a pathway for enhanced ion migration. The IEX resins increase
conductivity in across the process channel and enable ion transport
towards the IEX membranes with low conductivity process water.
The IEX resin beads are continuously regenerated electrochemically
by protons (Hþ) and hydroxyl ions (OH�) via a water splitting re-
action in the applied electric field. For this reason, chemical
regeneration is not required in EDI in comparison to a conventional
IEX columns process. Furthermore, EDI reduces energy use for
impaired water desalination in comparison to ED and RO (Zhang et
al., 2014).

Conventional EDI processes suffer from inconsistent perfor-
mance and difficult on-site maintenance due to the use of loose
resin beads (Pan et al., 2017). With loose resins, the EDI stack must
be handled with care in a controlled environment. Loose IEX beads
can also result in channel formation, thereby decreasing ion
removal. To overcome the aforementioned barriers, Lin et al.
(2008) have developed a resin wafer (RW) material, which is
composed of the original loose IEX resins immobilized and molded
into a porous and solid matrix, to replace the conventional loose
beads in stack. The EDI stack with the prepared RW material, so-
called RW-EDI, can significantly improve ionic mobility and also
enable local pH control (Arora et al., 2007). The RW-EDI has been
successfully applied to several process streams, such as CO2 cap-
ture (Datta et al., 2013a), recycling of cooling water in power
plants (Gill, 2010), recovery of organic acids (Datta et al., 2014),
purification of organic acids incorporated with ionic liquids (Lopez
and Hestekin, 2015), treatment of industrial process water (Lopez
et al., 2017), deacidification of lignocellulosic hydrolysate liquor
(Datta et al., 2013b), and detoxification of biomass slurries
(Gurram et al., 2011).

For a cost-effective impaired water desalination, maintaining
high performance in both productivity (water recovery ratio) and
energy consumption is a critical task to enable significant
deployment. High water recovery ratio provides an additional
value of decreasing the volume of discharge or reject brine water
that must be managed. Therefore, the productivity and energy
efficiency for RW-EDI desalination of impaired water were eval-
uated in this study. The objectives of this study were to (1) eval-
uate operation conditions including treatment time, applied
voltage and feed flow rate on salt removal ratio and current effi-
ciency; (2) determine the salt removal kinetics via a first-order
model; (3) establish non-linear models using response surface
methodology for balancing productivity and energy consumption;
and (4) provide a preliminary economic evaluation on impaired
water desalination using RW-EDI compared to RO and conven-
tional ED processes.
2. Materials and methods

2.1. Resin wafer electrodeionization (RW-EDI)

The impaired water desalination experiments using RW-EDI
were conducted in a modified commercial electrodialysis stack
(EUR2B-10), purchased from Ameridia Corp. (Somerset, NJ, USA). A
four-cell pair configuration RW-EDI device was used for all exper-
iments, where the configuration details are provided in Table 1.
Each cell pair in the RW-EDI system contains a diluate compart-
ment (ions depleted) and a concentrate compartment (ions accu-
mulated), separated by cation, anion and bipolar membranes. This
combinationwas repeated for the multi-cell pair configuration. The
diluate compartment contains a porous ion-exchange resin wafer,
with 195 cm2 cross-section surface area. Resin wafers were fabri-
cated using anion-exchange resin beads, cation-exchange resin
beads, a binder polymer and a porogen. The mixture was then
heated to around 100 �C for 1 h, and cast in a mold to form a porous
resin wafer. The length and width of the resin wafer is 17.6 and 11.1
cm, respectively. Bipolar membranes were used at both ends of the
RW-EDI stack to isolate the electrode rinse solution (2.5% Na2SO4)
from the process fluid. The membranes are arranged to facilitate
unidirectional ion flow under an applied electric field. In other
words, ions can only move out from the diluate compartments into
concentrate compartments. Two liters of 2.5% Na2SO4 were used as
electrode rinse solution in the RW-EDI.

Fig. 1 shows the schematic diagram of RW-EDI for impaired
water desalination in this study. Brackish water covers a range of
salinity regimes, i.e., typically from 1 to 15 g/L of salt. In this study,
synthetic brackishwater with a representative concentration of 5 g/
L NaCl was used. In each experiment, 2 L of brackish water were
processed for 120 min. The concentrate tank started with 2 L of 0.1
N NaCl initial concentration. The flow rate of concentrate stream is
fixed at 1100 mL/min in all experiments. A DC power (XHR 100-10,
Sorensen, AMETEK, Inc., USA) was used to apply constant voltage or
current across the electrodes.
2.2. Key performance indicators

For impaired water desalination, four key performance in-
dicators should be determined for process evaluation: salt removal
ratio (hr), current efficiency (CE), energy consumption (jc), and
energy efficiency (he). The removal ratio (hr) quantifies the fraction
of ions removed by the EDI, and is a critical process parameter for
process scale-up. The amount of chloride ion removal ratio can be



Table 1
Specification of resin wafer electrodeionization (RW-EDI) system used in this study.

Specifications Unit Specification

EDI stack Operating modulus e batch
Cell pair e 4

Resin wafer Cation exchange resin e Purolite PFC100E
Anion exchange resin e Purolite PFA444
Length cm 17.6
Width cm 11.1
Thickness cm 0.5e1.0

Membranes Cation exchange membrane a e Neosepta CMX, strong acid cation
Anion exchange membrane a e Neosepta AMX, strong basic cation
Bipolar membrane a e Neosepta BP, thickness 0.22 mm
Cross surface area cm2 195

Water samples and solutions Synthesis brackish water (feed) g/L NaCl-eq 5.0
Feed volume L 2
Concentrate stream g/L NaCl-eq 5.84 (~0.1 N)
Concentrate flow rate mL/min 1100
Concentrate volume L 2
Electrode rinse e 2.5% Na2SO4

a Membranes were purchased from Ameridia.
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determined using Eq. (1):

hr ð%Þ ¼
Ci � Co

Ci
� 100 (1)

where Ci and Co are the initial and outflow concentration (g/L) of
chloride ions in solution, respectively. The removal ratio depends
on both the fundamental performance of the materials (e.g., resin
and membranes) in the EDI and the operating conditions (e.g., flow
rate and applied current).

CE represents the effectiveness of ions transported across the
IEX membranes by a given current. which can be determined ac-
cording to Eq. (2). It is defined as the ratio of the stoichiometric
number of electrical charges for the ion migrated to the total
electrical charges introduced into the device (Feng et al., 2007).

CE ¼ z� F � nZ t

0
I � dt

¼ 1:61� Qf � ðCi � CoÞ � z
MWNaCl � I � Ncp

(2)

where z is the valence of the ion (equiv/mole); F is the Faraday
constant (96500 s A/mol); n is the mole number of the ionmigrated
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Fig. 1. Schematic diagram of resin wafer electrodeionization (RW-EDI) process for
brackish water desalination. (1) dilute tank, (2) pump, (3) concentrate tank, (4) RW-
EDI, (5) anode, (6) cathode, (7) feed stream, and (8) concentrate stream.
(mol); I is the stack current (A); t is the time interval (s); Qf is the
feed flow rate (mL/min);MWNaCl is the molecular weight of sodium
chloride (58.44 g/mole); and Ncp is the number of cell pairs. Typi-
cally, current efficiencies greater than 80% are desirable to mini-
mize energy consumption and operating costs. Low current
efficiencies may be attributed from several operation problems,
such as excessive water splitting, shunt currents between the
electrodes, and back-diffusion of ions from the concentrate to the
diluate. Therefore, the relationship of ion removal ratio and the
process operation parameters can be clearly understood by CE.

Cost-effective desalination requires both high productivity (re-
covery ratio) and low energy consumption. The process water
productivity (4, L/hr/m2) can be calculated from the ratio of the
feed flow rate to the total active cross section membrane area. On
the other hand, the energy consumption (jc, kWh/m3), the electric
energy used to produce 1 m3 of purified water, can be calculated by
Eq. (3):

jc

�
kWh

.
m3

�
¼ U

0 � I � t
L

¼ 16:7� U
0 � I
Qp

(3)

where U0 is the applied voltage (V); L is the volume of diluted feed
water (m3); and Qp is the flow rate of produced water (mL/min).

Another important key performance indicator for desalination
process is the energy efficiency (he), followed by the second law
efficiency of the desalination plant. The energy efficiency can be
defined as the ratio of the minimum work required for separation
(i.e., desalination) to the actual work consumed by a desalination
process (Sharqawy et al., 2011), as shown in Eq. (4):

he ð%Þ ¼
Wmin

Wactual
� 100 (4)

where Wmin is the minimumwork of separation as calculated from
thermodynamics, and Wactual is the actual work supplied to the
separation process. It is noted that a major part of water-energy
nexus concerns the energy consumption [Eq. (3)] and energy effi-
ciency [Eq. (4)] for supplying and treating water (OECD/IEA, 2013;
USDOE, 2014).
2.3. Design of experiments

Experiments were conducted to evaluate the effect of applied
voltage and feed flow rate on the key performance indicators of
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RW-EDI via a central composite design (CCD). The design of ex-
periments, regression analysis, and analysis of variance (ANOVA)
were performed using Design Expert software (ver. 8.0.6, Stat-Ease
Inc., USA). A five-level CCDwith two factors, including a replicate at
factorial, two replicates at axial, and three replicates at the center
point was applied, leading to 17 runs for fitting the response sur-
face. CCD is a regression form that is introduced to consider the
effect of the interaction among the independent variables
(Montgomery, 2017). In the CCD, each process variables are divided
into five coded levels (i.e., -a, 1, 0, 1, and þa). Each of these level
corresponds to a variable value by a linear transform of the original
data scale, i.e., the highest value of the original variable becomesþ1
and the lowest value becomes �1; the average of these two values
(þ1 and �1) is assigned to 0; the values of -a and þa are applied to
find the minimum and the maximum values, respectively.

2.4. Response surface methodology (RSM)

To evaluate the relations between the operating variables and
the process responses (i.e., key performance indicators), nonlinear
mathematical programming was conducted using the response
surface methodology (RSM) based on the CCDmethod in this study.
The RSM, first developed by Box andWilson (1951), is a collection of
statistical and mathematical techniques that are used for modelling
and analysis of responses using non-linear regression. In this study,
factors including applied voltage (5.48e13.81 V, coded as A) and
feed flow rate (410e840 mL/min, coded as B) were designated with
low and high levels in D-optimal design, as shown in Table 2.

Two different response models (i.e., output variable) including
productivity (4) and energy consumption (jc) were established
using RSM. Least-squares estimation was used to determine the
model parameters in the approximating polynomial equation. Ac-
cording to the analysis of variance table, the developed response
models were all significant because the p-value were less than 0.05
with acceptable R2 values. In general, any values of “Prob > F” less
than 0.05 indicate that model terms are significant, while values
greater than 0.100 indicate that the model terms are not significant.

2.5. Analytical methods

The conductivity of samples was measured with a conductivity
meter (SevenGo, Mettler Toledo). Chloride was analyzed by ion
chromatograph (IC, Metrohm IC Plus system) with a Grace (Deer-
field, IL) Allsep anion column and a conductivity detector. A flow
rate of 1 mL/minwith a mobile phase of 4.2 mM carbonate and 100
mM sulfuric acid (H2SO4) as the suppressor liquid was used. A
calibration curve between ionic conductivity and chloride con-
centration was established. Selected chloride concentrations were
re-measured with the IC equipment.

3. Results and discussion

3.1. Effect of different operating conditions on removal ratio

The effect of treatment time, applied voltage and feed flow rate
on both removal ratio and current efficiencywas evaluated. Fig. 2(a)
shows the effect of applied voltage and treatment time on the salt
Table 2
Two Factors with Five Levels using Central Composite Design (CCD) Method.

Factors Properties Units Set values

Min. Max

A Applied voltage V 5.48 13.8
B Feed flow rate mL/min 410 840
removal ratio. In the batch experiments, the removal ratio of salt in
solution continuously increased with time. In all cases, greater than
99% salt removal can be achieved at 120 min at various applied
voltages. The salt removal ratio (or the rate of ion transport)
steadily (linearly) increased as the applied cell voltage (i.e., voltage
drop per cell pair) increased from 1.37 V to 3.15 V. This is attributed
to the fact that the mass transfer rate of charged ions in bulk so-
lution did not reach concentration polarization at the operating
voltages in the resin bed. In other words, the adsorption/desorption
of ions in the resin beads is not the rate limiting step. Therefore, the
resin bed enhanced the overall conductivity in the dilute
compartment.

With an applied voltage per cell pair of 3.45 V, the salt removal
ratio in effluent stream at 30 min was greater than 95%, with an
outflow concentration of approximately 0.2 g/L NaCl. When the cell
voltage exceeded 3.15 V, the rate of ion transport (i.e., �dC/dt) was
plateaued, indicating that excess voltage resulted inwater splitting.
At high applied cell voltage, water splitting reaction may occur at
two locations: (1) the ion-exchange membrane surface, i.e., on both
sides of ion-exchange membranes, and (2) the surface of cation and
anion-exchange resin beads (Keramati et al., 2010). The former
reduces ion transfer through the CEM and AEM. The later helps
regenerate the ion-exchange resin beads. The fraction of water
splitting at each location is dependent on applied electric field, ion
concentrations, ion mobility in liquid and ion-exchange resin, feed
flow rate, composition of cation and anion resin beads. When
excess voltage is applied, a portion of the electricity is consumed for
proton and hydroxide generation and recombination, thereby
reducing energy efficiency (defined in Eq (4)). The applied electric
field, such as voltage (or current), should be carefully controlled to
avoid excess water splitting, where the optimization of applied
voltage are presented in Section 3.5.

Fig. 2(b) presents the effect of feed flow rate on the salt removal
ratio. Increase of feed flow rate from 410 mL/min to 840 mL/min
had a minor effect on NaCl removal. This is attributed to high cur-
rent utilization, which is defined as the fraction of applied current
to completely remove the charged ions from the feed solution.
Current utilization is proportional to the feed flow rate, feed con-
centration and number of charges; while inversely proportional to
applied current. In the batch operation, current utilization is nor-
mally greater than 100% because it could typically operate at a high
feed flow rate. In other words, initially, the applied current is almost
completely utilized for transporting charged ions from the feed
solution through membrane.

As time elapses, concentration of the feed stream is reduced,
leading to a continuous decrease in current utilization. Once cur-
rent utilization drops below 100%, applied current is also used for
water splitting. The rate of ion transport from the dilute stream to
the resin (i.e., �dC/dt) is influenced by the feed flow rate, where it
reached a maximal rate when the flow rate increased from 410 mL/
min to 625 mL/min. Further increase in feed flow rate beyond 625
mL/min will result in a significant reduction of ion transport rate.
This could be due to limitation in ion adsorption/desorption on the
resin beads. Excessive flow rate reduces adsorption/desorption rate
of ions from the liquid to the resin, therefore, reducing the removal
rate. Thus the optimal feed flow rate is a balance between pro-
ductivity and energy consumption.
Coded (actual) values Statistics

. Min. Max. Mean Std. Dev.

1 �1 (6.70) 1 (12.59) 9.65 2.31
�1 (475) 1 (775) 625 118
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Fig. 2. Influence of (a) applied voltage (C: 1.37 V/cell, △: 1.68 V/cell, -: 2.41 V/cell, ⋄: 3.15 V/cell, ;: 3.45 V/cell) and (b) feed flow rate (C: 410 mL/min, △: 475 mL/min, -:
625 mL/min, ⋄: 775 mL/min, ;: 840 mL/min) on salt removal ratio under various treatment times (operating condition: initial concentration of 5 g/L NaCl).
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3.2. Effect of voltage and feed flow rate on current efficiency

Fig. 3 illustrates the relationship between the feed NaCl con-
centration and the current efficiency under different conditions.
Current efficiency generally decreased with decrease of the feed
flow concentration. Decreasing ion concentration is similar to an
increase in resistance of bulk solution; therefore, a higher voltage
should be applied to maintain the same level of current flow across
the stack, where excess electrical energy results in water splitting.
Similar trends were observed even under a range of operating
conditions. Based on the slope of the correlation curve, the feed
concentration can be typically divided into three zones. Zone A



Fig. 3. Relationship of feed NaCl concentration and current efficiency (defined by Eq. (2)) under different conditions. V is the applied voltage across the four cell-pair EDI stack, and
Qf is the feed flow rate.
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represents an appropriate operating window of feed concentration
(1.8e5 g/L) for the high current efficiency greater than 50%. In this
zone, due to a sufficient ion conductivity across the EDI stack, most
of the applied electric energy is efficiently utilized in ion transport
of salt. In contrast, within a lower feed concentration range of
0.6e1.8 g/L (Zone B), the current efficiency was found to be
dramatically reduced from 50% to 35%. A further decrease in feed
flow concentration to less than 0.6 g/L (Zone C) would increase the
resistance of ion transport and voltage difference across the stack,
thereby resulting in rapid decrease in the current efficiency.

The significant increase in cell voltage would induce a great
fraction of water splitting reaction. The fraction of water splitting at
each location is dependent on applied electric field, ion concen-
trations, ion mobility in liquid and ion-exchange resin, feed flow
rate, composition of cation and anion resin beads. As the previous
discussion, when excess voltage is applied, a portion of the elec-
tricity is consumed for proton and hydroxide generation and
recombination, reducing energy efficiency. In addition, in current
evaluation, part of the applied voltage was used for the electrode
reactions in cathodic and anodic compartments, which was much
greater than the voltage across each call pair. For instance, in the
case of applied voltage at 6.72 V in 4 cell-pair RW-EDI operation,
the actual measured cell voltage drops crossing all the cell pairs was
only 2.22 V (or 0.56 V/cell). In other words, approximate 68% of
applied voltage was used in the electrode reactions. In commercial-
scale stack of multiple cell-pair ED or EDI operation (such as 100
cell-pairs), the percentage of voltage used in the electrode reactions
will be less than 8%. It thus suggests that the applied voltages need
to be adjusted to match ion concentration, thereby reducing water
splitting and increasing current efficiency.
3.3. Development of kinetic model for RW-EDI desalination

The removal kinetics of NaCl from the brackish water is
impacted by both the applied voltage and feed flow rate (or
superficial velocity). We chose the first-order kinetic model to
correlate the performance of NaCl removal under different oper-
ating conditions with RW-EDI, which can be represented by Eq. (5):

�dC
dt

¼ kC (5)

where k is the apparent rate constant, and C is the concentration
within the feed compartment at any time (g/L). Table 3 presents the
results of kinetic modelling under different operating conditions,
which indicate that the experimental data fit the first-order model
quite well.

The relative percent differences of removal ratio between
experimental data and values predicted by the obtained model
were less than 10%, as shown in Fig. 4. As the aforementioned
findings, the initial removal rate is greater due to the higher con-
centration difference under electric-field driving force. As time
elapsed, the removal rate decreases with the decrease in solution
conductivity, thereby limiting charge transport. Greater removal
rates were observed at higher voltages. For example, the rate
constant (k) was 0.0971 ± 0.0037 min�1 with an applied voltage of
3.15 V per cell at a feed flow rate of 775 mL/min.

Rate constants were correlated with the operating parameters,
as shown in Eq. (6):

k ¼ f ðvs;UÞ (6)

Where vs is the superficial velocity (cm/s), and U is the applied
voltage per cell pair (V). These two factors were correlated with the
rate constant in a power function. For example, Fig. 5 reveals the
relationship between the rate constant and applied voltage.

The power function of applied voltage is well correlated to the
rate constant, with an R2 value of 0.954. Similar analysis was con-
ducted for the superficial velocity. The relationship of rate constant
with applied voltage and superficial velocity can be correlated by
Eq. (7):



Table 3
First-order kinetic modelling under different operating conditions for RW-EDI.

Run Operating conditions Experiments Kinetic model

Voltage (V) Voltage per cell (V) Qf (mL/min) Removal ratio (%)a Rate constant, first-order (min�1) b R2

1 5.48 1.37 625 85.0 0.0261 ± 0.0028 0.978
2 6.7 1.68 625 94.6 0.0385 ± 0.0023 0.994
3 9.65 2.41 625 99.7 0.0636 ± 0.0040 0.995
4 12.59 3.15 625 99.9 0.0885 ± 0.0029 0.999
5 13.81 3.45 625 99.7 0.0965 ± 0.0021 1.000
6 9.65 2.41 410 99.5 0.0687 ± 0.0023 0.999
7 9.65 2.41 475 99.6 0.0643 ± 0.0027 0.998
8 9.65 2.41 625 99.8 0.0709 ± 0.0029 0.998
9 9.65 2.41 775 99.5 0.0611 ± 0.0026 0.998
10 9.65 2.41 840 99.6 0.0605 ± 0.0036 0.995
11 12.59 3.15 475 99.8 0.0878 ± 0.0014 1.000
12 12.59 3.15 775 99.9 0.0971 ± 0.0037 0.999
13 9.65 2.41 625 99.6 0.0658 ± 0.0025 0.998
14 6.70 1.68 475 94.0 0.0363 ± 0.0021 0.994
15 6.70 1.68 775 99.1 0.0510 ± 0.0038 0.992
16 5.48 1.37 700 79.4 0.0249 ± 0.0014 0.993

a Removal ratio at 60 min.
b With 95% confidence intervals.
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k ¼ 0:020� vs � U1:284 (7)

where the ranges of the superficial velocity and voltage per cell pair
in this correlation are

1:43< vs <2:91 (8)

1:37<U <3:45 (9)
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Fig. 4. Comparison of experimental data in RW-EDI process with
A comparison of experimental data with the kinetic model in-
dicates that the relative percent difference between rate constants
from experimental data and obtained kinetic models were less than
10% (Fig. 6). The dependence of applied voltage on rate constant
was much greater than that of superficial velocity because the rate
constants varied with both the applied voltage and superficial ve-
locity to the 1.28 and 0.03 power, respectively [Eq. (7)]. Increasing
cell voltage enhances removal kinetics more than the feed flow
rate. However, applied voltage is also strongly related to energy
Predicted by Model (%)
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consumption. Therefore, the applied voltage should be adjusted to
a minimal level to achieve targeted effluent water quality re-
quirements at a desired retention time, as well as to reduce energy
consumption.
3.4. Balancing process productivity and energy consumption by
response surface models

In this study, two response surface models on productivity and
energy consumption were established using the RSM according to
Rate Constant, k (experimental data)
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Fig. 6. Comparison of experimental data in RW-EDI process with values predicted by
kinetic model developed in this study.
the experimental data. The coded models associated with applied
voltage (A) and feed flow rate (B) on productivity (4, L/hr/m2) and
energy consumption (jc, kWh/m3) are presented in Eqs. (10) and
(11), respectively. Fig. 7(a) and (b) show the comparison of actual
and predicted values for productivity (4) and energy consumption
(jc), respectively. The results indicated that the developed surface
model exhibited a satisfactory estimation of the actual response
value. In other words, the analysis of the response surface was
representatively equivalent to the analysis of the experimental
system.

4 (coded) ¼ 53.0 þ 20.6*A e 1.32*B e 4.32*A*B þ 1.17*A2 e 2.50*B2

þ 4.77*A2B (10)

jc (coded) ¼ 1.64 þ 0.7*A e 0.11*B (11)

There were dependent relationships between applied voltage
and feed flow rate on the productivity, while the applied voltage
and feed flow rate were independent to each other on the energy
consumption (i.e., linear model). Fig. 8 shows the contour and 3D
response surface plots of these established mathematical models.
Changing the operating factor values impacts the response on the
contour or 3D plots. From the RSM results, productivity was found
to be well fit in a modified cubic model, which was influenced
interactively by both applied voltage and feed flow rate. However,
the energy consumption (j) can be well expressed by a linear
model, revealing that it increases directly with the increase in
applied voltage while decreasing with increase in feed flow rate.
Energy consumption was found to be more sensitive to the applied
voltage (with a coefficient of 0.7) than feed flow rate (with a co-
efficient of 0.1).

A cost-effective process for impairedwater desalination requires
a high process productivity (small land footprint), at the same time,
achieving low energy consumption (low operating cost). In this
study, the relationship between productivity and energy con-
sumption was experimentally evaluated under an initial NaCl feed
concentration of 5 g/L. To balance productivity (4) and energy



(a)

(b)

Fig. 7. Prediction vs. actual values of response surface model for (a) productivity and
(b) energy consumption.
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consumption (jc) at a selected removal ratio target, the developed
response surface models were utilized for identifying desired
technological criteria. A removal ratio (hr) target of 90% was set to
meet the effluent water quality requirement of less than 0.5 g/L
NaCl, as expressed in Eq. (12). In this case, the design objectives
were to maximize the productivity; while minimizing the energy
consumption, as expressed in Eqs. (13) and (14), respectively:

Constraint: hr ¼ f (A, B) > 90% (12)

Max. (productivity): 4 ¼ f (A, B) > 37.85 L/hr/m2 (i.e., ~10 gal/hr/
m2) (13)

Min. (energy consumption): jc ¼ f (A, B) < 0.9 kWh/m3 (14)

With the constraint on removal performance and objectives for
each targeted response, the potential ranges of the operating factor
designs could be identified graphically by creating an overlay
contour that highlights an area of operability. Fig. 9 shows the re-
sults of multi-objective evaluation for RW-EDI from the non-linear
programming analysis. The ideal operating conditions should be at
an applied voltage of 1.73 V per cell pair with a feed flow rate of 775
mL/min, corresponding to a productivity of 39.4 L/hr/m2 (i.e., ~10.4
gal/hr/m2) at energy consumption of 0.887 kWh/m3. In this case,
the outflow TDS concentration of the feed stream from the RW-EDI
would be 0.5 g/L, corresponding to a removal efficiency of 90%. In
comparison to RO, the best achievable energy consumption for
treating feed water concentration greater than 5 g/L NaCl in large-
scale RO plants was 1.2e1.5 kWh/m3 (Zhao et al., 2013), corre-
sponding to energy efficiency of 10e12% (assumed 50% recovery). It
thus suggests that RW-EDI is more energy-efficient than RO for
impaired water desalination.

3.5. Economic evaluation of impaired water desalination

Desalination of impaired water, such as cooling and process
water, using EDI offers the potential for an abundant source of fresh
water. Continuous EDI has been applied on an industrial scale as a
cost effective alternative to provide deionized water and/or ultra-
pure water of extremely low conductivity (Grabowski et al., 2006).
Although RO is the dominant desalination process for seawater in
the United States, it is nearing the practical limits for brackish water
desalination in terms of energy efficiency (Carter, 2015; USDOE,
2014). Instead of using RO, the effectiveness of using RW-EDI for
impaired water desalination include (i) a reduction in energy
consumption, (ii) an increase in clean water throughput, and (ii)
less amounts of concentrate brine which require subsequent
treatments. Therefore, RW-EDI (i.e., advanced EDI process) should
be viewed as a crucial component in the portfolio of water supply
options, especially for the reclamation of impaired water.

Typically, the major costs of a desalination plant such as RO, ED
and RW-EDI include (i) capital cost, (ii) processing and operating
costs, and (iii) maintenance costs, e.g., periodical replacement of
membrane. Using RO in purifying impaired water, the processing
costs would be influenced greatly by the size of the RO plant,
typically in the range of USD 0.42e1.20 per m3 fresh water pro-
duction. In the case of conventional ED, the operating costs were
estimated to be USD 0.73 per m3 fresh water production based on a
treatment capacity of 4000 m3/d (Yen et al., 2017). In comparison,
using RW-EDI in purifying brackishwater, the system size exhibits a
minor effect on the processing cost due to its nearly linear scale-up
of electric driving forces, where the processing costs are estimated
in the range of USD 0.35e0.45 per m3 fresh water production ac-
cording to the bench-scale operations in this study. Additionally,
the average service life of the IEX membranes used in ED/EDI is
about 10 years, which is 2e3 times longer than the porous mem-
branes used in RO (Wright and Winter 2014).

Thermoelectric power plants present challenges in reduction of
freshwater consumption and ensure of water quality (especially
salinity and temperatures) since they withdraw a huge amount of
freshwater for cooling during power generation. One major ap-
proaches to reduce freshwater consumption at thermoelectric
plants is water reclamation from in-plant operations. In the United
States, thermoelectric power generation withdraws approximately
40% of freshwater for cooling, i.e., 196 billion gallons per day in 2011
(USDOE, 2014). By considering the best achievable performance of
RO for brackish water desalination, i.e., 1.2 kWh/m3 (Zhao et al.,
2013), the energy consumption for reclaiming cooling water at



(a)                                    (b)

(c)                                    (d)

Fig. 8. (a) Contour plot and (b) 3D response surface for productivity; (c) contour plot and (d) 3D response surface for energy consumption.

Fig. 9. Multi-objective evaluation by non-linear programming analysis for balancing
energy consumption and productivity of RW-EDI process.
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thermoelectric plants in U.S. would be about 890.2 GWh per day. If
the current-state RW-EDI was applied for cooling water reclama-
tion instead, i.e., 0.657 kWh/m3, a huge amount of ~402.8 GWh/day
energy can be saved. This is equivalent to a daily saving on elec-
tricity bill about 27.8 million USD, assuming the average electricity
price for industrial use at 0.069 USD per kWh in 2015 (IEA, 2016).
Similarly, assumed average monthly electricity consumption for a
residential utility customer in the U.S. was 909 kWh (USEIA, 2015),
the saved energy is able to supply for energy usage in ~13.5 million
households.

4. Conclusions

The effect of applied voltage and feed flow rate on the salt
removal ratio, current efficiency, productivity, and energy con-
sumption was evaluated for RW-EDI using kinetic and response
surface models. The salt removal ratio increases with time, and
greater than 99% removal ratio can be achieved at 120 min. Due to
batch mode operation, the increase in feed flow rate from 410 to
840 mL/min did not impact salt removal. In contrast, the feed flow
rate plays a more significant role on current efficiency than applied
voltage affecting energy consumption and productivity. Kinetic rate
constants vary in a power function with applied voltage and su-
perficial velocity to 1.28 and 0.03 power, respectively. It thus sug-
gests that determination of the appropriate voltages is critical to
meet effluent water quality requirements at a desired retention
time while minimizing energy consumption. Furthermore, results
indicate that RW-EDI should be competitive with commercial RO
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for brackish water desalination, in terms of energy efficiency and
productivity. In the case of cooling water reclamation at thermo-
electric plants in U.S., a huge amount of energy (i.e., ~400 GWh/day)
can be saved if deploying RW-EDI for cooling water desalination,
instead of using commercial RO. The aforementioned energy could
supply the energy usage for approximately 13.5 million households
in the US, or be equivalent to a daily saving on electricity bill about
27.8 million USD. Future research will be focused on the impact of
operating conditions on large-scale continuous operations and the
understanding of the removal mechanism using integrated math-
ematical models, as well as the cost benefit analysis and techno-
economic analysis.
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