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up water for blowdown water reclamation.
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The complicated nexus between water resource and energy consumption poses the problems of water scarcity,
safety, affordability and carbon emissions. In the industrial and commercial buildings, the cooling tower is an inevita-
ble system and has been considered to contribute water-energy consumption. Therefore, the high energy efficiency
of water recovery technology should be practically developed to minimize the freshwater usage with lower energy
consumption. In this study, a robust ion-exchange resin-wafer electrodeionization (RW-EDI) technology was used to
demonstrate the desalination of cooling tower blowdown wastewater. Immobilizing the conventional ion-exchange
resin into porous material between compartment can enhance ion transportation and significantly reduce the service
labor for assembling and maintenance. The removal efficiency for blowdown water reclamation using RW-EDI was
evaluated along with energy consumption, productivity, and current efficiency by investigating the key operating
parameters including applied voltage and superficial velocity. The experimental design was based on the response
surface methodology to statistically elucidate the optimal conditions. Results show that the energy consumption was
0.28 kWh m~2 and productivity 23.4Lh~"m~2 with around 90% removal of hardness to meet the standard of make-
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1 Introduction

The concept of water-energy nexus aims to simultane-
ously balance the energy efficiency, energy/water con-
sumption, water supply, and wastewater treatment,
as there are significant amounts of energy embedded
in the water supply system and wastewater treatment
plant. Since the intricate connection between energy
and water, the U.S. Department of Energy has sug-
gested that the development of innovative desalination
technologies is the key element reducing the energy
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consumption during water supply and treatment [1],
also providing additional economic profits for water
reclamation. According to the International Energy
Agency report, 583 billion m® of water production,
supply, and treatment are consumed in the energy sys-
tem globally, and the water consumption in the com-
bined cycle and nuclear power plant was 0.7 and 2.7 m3
MWh~!, respectively [2]. Around 15% of water dis-
charges cannot be reused. As a result, water resource
management with high-energy intensity contributes to
greenhouse gas emissions due to electricity consump-
tion. To achieve net-zero emissions/carbon neutral in
the next decades, the reduction of energy intensity in
water reclamation plays an important role in the tran-
sition pathway. Thus, desalination of impaired water
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including brackish water and process water for water
reclamation, and brine management for resource recov-
ery can be a green and sustainable solution for alleviat-
ing carbon emissions and water-scarce problems.

Cooling towers are used for exchanging heat that cools
water vapor into lower temperature and discharges waste
heat from the system to the atmosphere. Cooling towers
releases heat from the water vapor by evaporation, cool-
ing the working fluid to a value of wet-bulb temperature
[3]. Their application is widespread in several industries.
The cooling tower is the large water consumers which
consumes approximately 90% of the total fresh water in
the power plant [4]. The amounts of water loss are due
to evaporation, wind action, leakage, and drainage, which
the make-up water is necessary to keep the water circula-
tion and the stability of the cooling water system. Water
consumption in cooling tower systems is one of the criti-
cal water management issues that may cause the scarcity
of water and degradation of water quality for the down-
stream treatment process, also, complex configurations
of cooling system equipment can consume more energy
(5, 6].

In addition, cooling tower blowdown wastewater with-
out reclamation while directly discharging to surface
has become a critical issue of water resources around
the world. Recently, due to the scarcity of water, large
amounts of blowdown water and an increasing water
prices, blowdown water treatment and reuse have been
the important issue [7, 8]. As a result, water reuse and
recycling from blowdown wastewater for water supply in
other processes can reduce the total water usage [6], and
also remove the contaminants such as suspended and
dissolved solids [9]. Water evaporation in cooling tow-
ers results in changes of solute concentration which may
form scale deposits on heat exchangers’ surfaces due to
the hardness and silica ions, thereby impeding the heat
transfer efficiency [10]. Several technologies have been
applied to remove the scale forming species in industries.
However, adding antiscalant for preventing scaling may
contaminate the water source [11, 12]. The application of
ion-exchange (IEX) and reverse osmosis (RO) for water
recovery could generate huge amounts of brine which
needs further treatment [13]. Forward osmosis suffers
from significant issues of slow desalination kinetics with
high fabrication costs [14, 15]. The electrically-driven,
such as electrodialysis (ED), electrodeionization (EDI) or
electrodialysis reversal (EDR), can remove salts or ions
from the feedwater with the electro-kinetic separation.
Energy consumption linearly depends on the concentra-
tion and conductivity of inflow water and they provide
superior efficiency compared to pressure-driven or tem-
perature-driven processes at low concentration such as
brackish water [16].
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ED is used to transport ions through IEX membranes
under an applied electric potential difference [17]. ED
has been applied in a wide range of fields such as a con-
centrator of sea-salt production in Japan [18]; ultrapure
water production in electronics; heavy mental removal
in wastewater treatment [19, 20]; sulfuric acid recovery
from acid mine drainage [21]; and nitric acid recovery
from aluminum finishing waste [22]. Moreover, due to
the intense energy consumption and excessive resistance,
the industrial scale of ED is no longer wanted [23].

With periodic electrode polarity inversions, EDR can
reduce surface fouling of IEX membrane by processing
a self-cleaning mechanism, EDR can operate sustainably
with higher solutes, colloidal particles and microorgan-
isms than other membrane systems [24]. EDR has been
applied to brackish water desalination, industrial waste-
water treatment and reclamation of treated municipal
effluent for agriculture or other purposes [25, 26].

EDI is a hybrid wastewater treatment approach of ED
and IEX. To enhance ion migration, IEX resins are incor-
porated into the ED process channel. The function of
IEX resins aim to enhance the conductivity between the
process channel and to provide an ion transport across
the IEX membranes. Meanwhile, at the applied electric
field the IEX resin beads can be continuously regenerated
by H" and OH™ through the water dissociation process
without additional chemicals in the system [27]. Conven-
tional EDI limits the use of loose resin beads which cause
non-uniform flow distribution and decreases of removal
efficiency [25]. In addition, the flow leakage between each
compartment affects the desalinated efficiency and the
system cost [28, 29]. To overcome the challenge, a porous
material ion exchange resin wafer (RW) by immobiliz-
ing the loose resin beads, developed in Argonne National
Laboratory [30, 31]. The EDI stack with RW material is
called RW-EDI, which is easy assembled and operated
more efficiency. RW-EDI can improve the ionic mobility;
the process has been applied to several process includ-
ing water reclamation in cooling tower of power plants
[32], organic acids recovery [33], wastewater treatment in
industrial process [34], brine management with resource
recovery [35], and potential opportunity achieving mini-
mal liquid discharge [36].

This study aims to evaluate the performance of cool-
ing tower blowdown wastewater reclamation by using
RW-EDI process with high productivity and low energy
consumption. The specific objectives are to (1) evalu-
ate the removal efficiency of calcium ions with various
operating parameters including superficial velocities, and
applied voltages; (2) determine the first-order kinetics of
ion-transport; and (3) establish non-linear models using
response surface methodology (RSM) to optimize the
water productivity with low energy consumption.
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2 Materials and methods

2.1 Materials

A commercial electrodialysis stack (EUR2B-10) pur-
chased from Ameridia Corp. (Somerset, NJ, USA) was
used for the RW-EDI experiments. The configurations
of RW-EDI including cation exchange (Neosepta CMX,
Na type), anion exchange (Neosepta AMX, Cl type), and
bipolar membranes (Neosepta BP) provided by ASTOM
(Minato-ku, Tokyo) were used, the detailed configuration
of RW-EDI process for cooling blowdown desalination is
shown in Fig. 1.

2.2 Experimental set-up

Table 1 shows the four cell pairs configuration RW-EDI
stack for the water reclamation experiments in this study.
Each cell pair consisted of a diluate and concentrate com-
partment, separated by IEX membranes. A porous RW
with 195cm? cross-section surface area was equipped
in the diluate compartment. Bipolar membranes were
used to isolate the electrode rinse solution (3% Na,SO,)
from feed and concentrate solutions at sides/ends of the
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stack. Simulated blowdown water containing 625mgL ™"
CaCO, was used as the feed solution of RW-EDI stack.
One liter of simulated solution in each experiment was
treated to 70mgL~! CaCO,. The concentrate started
with 1L of the initial concentration of 250mgL~" NaCl
at the flow rate of 0.6Lmin~!. A DC power (IT6942A,
ITECH) was used to apply constant voltage or current
across the electrodes.

2.3 Key performance indicators

The key performance indicators including removal effi-
ciency (#,), current efficiency (CE), energy consumption
(y,) and productivity (¢) are determined for performance
of RW-EDI. The amount of calcium ion removal effi-
ciency was determined using Eq. (1):

. Cr -G
ny (%) = Tf x 100 (1)

where C; and C, are the feed and outflow concentration
(mgL~1) of calcium, respectively.
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Fig. 1 Configuration of resin wafer electrodeionization process for blowdown wastewater reclamation. (1) diluate tank, (2) concentrate tank, (3)
rinse tank, (4) pH & conductivity meters, (5) DC power supply, (6) cathode, (7) anode, (8) RW-EDI stack, P: pump, V: voltmeter




Tseng et al. Sustainable Environment Research (2022) 32:36

Table 1 Specifications of RW-EDI

Specifications Unit Specification
RW-EDI stack
Operating modules - batch
Cell pair - 4
Membranes
Cation exchange mem- - Neosepta CMX, strong acid
brane
Anion exchange membrane - Neosepta AMX, strong base
Bipolar membrane - Neosepta BP, thickness
0.22mm
Cross surface area cm? 195
Resin wafer
Cation exchange resin - Purolite PFC100E
Anion exchange resin - Purolite PFA444
Length cm 176
Width cm 11.1
Thickness cm <03
Water samples and solutions
Feed volume L 1
Concentrate stream mLmin~" 600
Concentrate volume L 1
Electrode rinse - 3% Na,SO,

CE is the fraction of the current which is actually used
to remove the ions in the solution according to Faraday’s
law. The current is used to migrate the ion and water dis-
sociation in the diluate compartment of RW-EDI. Low
CEs indicate that water splitting in the diluate or concen-
trate streams. Therefore, CE can be used to understand the
ion transport ratio under various operation parameters as
shown in Eq. (2):

CE@%) = 22X 5 1009 = FxQx(G-C)xz o, )

[iIxadt 60,000 X I X N, x MW
where z is the valence of the ion, F is the Faraday con-
stant (96,500 C mol~1), ¢ is time interval (s), # is the mole
number of ion (mol), I is the current (A), Qs is the feed
flow rate (mLmin~ '), C; and C, are the initial and out-
flow concentrations (gL ) of ions in solution, N, is the
number of cell pairs and MW is molecular weight of ions
(gmol™1).

The ¢ (Lh™'m™?) is defined as the ratio of the tank
volume to the cross-section membrane area along with
operation time, and the energy consumption is the electric
energy used to treat water, as shown in Eq. (3):

_VxIxT

ve (kwhm™) = ——=— 3)
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where V (V), I (A), T (h) and L (m?®) are the applied
voltage, current, time and the total diluate volume.

2.4 Experimental design

RSM is a statistical method which was introduced by Box
and Wilson in 1951 to explore the relationships between
several explanatory variables and response variables [37].
In this study, we use RSM to optimize the operating con-
ditions of RW-EDI process. The analysis was conducted
by using Design Expert software (version 10, Stat-Ease,
USA) via historical and central composite design. The
historical experiment design consisted of 22 experimen-
tal data design with two operating conditions including
applied voltage (4.5-12.0V, coded as A) and superfi-
cial velocity (0.93-2.79cms™ !, coded as B) were design
with different levels in D-optimal design. Two different
response factors are ¢ and y,.

2.5 Analytical methods

The conductivity meter (Multi3430, WTW) was used
to firstly evaluate the salt concentration changes during
the experiment. Calcium was analyzed by ion chroma-
tograph (Metrohm IC Plus system) with a Metrosep C4
cation column (Metrohm, Switzerland) and conductiv-
ity detector. Using mobile phase with 1.7mM NO;~ and

0.7 mM dipicolinic acid at a flow rate of 0.9 mLmin~ ..

3 Results and discussion

3.1 Evaluation of removal ratios

Figure 2a shows the effect of treatment time and
applied voltage on the removal efficiency indicat-
ing that the ion removal in solution continuously
increased with time. Higher than 90% of ion removal
can be achieved at 70min under different applied
voltages. With an applied voltage of 12.0V, the ion
removal efficiency is greater than 95% at 25 min with
an outflow concentration of ~60mgL~' as CaCO,.
When the concentration of feed flow was reduced with
the flat removal efficiency curve, it could be assumed
that excess electro-energy resulted in water splitting
rather than ion transport. Water splitting reaction
mostly occurs on the IEX membrane and the surface
of IEX resin beads [38], in which generated H and
OH™ reduce ion transfer through the membrane and
help regenerate IEX resin. Therefore, the carefully
controlled applied voltage to avoid too much water
splitting is the most important factor in RW-EDI
operation.

Figure 2b presents the effect of superficial velocity
on the ion removal efficiency. Increasing superficial
velocity from 0.93 to 2.79 cms™ ! enhanced the removal
efficiency. The results indicated more ions in diluate
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compartment are available and transferred to concen-
trate compartment as the flow rate increased. Current
utilization is normally higher than 100% in the batch
operation due to the overflow superficial velocity across
the wafer surface. However, if the superficial velocity is
too high, the ion removal efficiency would be decreased
due to the inadequate retention time for ion to trans-
port [29]. The standard procedure defined the feed con-
centration, effluent concentration, superficial velocity,
and applied voltage should be established in advance
when evaluating the performance of RW-EDI. Typi-
cally, maximizing water recovery ratio is critical for
water scare regions, as well as minimize the cost associ-
ated with optimized operation.

3.2 Effect of voltage on current efficiency

Figure 3 shows the effects of the feed concentration and
current efficiency with different applied voltages. Similar
trends were observed even under various applied volt-
ages. Current efficiency decreased with lowering feed
flow concentration while the resistance of bulk solution
was increased. We can divide the curve into three zones
based on the slope of the correlation curve to determine
the appropriate feed concentration against the current
efficiency for ions transport. Zone A represents the cur-
rent efficiency higher than 50% with feed concentration
ranges from 200 to 600mgL~'. Furthermore, due to
the high conductivity across the cell pair surface, most
of electro-energy is utilized for ion transport. In zone
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B, current efficiency was significantly reduced from
55 to 40% with the lower feed concentration range of
80-200mgL~1. When the feed flow concentration less
than 80mgL~! (zone C), the current efficiency rapidly
decreases due to the high resistance.

3.3 Kinetic model

The removal kinetics is affected by various physico-
chemical conditions. In this study, the removal of calcium
from blowdown water is impacted by both the applied
voltage and superficial velocity. First-order kinetic model
is developed to investigate the Ca*" removal via RW-EDI
under different operating parameters, as show in Eq. (4):

dcC

—— =kC (4)

where k (min™!), ¢ (min), and C (mgL~?) are the appar-
ent rate constant, the treatment time, and the concen-
tration within the feed compartment at any time. The
removal efficiency was decreased with the decrease of
the conductivity, and the charges transport was limited.
Higher voltage can result in the higher removal efficiency
with larger rate constant, for example, the highest rate
constant of 0.080min~' with an applied voltage of 12V
and a superficial velocity of 2.79 cms™ ! was found.

Table 2 presents the results of kinetic modelling with
a total 22 experiments under different operating parame-
ters with R? greater than 0.991 that the experimental data
were well fitted the first-order model. The first-order rate
constants were correlated with the applied voltage and
superficial velocity, which is shown as Eq. (5)

Table 2 First-order kinetic modelling under different operating
parameters

Operating parameters Removal Kinetic model
efficiency —_——
Voltage (V) ~ Velocity (o) Rate R?
(ems™") constant
(min™")

1 45 2.79 976 0.032 0.997
2 6.0 2.79 98.8 0.051 0.999
3 7.5 2.79 96.1 0.054 0.998
4 9.0 2.79 99.3 0.078 1.000
5 10.5 2.79 97.1 0.065 0.996
6 12.0 2.79 97.8 0.080 0.998
7 4.5 1.86 98.2 0.023 0.991
8 6.0 1.86 96.4 0.032 0.996
9 7.5 1.86 95.1 0.037 0.996
10 9.0 1.86 96.7 0.047 0.991
1 105 1.86 96.4 0.051 0.996
12 12.0 1.86 96.7 0.058 0.997
13 45 0.93 91.1 0.016 0.997
14 6.0 0.93 89.9 0.018 0.997
15 7.5 0.93 96.4 0.028 0.998
16 9.0 0.93 918 0.029 0.996
17 105 0.93 94.7 0.033 0.999
18 12.0 0.93 94.7 0.033 0.999
19 6.88 1.21 96.2 0.032 0.993
20 1.1 1.21 90.5 0.041 0.995
21 6.88 2.51 97.1 0.052 0.997
22 1.1 2.51 96.7 0.069 0.995
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k=f(V,u) (5)

where V is the applied voltage (V), and u is the superfi-
cial velocity (cms™!), These two parameters were corre-
lated with the rate constant in a power function to form
an empirical model for the relationship of rate constants
with V and u as in Eq. (6):

k = 0.0046 x V986 x 1,073 (6)

where the ranges of the superficial velocity and applied
voltage in this empirical model are listed in Egs. (7) and

(8):

45 <V <12 )

0.93 < u < 2.79 (8)

The R? value for the empirical model indicated that the
proposed model and experiment data were well corre-
lated, as shown in Fig. 4, the relative percent differences
were less than 10%. Both applied voltage and superficial
velocity played an important role in the rate constants
which were different with applied voltages of 0.86 power
and superficial velocity of 0.73 power, respectively. It can
be explained that the ions transport rate was affected by
the applied voltage and superficial velocity, however, the
minimal usage of electro-energy on ion transport with
the balancing of water recovery ratio should be con-
cerned as well.
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3.4 Balancing the process productivity and energy
consumption
A nonlinear mathematical programming was used to bal-
ance the energy consumption and productivity. Figure 5a
and b show the experimental and predicted results of
productivity and energy consumption, respectively. A sat-
isfactory estimation between actual response value and
predicted values was determined. The coded parameters
are applied voltage (A) and feed flow rate (B) with the
responses of productivity (¢, L h™m™?) and energy con-
sumption (¥, kWh m™ %) were established in Egs. (9) and
(10), respectively:

Ve =028+ 027 %A — 0.04 % B — 0.022 % AB + 0.059 % A2
9)

¢ =16.06+7.16 x A + 564 % B+ 439 AB  (10)

The dependent correlation between A and B on produc-
tivity was found, while they are independent on the energy
consumption. As shown in Fig. 6, the productivity was fit-
ted in the modified cubic area which indicated the effect
of applied voltage and superficial velocity on the water
recovery. However, the energy consumption increased with
applied voltage and decreased with the superficial velocity.

Constraint : n, = f (A, B) > 89% (11)

Max. ¢ =f (A,B) > 625 Lhr ' m™2 (12)
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Fig. 4 Comparison of experimental data with predicted values by the kinetic model developed in this study
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Min. V¢ =f (A,B) < 0.67 kWh m™3 (13)

With the constraint on removal efficiency of 89% (from
625 to 70mgL~" as CaCO,) (see Eqs. (11), (12) and (13)),
the maximal and minimal values of each response (i.e.,
productivity and energy consumption) with the poten-
tial ranges and operating parameters could be defined
with 3-D counter plot. Therefore, the ideal operating
conditions for this study should be at an applied voltage
of 8.8V with a superficial velocity of 2.79cms™?, corre-
sponding to the productivity of 23.4Lm 2h~! and energy

consumption of 0.28 kWh m ™3,
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3.5 Preliminarily economic evaluation

In industry, EDI provides deionized and/or ultrapure
water in full scale as a cost-effective process [39]. The
limitation of RO desalination process is lower energy
efficiency for impaired water [1]. On the contrary, the
effectiveness of blowdown water reclamation using RW-
EDI included (i) reducing the energy consumption, (ii)
enhancing the recovered water production, and (iii)
increasing the brine concentration for further utiliza-
tion. Blowdown water reclamation with RW-EDI pro-
vides the potential for minimal liquid discharge which is
an important factor in the sustainable water management
and presents challenges in reduction of freshwater con-
sumption. It has been reported that approximately 44%
of total freshwater is used in cooling tower of thermal
power plant (i.e., 0.74 billion m® d~! in U.S.) [1]. Table 3
shows the performance evaluation of reclamation pro-
cesses for different wastewater desalination. A minimum
energy consumption is 0.83 kWh m ™2 to meet the stand-
ard of make-up for brackish water reclamation [40], and
cost about 615.8 GWh d~! to reclaim blowdown water
at thermoelectric plants in U.S. [16]. If using RW-EDI in
reclamation process, i.e., 0.28 kWh m~3 a huge amount
of energy (about 410 GWh d™!) can be saved. This can
have a daily save on electricity consumption about 28.26
million USD (average 0.069 USD (kWh)~! for industrial
use in 2019) [44]. The average annual energy consump-
tion of 10,970 kWh in the residential utility customer
in U.S. was approximately 914 kWh per month [45]; the
saved energy, thus, can supply about 13.44 million house-
holds energy usage.

4 Conclusions

This study conducted the performance evaluation of
cooling blowdown water reclamation using RW-EDI. The
influences of applied voltage and superficial velocities
on Ca®* removal efficiency, energy consumption, water
productivity, and current efficiency were investigated.
Greater than 90% ion removal can be achieved at 70 min
at various applied voltages. Increasing superficial velocity
from 0.93 to 2.79 cms™ ! enhances the removal efficiency.
The superficial velocity significantly affects the current
utilization of the diluate compartment. The kinetic rate
constants exhibited a power function of 0.86 and 0.73
for applied voltage and superficial velocity, respectively.
As the result of response surface models, the optimized
operating conditions were applied voltage of 8.8V with a
superficial velocity of 2.79cms™?, corresponding to the
productivity of 23.4Lm~?h~! and energy consumption
of 0.28 kWh m™3. Results of RW-EDI experiments can
break the productivity limitations with low salinity feed
solution leading to a cost-effective process for blowdown
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Table 3 Performance evaluation of reclamation processes for various water desalination

Process? Capacity (m>d™") Feed TDS Product water Energy Source Reference
(mgL™") TDS (mgL™") consumption (kWh
m73)
RO 750 400° <5 120 Tap water [40]
RO 6000 1529 < 80 0.83 Ground water [40]
ED 145,000 5000 500 2.64-5.50 Brackish water [41]
UF/ED - 2980 210 0.90 Textile wastewater [42]
EDR 144 1104 328 0.60 Wastewater tertiary effluent [24]
EDR 5000 1750 < 500 1.55 Wastewater secondary effluent [40]
EDI - 3000 280 1.95 Groundwater [26]

2 RO reverse osmosis, ED electrodialysis, UF ultrafiltration, EDR electrodialysis reversal, ED/ electrodeionization

b Converted from conductivity measurement (uS cm™"), 1 uS cm™" assumed to be equal to 0.5mgL~' TDS, according to [43]
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reclamation. For blowdown water reclamation in the
American thermoelectric plants, a huge amount of 410
GWh d~! energy can be saved with the commercial RW-
EDI process comparted to RO. The energy saving can
offer the energy supply of about 13.44 million residen-
tial buildings in the U.S. or daily saving on electricity fee
approximately 28.26 million USD in the industrial sector.
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