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ABSTRACT: Electrocoagulation (EC), an electrochemical water
treatment process, is commonly used to remove particulate and
colloidal matter from water. Here, we demonstrate that EC, when
coupled with membrane filtration, is also capable of removing dissolved
species, such as Ca+, Mg2+, and SiOx. The removal of such species is
important for downstream membrane-based desalination treatment of
the water that can suffer from reduced performance due to membrane
scaling. Here, we describe how EC can be combined with a low-pressure
membrane (LPM) system to offer efficient (and potentially universal)
pretreatment for downstream membrane desalination. Synthetic water,
simulating cooling tower blowdown (CTBD) with elevated concen-
trations of hardness and silicates (Ca: 418 ppm, Mg: 63 ppm, SiO2: 50
ppm) is treated using EC coupled to ultrafiltration (UF) to remove Mg
up to 30 ± 1%, Ca up to 29 ± 1%, and silica up to 99 ± 1%. We evaluated the effectiveness of the EC-UF pretreatment system in
reducing downstream RO scaling using thermodynamic modeling to predict the saturation index (SI) at the RO membrane/water
interface. An SI value below zero (SI < 0) indicates under-saturated conditions (with respect to a particular mineral) where mineral
scaling does not take place, which correlates with improved water recovery. Our findings suggest that the EC-UF pretreatment
system was able to increase water recovery by up to 30%, compared to 0% recovery without pretreatment, under optimal conditions
(feed solution pH of 7 and an EC charge loading of 1800 C/L). Finally, we conducted an economic analysis showing that
implementing an EC-UF system for CTBD water could yield a cost benefit of up to $14.13 per m3 compared to direct brine disposal.
KEYWORDS: hardness, silica, saturation index, membrane filtration, cooling tower blowdown

1. INTRODUCTION
The power generation sector accounts for 41% of total
domestic freshwater withdrawals, while also representing 6% of
domestic consumptive use.1,2 In power plants that practice
water recycling, cooling water requires periodic discharge due
to the gradual concentration of corrosion inhibitors, biocides,
and antiscalants resulting from evaporation. This buildup can
lead to scaling and equipment damage.3 The discharged water,
known as a cooling tower blowdown (CTBD) poses
environmental concerns.4 Treatment with reverse osmosis
(RO) followed by reuse of CTBD as makeup water presents a
promising solution, potentially reducing wastewater discharge
and yielding significant water savings.4 RO has become the
predominant method for desalination due to its ability to
achieve salt rejection exceeding 99% while being the more
cost-effective compared to thermal-based desalination practi-
ces.5,6

RO systems face significant operational challenges, primarily
due to membrane fouling and scaling.7 Membrane fouling,
caused by the accumulation of microorganisms and organic
matter, and scaling, resulting from salt precipitation on the
membrane surface, leads to increased operating pressures,
reduced permeate quality, and membrane damage.7,8 Various
conventional pretreatment methods, such as pH adjustment
and antiscalants have been utilized to tackle RO membrane
scaling for the treatment of CTBD and other nontraditional
water sources. However, these traditional approaches have
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limitations, such as the risk of biofouling and corrosion of plant
equipment, as well as increasing the treatment cost.9 In
addition, operators limit the % recovery through the RO
membrane, with the goal of preventing the rejected salts from
reaching supersaturated conditions, described by a saturation
index (SI) > 0.10 This practice limits the volume of recycled
water and increases the volume of waste generated during the
RO process.11

To address the challenges associated with conventional
pretreatment methods for the treatment of CTBD, we explore
an electrified, modular, and safe treatment process that
integrates electrocoagulation (EC) and immersed membrane
separation, with the goal of preparing the water for
downstream RO desalination. EC systems consist of anodes
and cathodes, typically made of aluminum and iron. When a
voltage is applied, oxidation occurs at the anode, which results
in metal dissolution and the release of metal ions (e.g., Al3+);
on the cathode, electrochemical reduction reactions occur,
resulting in H2 evolution and OH− generation.12 The ions
produced from the sacrificial anode promote the coagulation of
contaminants.13

Compared to conventional chemical coagulation (CC), EC
offers significant advantages. It does not introduce additional
ions such as chloride and sulfate, while demonstrating superior
removal efficiency for total dissolved solids (TDS) and
chemical oxygen demand (COD).14 Critically, and in contrast
to CC, EC does not change the pH of the water, whereas CC
leads to the acidification of the stream.15,16 It has also been
established that EC can remove hardness and silica at a
significantly lower cost compared to CC.15

Here we report the coupling of an EC system with an
ultrafiltration (UF) membrane as a modular pretreatment
approach, utilizing the safe, in situ generation of coagulants to
enable downstream desalination of CTBD water. The synthetic
CTBD used in this study contained high concentrations of
scaling ions, particularly Ca (418 ppm), Mg (63 ppm), and
silica (50 ppm), with a solution conductivity of 6.4 mS/cm.
The use of UF membranes effectively removes larger
contaminants such as bacteria, natural organic matter
(NOM),17 and oil droplets, as well as significantly enhance
the removal of precipitated hardness and silicate.18−20

Combining EC with an UF membrane offers improved
mitigation of downstream RO fouling,21 while enhancing the
removal of certain contaminants such as heavy metals through
cake-layer formation.22 Additionally, immersing a membrane
directly within the sedimentation tank of the EC system allows
for the reduction of the system footprint.23−25 The removal of
hardness and silicate is evaluated in terms of their impact on
the scaling of downstream RO membranes through the use of
transport and thermodynamic modeling. Additionally, the
removal mechanisms of hardness and silica in the EC and EC-
UF systems are investigated using a mass balance approach, by
quantitatively measuring the mass of each contaminant in the
feed, effluent, floc, and on the cathode surface. An economic
analysis is performed to evaluate the cost and benefits of EC-
UF as pretreatment for RO, particularly in reducing the
expenses associated with various RO brine disposal methods.

2. MATERIALS AND METHODS
2.1. Materials. 0.0813 cm thick 5052 aluminum alloy

sheets were purchased from McMaster-Carr (Chicago, IL) and
cut into 7.5 cm × 10 cm electrodes. NaCl, MgSO4·7H2O,
CaCl2·2H2O, K2SO4, NaNO3, Na2SiO3·5H2O, BH3O3, Humic

acid sodium salt, NaHCO3, 67−70% HNO3, 1N HCL, and 1N
NaOH were obtained from Thermo Fisher Scientific
(Waltham, MA). A synthetic CTBD solution (Table 1)26

was prepared for all experiments, with the pH adjusted to pH
7, 8, and 9 using 1 N HCl and 1 N NaOH. A programmable
direct current (DC) power supply (SPD3303X, Siglent
Technologies NA, Inc., Solon, OH) operating under constant
current conditions, was used to apply the potential to the
electrode pair in the EC system, with charge loadings of 600
C/L, 1200 C/L, and 1800 C/L for these experiments. The EC
unit used in this study, provided by WaterTectonics (Everett,
WA), had dimensions of 15 cm × 10.2 cm × 10 cm.
Membrane experiments utilized a commercial poly(ether
sulfone) ultrafiltration membrane (PS-35) from Solecta, Inc.
(Oceanside, CA). The membrane was housed in a poly(methyl
methacrylate) membrane cassette (plate-and-frame) from
Solter Plastics (Los Angeles, CA), which was immersed in
the EC sedimentation tank. A Gast DOA-P704-AA vacuum
pump (Gast Manufacturing, Inc., Benton Harbor, MI) was
used to pull water through the membrane.
For membrane fabrication, polyvinylidene fluoride (PVDF)

(761 Kaynar) and poly(methyl methacrylate) were generously
supplied by Arkema Inc. (Torrance, CA). Glutaraldehyde,
dodecyl benzenesulfonic acid, isopropyl alcohol (IPA) and
dimethylacetamide (DMAC) were supplied by Sigma-Aldrich
co. (ST. Louis, MO). Multiwalled carbon nano tubes
(MWCNT) were sourced from Cheap Tubes Inc. (Grafton,
VT).
2.2. PVDF and PVDF-CNT Membrane Fabrication. A

solution containing 16 wt % PVDF and 2 wt % PMMA, was
dissolved in DMAC at 80 °C for 8 h with stirring at 150 rpm,
followed by placement in a desiccator for degassing for 6 h.
Dope solutions were cast onto polypropylene fabric (Hollings-
worth & Vose, East Warpole, MA) using a casting knife set at a
thickness of 200 μm and then placed into a coagulation bath
for 5 min. The coagulation bath contained water and IPA, with
a water: IPA (volume/volume) ratio of 7:3. The PVDF
membrane was removed from the coagulation bath, rinsed with
DI water, and stored overnight in DI water.
MWCNTs were suspended in 1 L of deionized (DI) water at

a concentration of 0.01 wt %. DDBS was added to the solution
at a 1:10 CNT/DDBS ratio to enhance the dispersion of
CNTs. The solution was then sonicated at 0 °C using a horn
sonicator, pulsed in 1 s on and 1 s off intervals for a total of 30
min. Subsequently, the solution was centrifuged three times at
11,000 G and 4 °C for 10 min each to remove settled solids
and ensure a homogeneous dispersion. The CNT: DDBS
solution was transferred to a feed tank leading to an automated

Table 1. Composition of Synthetic Cooling Tower
Blowdown

chemical concentration (mM)

NaCl 14.1
MgSO4·7H2O 2.6
CaCl2·2H2O 9.81
K2SO4 10.4
NaNO3 2.47
Na2SiO3·5H2O 0.832
BH3O3 0.463
Humic acid sodium salt 4.33
NaHCO3 2
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spray coater to coat a 12 cm × 10 cm PVDF ultrafiltration
membrane that was made. The airbrush was positioned 15 cm
above the membrane surface at a 90° angle. The apparatus was
supported by infrared lights and heaters to prevent wetting of
the membrane surface. Once coated, poly(vinyl alcohol)
(PVA) was spray coated onto the membrane surface to
achieve a PVA mass loading of 0.1 vol %. The PVDF-CNT
membrane was then immersed in a cross-linking solution
containing 1 g/L glutaraldehyde and 0.37 g/L of HCl (as a
catalyst) at 80 °C for 1 h. Following this, the PVDF-CNT
membrane was rinsed with DI water and dried at 90 °C for 5
min.
2.3. EC Experiment Procedure and Effluent Analysis.

The total active area for the 5052 aluminum alloy sheets was
112 cm2 from one anode and one cathode, placed 1 cm apart.
The EC unit was continuously fed with synthetic CTBD
solution at a flow rate of 0.1 L/min, where the hydraulic
retention time was 42 s in the EC reactor. For each
experiment, 2 L of CTBD solution was prepared and pumped
through the EC cell for 20 min. The effluent was collected in a
plastic bucket and allowed to rest for 24 h. To conduct a mass
balance on the various species of interest in the feed stream
(Ca, Mg, Si), the concentrations of these elements were
evaluated in the EC effluent, the sedimented sludge, as well as
any solids deposited on the cathode. To determine the mass of
elements on the cathode, the used cathode was gently rinsed
and dried. It was then placed in a glass Petri dish (McMaster-
Carr, Chicago, IL) with 50 mL of 5 vol % HNO3 and soaked
for 2 h to dissolve any scale deposited on the surface. The
cathode was then removed from the Petri dish, and the
remaining nitric acid was filtered through a 0.45 μm syringe
filter (Tisch Scientific, Cleves, OH). The filtered nitric acid
was diluted 20 times with DI water for IC analysis of Ca and
Mg using a Dionex Integrion HPIC System (Thermo Fisher
Scientific, Waltham, MA). The feed solution was gently stirred
for even mixing and filtered through a 0.45 μm filter and
diluted 10 times with DI water for IC analysis of Ca and Mg.
50 mL of the effluent was collected and filtered using a filtering
flask with a 0.45 μm filter disc (Tisch Scientific, Cleves, OH).
The filtered effluent was collected and diluted 10 times with DI
water for IC analysis of Ca and Mg. The filter disc with the
retained floc was gently rinsed with 10 mL of 5 vol % HNO3,
which was collected and diluted 20 times with DI water for IC
analysis of Ca and Mg. The same methodology was utilized for
silica analysis using ICP-OES (iCAP PRO ICP-OES, Thermo
Fisher Scientific, Waltham, MA).
2.4. Immersed Membrane Experiment Procedure and

Effluent Analysis. The membrane cassette, with a membrane
area of 0.2 m2, was immersed into the EC effluent. A constant
vacuum pressure of 0.9 bar was applied to the backside of the
membrane to induce flux. The membrane was initially
conditioned for 30 min with EC effluent. Subsequently, the
experiment was run with the EC effluent for 210 min.
Membrane flux was measured with a balance at 30 min
intervals, and samples were collected at the same time intervals.
Samples were then diluted 70 and 50 times for the feed and
effluent, respectively, with DI water for IC analysis of Ca and
Mg.
2.5. Sludge Characterization. Sedimented floc was

filtered on a 0.45 μm filter disc and dried for 24 h in a
vacuum oven. Energy dispersive spectroscopy (EDS) and
scanning electron microscopy (SEM) imaging was conducted
on the dried floc using a Phenom Pharos G2 desktop FEG-

SEM (Thermo Fisher Scientific, Waltham, MA). The cross-
section of the membrane foulant was imaged using Zeiss Supra
40VP SEM (ZEISS, Germany). Fourier transformed infrared
(FTIR) analysis was performed using a Spectrum Two FTIR
spectrometer (PerkinElmer, Waltham, MA), where 20 mg of
the dried sludge was pressed into a pellet with 180 mg of KBr.
X-ray photoelectron spectroscopy (XPS) analysis was carried
out using a Kratos Axis Ultra DLD spectrometer with a
monochromatic aluminum Kα X-ray source (Kratos Analytical
Ltd., Manchester, UK) and analyzed using CasaXPS software
(version 2.3.25). Floc was dried in an oven at 80 °C prior to
XPS analysis.
2.6. RO Scaling Potential. Visual MINTEQ was utilized

to calculate the saturation index (SI) of the main scaling salts
at various water recoveries of a theoretical downstream RO
membrane. Initially, the concentration factor, CF, and
concentration polarization factor, CP, were calculated to
accurately determine the limiting concentration factor for
each specific ion species of interest, which was then used to
determine the concentrations of the various ions at the RO
membrane surface; the various variables used in these
calculations are listed in Table 2. The limiting concentration
factor (CFlim) is the product of the concentration factor and
concentration polarization factor27,28

= ×CF CP CFlim (1)

To determine the CP factor, the local crossflow velocity, ux
is first determined by the equation below

= *u
Q

N N WHx
f

M L sp (2)

where Qf is the feed flow rate, NM is the number of RO
membrane modules, NL is the number of RO membrane
elements, εsp is the spacer porosity number, W is the leaf width
and H* is the spacer thickness of the membrane.27 For this
study, it is assumed that the local crossflow velocity is equal to
the inlet velocity, where the velocity is assumed to be constant
across the whole RO membrane element. The Reynolds
number (Re) along the membrane surface is calculated from
the previously computed local crossflow velocity, ux

=
u d

Re x H
(3)

where dH is the channel hydraulic diameter and v is the
kinematic viscosity of the solution. The diffusivity (D) of each
ion in the feed was determined from literature and is shown in
the table below (Table 3).

Table 2. Parameters for RO Model.27

symbol value units

Qf 0.011 m3s−1

vp 5.7 × 10−6 ms−1

v 8.9 × 10−7 m2s−1

rs 0.994
NM 3
NL 31
εsp 0.8
W 0.7112 m
H* 6.5 × 10−4 m
dH 0.001 m
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The solute diffusivity values were then used to calculate the
Schmidt Number, (Sc = v/D) for each individual ion. The
Sherwood number, Sh, is calculated from the equation below

=Sh 0.065Re Sc0.875 0.25 (4)

The mass transfer coefficient, ks, is related to the Sherwood
number, Sh, by the following equation

=k D
d

Shs
h (5)

The concentration polarization factor, CP, is estimated using
the equation below

= +
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjjjj

y
{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
r r

v

k
CP 1 exps s

p

s

1

(6)

where rs = 1 − cp/cf, is the observed solute rejection of the
membrane and vp is the water flux through the membrane. The
concentration factor, CF, is determined by the equation below,
where Y = Qp/Qf is the product water recovery27

=
Y r

Y
CF

1 (1 )
1

s
(7)

The CFlim is then multiplied by the initial feed solute
concentrations to model the solute concentration at the RO
membrane surface at water recoveries ranging from 60 to 90%
at 10% increments. These concentrations were then used as
input into Visual MINTEQ to calculate the SI of the main
membrane scalants such as calcite, gypsum, and amorphous
silica at the membrane/water interface. The SI in Visual
MINTEQ is calculated using the formula below35

=
i
k
jjjjjj

y
{
zzzzzzK

SI log
IAP

sp (8)

where IAP is the product of the activity of the participating
ions in the precipitation reaction, and Ksp is the solubility
product of the solid.35

2.7. Economic Analysis. A cost analysis was conducted for
an EC-UF system, designed with a treatment capacity of 2352
m3/day, based on the daily operational needs of a 300 MW
power plant generator.36 The system is assumed to have a
lifespan of 30 years and was amortized over that period. The
cost analysis compared the benefits of implementing an EC-UF
pretreatment system followed by a downstream RO process,
achieving reductions in brine disposal costs and water usage,

against the alternative of disposing of CTBD water as
untreated brine.
The savings from improved water recovery, WS ($/m3),

were calculated using the equation below, where R0 is the
water recovery in a system without EC-UF pretreatment and
RECM is the water recovery in a system that is implementing
EC-UF pretreatment. To calculate the savings achieved from
improved water recovery with the EC-UF system, the equation
below was used. The cost of makeup water, WC, ($1.49/m3) is
assumed to be the average industrial water rate in the west-
pacific.37

= × R RWS WC ( )ECM 0 (9)

To calculate the cost savings for disposal of brine per m3 of
CTBD water treated using a RO process implementing the
EC-UF pretreatment system, BDECM ($/m3), the equation
below was used. Where BD ($/m3), is the cost to dispose of
brine per m3. All unrecovered CTBD water is assumed to be
disposed of as brine.

= × R RBD BD ( )ECM ECM 0 (10)

The capital cost (CAPEX) of the EC system was retrieved
from literature and extrapolated for the system size using the
0.6 power rule.38,39 The operating cost (OPEX) for the EC
unit includes the price of replacing the electrodes and the cost
of electricity that goes into electrode dissolution. The OPEX
per unit volume of treated water can thus be expressed as
follows40

= +aC bCOPEXEC electrode electricity (11)

where Celectricity (kg/m3) and Celectricity (kWh/m3) represent the
quantity of electrode material and electricity consumed,
respectively, and a ($/kg) and b($/kWh) are the associated
unit prices. Parameter a corresponds to the price of an
aluminum ingot (1.3 $/kg),41 and the energy cost of aluminum
sheet processing is 13 kWh/kg.15 Celectricity was obtained by
calculating the energy demand of electrode dissolution using
the following equation

= · ·E I E t
Velectrodedissolution (12)

where I is applied current (A), E is voltage (V), t is experiment
duration (s), and Vis the volume of treated water (m3). Charge
loading is represented by, ·I t

V
(C/L). E was recorded to be 4.5

V, at a charge loading of 1800 C/L.
The CAPEX and OPEX of the UF membrane system was

calculated using a cost model retrieved from literature.42 The
exchange rate between Pound Sterling and United States
Dollar used for this cost model is 1:0.745.43

The total cost of the EC-UF system, Total CostECM ($/m3),
was calculated using the equation below, applying an interest
and discount rate of 3.0%, consistent with the 2025 federal
discount rate for water resources planning as recommended by
the U.S. Office of Management and Budget.44 CAPEX was
annualized using the Capital Recovery Factor (CRF),45 and
OPEX was discounted using the Annuity Present Value
(APV)46 as shown below, where i is the federal discount rate
and n is the number of years over which the system is
amortized. Both CAPEX and OPEX were then converted to
units of $/m3 for consistency.

Table 3. Diffusivity of Ions in Synthetic Blowdown Water
Solution.29−34

diffusivity, ( )D 10 9 m
s

2

Na+ 1.33
Mg2+ 0.706
Ca2+ 0.792
K+ 1.96
B3+ 1.12
humic acid (TOC) 1.53
Cl− 2.03
NO3− 1.92
SO4

2− 1.06
SiOx

CO3
2− 0.80
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= +
+

i i
i

CRF
(1 )

(1 ) 1

n

n (13)

= + i
i

APV
1 (1 ) n

(14)

= +

+ +

total cost CAPEX CAPEX

OPEX OPEX

ECM EC,CRF UF,CRF

EC,APV UF,APV (15)

Finally, the cost savings/deficit ($/m3) of implementing the
EC-UF system was calculated by the equation below, where
the difference between the savings achieved by reduced brine
disposal cost and water consumption is compared against the
cost of implementing the EC-UF system and a downstream
RO process. The cost of implementing brackish water RO
system is retrieved from literature as $0.3/m3.47

= +Cost benefit BD WS Total cost 0.3ECM ECM
(16)

3. RESULTS AND DISCUSSION
3.1. Charge Loading and Feed Water pH Effect on

Hardness and Silica Removal. Coprecipitation has been
hypothesized to be the mechanism responsible for the removal
of hardness in EC. This occurs through excess OH−

production at the cathode, allowing for the local pH at the

cathode surface to rise above 10, and resulting in the formation
of calcium carbonate (CaCO3), magnesium hydroxide (Mg-
(OH)2) and magnesium carbonate (MgCO3), which can be
removed.48 We hypothesize that the removal of hardness in EC
is facilitated through the entrapment of Ca/Mg solids in
aluminum floc. Despite this hypothesis, little work has
confirmed this mechanism directly. Qualitative and quantita-
tive analysis was performed to confirm this hypothesis.
We performed a mass balance to quantitatively account for

where the hardness is removed. We specifically examined the
inlet, effluent, cathode scaling material, and floc hardness
content (Figure 1). Our results suggest that a significant
portion of the hardness is removed through the floc, while only
a minimal amount is removed through basic pH-induced
precipitation at the cathode. The mass balance analysis
indicates that varying the feedwater pH from 7 to 9 does not
significantly affect the hardness removal mechanism in EC.
This is likely because the removal mechanism involves the
entrapment of precipitated Mg/Ca salts onto the generated
floc. Therefore, the range of bulk pH values we explored here
(which corresponds to typical natural water) does not
significantly influence the formation of Mg/Ca salts, and the
initial feedwater pH is not a significant factor. In contrast,
increasing the charge loading changes the hardness removal
through the EC floc significantly, where the Ca mass removal
with the EC floc ranges from 11 ± 3 mg, 16 ± 3 mg, and 24 ±

Figure 1. Mass balance for calcium at an initial pH of (a) pH = 7, (b) pH = 8, and (c) pH = 9. Magnesium mass balance at an initial pH of (d) pH
= 7, (e) pH 8, (f) pH = 9. Three different charge loadings were analyzed (600, 1200, 1800 C/L).
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3 mg, for 600 C/L, 1200 C/L, and 1800 C/L, respectively,
while the Mg mass removal with the EC floc ranges from 8 ± 6
mg, 15 ± 8 mg, and 23 ± 9 mg, for 600 C/L, 1200 C/L, and
1800 C/L, respectively (Figure 1). This is a significant portion,
compared to the cathode scale removal pathway where Ca
mass removal through cathodic scaling ranges from 3.2 ± 1.1
mg, 4.3 ± 1 mg, and 4.2 ± 0.9 mg, for 600 C/L, 1200 C/L, and
1800 C/L, respectively, while the Mg mass removal with the
cathodic scaling ranges from 1 ± 0.5 mg, 1.3 ± 0.6 mg, and 1.2
± 0.5 mg, for 600 C/L, 1200 C/L, and 1800 C/L, respectively
(Figure 1). This further reinforces the hypothesis that the
majority of the hardness is removed through the entrapment of
Mg/Ca solids in the EC floc. The increased charge loading is
associated with more vigorous OH− generation on the
cathode, as well as to increased aluminum dissolution. The
elevated OH− concentrations can facilitate more CaCO3 and
Mg (OH)2 solids formation, which are then captured and
removed by the aluminum hydroxide floc. When considering
the initial total mass of the Ca and Mg in the 2 L feed solution
is 834 mg and 126 mg, the % removal with EC pretreatment
alone does not exceed 4% for Ca and 21% for Mg�not a
significant value considering the high initial Ca-based hardness
levels. Therefore, further process modification would be
required to enable meaningful hardness reduction. In our
experiments, the charge loading did not have an appreciable

impact on floc structure. Specifically, we did not observe any
significant changes in floc structure from SEM imaging,
membrane fouling behavior, or sedimentation times.
SEM imaging and EDS mapping show the presence of

distinctive calcium-based crystals in the floc, suggesting that
calcium is removed through physical entrapment (Figure 2).
However, no distinct magnesium-based crystals were observed.
XPS analysis of the floc showed the presence of CaCO3
peaks49 (Figure 3). In addition, Mg(OH)2 peaks50 were also
observed in the XPS spectrum, suggesting a possible removal
pathway through formation of Mg(OH)2 during the EC
process. It is possible that the flake-like structure of Mg (OH)2
is not clearly observable in the SEM images due to their small
size and complex floc structure. EDS imaging is also not able to
accurately detect the small, dispersed structures of Mg (OH)2
across the floc.
Silica removal was observed to be directly proportional to

charge loading. (93 ± 3%, 98 ± 2%, and 99 ± 1% for 600 C/L,
1200 C/L, and 1800 C/L, respectively) (Figure 4). Similar to
hardness removal, feed pH did not significantly affect silicate
removal. We speculate that at higher charge loadings, increased
electrode dissolution allows for the formation of more
aluminosilicates, leading to a greater removal of silica
mass.51−53 The mechanism responsible for silica removal
using aluminum electrodes in EC is proposed to involve the

Figure 2. (a) SEM image of EC floc (b) EDS elemental analysis and mapping of EC floc. Including (c) Calcium. Calcium removal occurs through
the entrapment of the crystals in the EC floc.

Figure 3. XPS analysis of EC floc. (a) Aluminum peaks (b) calcium peaks (c) magnesium peaks. (d) FTIR spectra of EC floc. Relevant Si, Al, O,
and H bonds are labeled on the figure. FTIR pellets used for analysis were prepared with 150 mg of KBr and 20 mg of dried EC sludge.
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formation of aluminosilicates�a result of a reaction between
hydrated silica and aluminum hydroxide flocs.52 FTIR analysis
of the EC floc supports this, showing an absorption band
associated with Al−O−Si at around 700 cm−1 (Figure 3d).15

The absorption band observed for Al−O−Si confirms that the
removal of silica occurs through the coprecipitation of
aluminosilicates from the hydrated silica present in the feed
and aluminum aggregates produced within the EC chamber, a
removal mechanism which has been extensively corroborated
in the existing body of literature.51−57 XPS analysis of the EC
floc also shows a peak associated with aluminosilicate,58

supporting the FTIR observations (Figure 3).
3.2. Effect of Scaling Mitigation in Downstream RO

with an EC and EC-UF Pretreatment System. By
combining EC and a downstream membrane filtration step,

the SI of gypsum can be significantly reduced. The mechanism
by which the membrane removes Ca and Mg salts involves the
accumulation of these salts on the cake layer that forms on the
membrane surface. This cake layer is created by the buildup of
EC floc on the membrane. In all three membrane flux plots,
there is a noticeable and dramatic decline in flux starting at 10
min of operation, relative to the initial flux measured at 5 min.
This decrease in flux corresponds to the increase in hardness
removal, which illustrates the importance of the fouling layer
for enhanced hardness removal59,60 (Figure 5). Beyond the
initial rapid flux decline, the flux remains relatively stable for all
3 membranes used after 30 min. In these experiments, the flux
declines from 123.7 ± 5 LMH, 156 ± 6 LMH, 170.4 ± 5.5
LMH at 5 min, to 62.1 ± 2.4 LMH, 78.2 ± 3.4 LMH, and
105.3 ± 3 LMH at 10 min, to stabilize at 52.8 ± 2 LMH, 71.5
± 3.1 LMH, 98.8 ± 2.4 LMH after 30 min for PS-35, PVDF,
and MWCNT-PVDF, respectively. After 210 min, the flux
reaches 49.4 ± 4 LMH, 68.5 ± 1.9 LMH, 91.5 ± 1.2 LMH for
PS-35, PVDF, and MWCNT-PVDF respectively.
In terms of the Ca removal through the membranes, the

initial removal is 14.5 ± 0.5%, 12 ± 0.4%, 16 ± 0.3% at 5 min,
18.8 ± 0.4%, 17 ± 0.5%, 26.2 ± 0.6% at 30 min, and finally
20.3 ± 1%, 18.5 ± 0.8%, 28.6 ± 1% at 210 min for PS-35,
PVDF, and MWCNT-PVDF, respectively. In terms of the Mg
removal, the initial removal is 15.7 ± 0.4%, 13.7 ± 0.3%, 17.5
± 0.3% at 5 min, 19.5 ± 0.7%, 18.6 ± 0.5%, 27.4 ± 0.7% at 30
min, and finally 21.5 ± 0.8%, 20.1 ± 1%, 30.3 ± 1% at 210 min
for PS-35, PVDF, and MWCNT-PVDF, respectively. It is
observed that the hardness rejection increases substantially
between 5 and 30 min, by 4.3 to 12.8%, while the rejection
only increases minimally, specifically by 1.4−2.9% from 30 to
210 min. From 5 to 30 min, the fouling layer is still forming,

Figure 4. Silica percentage removal from synthetic CTBD at
experimental conditions with pH 7, 8, 9 and charge loading of 600,
1200, 1800 C/L. Initial silica concentration of 50 mg/L. The
retention time of the EC cell is 42 s, with a flow rate of 0.1 L/min.
The concentration of Si in the feed and effluent water was measured
by ICP-OES.

Figure 5. Flux and hardness removal plots for EC-UF pretreatment, where prior EC was conducted with a charge loading of 1800 C/L with a pH =
8 feed solution. (a) PS-35 (b) PVDF (c) MWCNT-PVDF.
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and as more foulant accumulates on the membrane surface, the
rejection improves significantly. After 30 min, the fouling layer
reaches a steady state where further accumulation of floc on
the membrane surface is minimal, leading to only a slight
improvement in hardness removal.
We hypothesize that the accumulation of the EC floc on the

membrane surface creates an additional separation layer (i.e.,
cake layer filtration), where calcium and magnesium
precipitates are captured. This hypothesis is supported by
FTIR and XPS data, which show the presence of CaCO3 and
Mg(OH)2 in the EC floc (Figure 3). The formation of CaCO3
is likely due to the increased pH along the cathode surface,
which drives the formation of CaCO3.

61 While heterogeneous
crystal growth of CaCO3 on the cathode surface was observed,
the majority of the CaCO3 was found in the floc (Figure 1),
and was likely formed from homogeneous precipitation in the
bulk solution near the cathode surface, where the pH is still
elevated. Mg(OH)2 likely forms as excess hydroxide produced
at the cathode combines with Mg2+ from the feed solution to
form Mg(OH)2.

62 To further confirm this hypothesis, SEM
and EDS imaging were performed on the cross-section of the
cake layer accumulated on the membrane (Figure 6). SEM

images show crystal-like structures trapped on the surface of
the EC floc layer. EDS mapping confirms that these structures
are primarily composed of calcium, suggesting the presence of

CaCO3. Furthermore, a greater number of CaCO3 precipitates
were observed on the cake layer of the membrane compared to
the EC floc. This is thought to occur because, as the membrane
cake layer forms, it acts as an additional filter that more
effectively traps small CaCO3 precipitates, which require long
settling times and are not effectively removed during
conventional sedimentation during the EC process.
To assess the impact of EC and EC-UF system on

downstream RO membrane scaling, the SI of amorphous silica
(SiOx), calcite (CaCO3), and gypsum (CaSO4) at a hypo-
thetical downstream RO membrane/water interface was
calculated as a function of water recovery in the RO system,
with the EC and EC-UF treated CTBD as feed at a range of
relevant pH values (pH 7, 8, and 9) (Figures 7, and 8). We
only report these scalants, as they were identified by MINTEQ
as the relevant scaling species in this system. The emergence of
silicate scaling is dependent on the pH of the feed, the %
recovery, and the charge loading (Figure 7a−c). Under all pH
conditions, increasing the charge loading leads to higher Si
removal, which reduces the SI at the membrane/water
interface. At the lowest pH (7), a charge loading of 1800 C/
L leads to sufficient silicate removal that allows water recovery
to reach 50% before the SI > 0. At pH 8, the same charge
loading (1800 C/L) allows for 40% recovery. However, lower
charge loadings at these pH values do not remove enough
silicate to prevent super saturation (Figure 7a−c). When the
feed pH is 9, silicates are super saturated regardless of the
charge loading. Considering that silicate removal is nearly
complete from the EC effluent, these results demonstrate how
sensitive RO membranes are to silicate scaling, particularly at
elevated pH, and that the water would be difficult to desalinate
without the addition of antiscalants or pH adjustment.
The impact of EC and EC-UF pretreatment on the SI of

gypsum and calcite at the RO membrane/water interface were
evaluated at a charge loading of 1800 C/L and feedwater pH of
8 (Figure 8a−d). EC pretreatment alone does not significantly
affect the SIs of calcite and gypsum, consistent with EC’s
limited effectiveness in hardness removal. Gypsum scaling
becomes an issue when recovery exceeds 40%, regardless of pH
(as expected, since gypsum is not pH sensitive); calcite scaling
is always an issue at all recoveries at pH8 (Figure 8d). While
gypsum scaling is not impacted by the pH of the feed, it is
highly dependent on the concentration of Ca. Although EC on

Figure 6. Cross-sectional (a) SEM image and (b) EDS Calcium
analysis of membrane fouling layer. The foulant was collected and its
cross-section was analyzed.

Figure 7. SI calculation of amorphous silica on a theoretical downstream RO membrane being fed effluent from the EC reactor at various
experimental conditions. The SI was computed using Visual MINTEQ at various water recoveries from 0 to 90%, in 10% increments. The SI of
amorphous silica of EC pretreated feedwater with charge loading of 0 C/L, 600 C/L, 1200 C/L, 1800 C/L at (a) pH = 7 (b) pH = 8 (c) pH = 9.
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its own does not lead to significant Ca removal (Figure 1), the
combination of EC with membrane filtration does lead to
significant improvement in Ca removal (Figure 5). In general,
enhanced Ca removal through the incorporation of membrane
filtration manifested in a shift of SI toward higher recoveries,
suggesting that the RO system can recover more water before
it encounters scaling (Figure 8a−c). Specifically, the additional
membrane step shifted the degree of water recovery before SI
> 0 from 40% to 60%, when the MWCNT-PVDF membrane
was used (the membrane that achieved the highest Ca
removal) (Figure 8c). The other membranes evaluated in the
study showed lower Ca removal, which resulted in only modest
increases in possible water recoveries (Figure 8a,b).
At pH 8, the simulation shows that even with an EC-UF

system utilizing MWCNT-PVDF membrane (highest Ca
removal), conditions at the membrane/water interface are
always super saturated (SI > 0) for calcite at a pH 8 with prior
EC at 1800 C/L (Figure 8d). This is due to calcite’s
significantly lower solubility compared to gypsum (Ksp of
10−848 vs 10−458 for calcite and gypsum, respectively).63,64

Therefore, Ca removal would have to increase to 95% under
the current water chemistry at a pH of 8 to eliminate calcite
scaling in downstream RO operating at 50% recovery. A
common tactic used by operators to combat calcite scaling
involves the acidification of the feed stream, which shifts the

equilibrium concentrations of carbonate species toward
bicarbonate ions (HCO3

−), which do not participate in the
formation of insoluble species.65 Simulations were conducted
at lower pH levels of 6 and 7 during EC-UF experiments,
showing a significant reduction in calcite SI. At pH 7, the
MWCNT-PVDF membrane achieved SI < 0 at a water
recovery of 30%, while at pH 6, the calcite SI dropped below 0
at all water recoveries, allowing for 100% water recovery. These
results demonstrate that calcite precipitation is highly depend-
ent on pH, with even slight reductions significantly improving
RO water recovery by minimizing calcite formation.
3.3. Economic Analysis of EC-UF System. A cost

analysis was conducted to assess the impact of implementing
an EC-UF system to reduce scaling and enhance water
recovery in a downstream RO process treating CTBD water at
a full-scale thermal power plant. The experimental work and SI
simulations indicate that it would not be possible to recover
any water with RO if the CTBD did not undergo some
pretreatment to remove silicates and hardness. Therefore, our
analysis considered the cost of the EC-UF pretreatment, which
enabled a certain amount of water recovery using RO. RO
retentate still requires disposal, which incurs an additional cost
that is dependent on the disposal method. This cost
(pretreatment + RO + brine disposal) was compared to the

Figure 8. SI calculation of gypsum, and calcite on a theoretical downstream RO membrane being fed effluent from the EC/EC-UF reactor at
various experimental conditions. The SI was computed using Visual MINTEQ at various water recoveries from 0 to 90%, in 10% increments.
Comparison of SIs for calcite and gypsum between an EC pretreatment method and an EC-UF pretreatment method. (a) Gypsum SI comparison
for PS-35 (b) Gypsum SI comparison for PVDF (c) Gypsum SI comparison for MWCNT-PVDF (d) Calcite SI in downstream RO utilizing
MWCNT-PVDF effluent as feed. Calcite SI was simulated across pH 6 to 8 to investigate impact of pH adjustment on calcite scaling.
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cost of brine disposal for the base-case where no RO was
possible (i.e., all the CTBD requires disposal).
The experimental results and SI simulations identified that

the optimal operating conditions for the EC-UF system with a
downstream RO process are at an EC charge loading of 1800
C/L, a pH of 7, and a water recovery of 30%. Among the three
major scalants (calcite, gypsum, and amorphous silica), calcite
formation is the limiting factor for the system’s water recovery
post EC pretreatment. Under optimal conditions, the SI of
calcite is less than 0 at a 30% water recovery. However, if
calcite is not present, and the other scalants are considered, the
system could achieve a water recovery of up to 40%. The pH of
7 was selected because most of the water to be treated will
naturally fall around this value, although a lower pH would
limit calcite scaling and enable higher water recovery.66

The cost-savings/deficits are calculated using eq 16, where
the costs of implementing the EC-UF system and a
downstream RO process are compared against the savings
achieved by reduction in water use and RO brine disposal
costs. The cost analysis will show a positive value if the cost-
savings from implementing the EC-UF/RO system under
optimal experimental conditions (1800 C/L at pH 7) exceed
the costs associated with disposing of all CTBD water using
alternative brine disposal methods. Conversely, a negative
value representing a cost deficit would be shown if these
savings were less than the disposal costs (Figure 9).

The costs of the disposal methods per m3 of brine were
obtained from literature,67−69 and listed as follows: surface
water discharge (SWD) $0.3/m3, land application (LA) $1.95/
m3, evaporation ponds (EP) $3.28/m3, deep-well injection
(DWI) $9.4/m3, and brine crystallizer (BC) $26/m3. SWD is
the lowest cost disposal method, where brine is discharged
directly into open bodies of water, such as the ocean, a rivers,
or a lake, although this kind of discharge is becoming
increasingly rare due to the adverse environmental impacts

associated with the introduction of brines into the aquatic
environment.67 DWI involves injecting brine into deep, porous
rock formations, where the injected water is isolated from
drinking water aquifers.67 The cost of DWI used in this
analysis is based on a previous study investigating the use of
DWI in the Barnett Shale region of Texas.69 DWI injection
sites are relatively sparse, sometimes requiring water to be
transported over considerable distances, which significantly
increases costs. In this analysis, a transportation distance of
approximately 60 miles is assumed,69 as it provides a
reasonable representation of typical conditions. Shorter
distances would result in lower costs, while longer distances
would lead to higher expenses. Given that there are only 800
Class I wells in the U.S. permitted for hazardous and
nonhazardous waste injection, the transportation of CTBD
to an injection site must be factored into the analysis�unless a
suitable well happens to be located on-site at the power plant.
LA is a method of disposing of brine by irrigating salt-tolerant
vegetation. However, its large-scale use is limited by factors
such as climate conditions and the water demand for irrigation.
In addition, there are concerns with this approach as CTBD
may contain elevated concentrations of heavy metals, which
can lead to soil degradation over time.70 EP is a method where
brine is usually transported via pipelines to shallow, lined
ponds and allowed to evaporate under ambient conditions.67,71

While effective, these ponds require constant maintenance to
avoid leakage and can present a hazard to migratory birds and
other wildlife.67 BC is achieved using several different forced
evaporative methods, such as mechanical vapor compression,
or multieffect distillation, where water is constantly evaporated
(and sometimes condensed and reused) and the resulting salt
crystals are separated and collected.72

As the EC-UF/RO process only relies on electricity as a
continuous input, a sensitivity analysis around the cost of
electricity was conducted. The current industrial electricity rate
in CA ($0.26/kWh)73 was used as the costliest scenario,
resulting in a total cost of $1.08/m3 of CTBD feedwater for
implementing the EC-UF/RO system. The addition of the EC-
UF/RO system offers a financial advantage compared to the
more expensive brine disposal methods such as EP, DWI, and
BC. Specifically, the cost savings gained per m3 of CTBD water
treated are $0.06/m3, $1.9/m3, and $13.47/m3, compared to
DWI, and BC, respectively (Figure 9). However, when
compared to cheaper disposal methods such as EP, and LA,
these methods are cheaper than the EC-UF/RO by $0.34/m3,
and $0.84/m3, respectively (Figure 9). However, these cheaper
methods come with drawbacks, such as harming the receiving
water body’s ecosystem, contaminating groundwater aquifers,
and limitations on large-scale implementations.67

Cheaper energy sources such as offshore wind ($0.075/
kWh), hydropower ($0.057/kWh), solar ($0.044/kWh), and
onshore wind ($0.033/kWh) were also considered for
powering the EC-UF/RO system.74 For offshore wind energy,
the total cost of operating the EC-UF/RO system is $0.54/m3,
where the cost savings gained per m3 of CTBD water treated
are $0.2/m3, $0.59/m3, $2.44/m3, and $14.01/m3, compared
to LA, EP, DWI, and BC, respectively (Figure 9). When
compared to cheaper disposal methods such as SWD, this
method is cheaper than the EC-UF/RO by $0.3/m3 (Figure
9). For hydropower, the total cost of operating the EC-UF/RO
system is $0.48/m3, where the cost savings gained per m3 of
CTBD water treated are $0.25/m3, $0.65/m3, $2.49/m3, and
$14.06/m3, compared to LA, EP, DWI, and BC, respectively

Figure 9. Cost savings/deficit of implementing EC-UF pretreatment
per m3 of CTBD water treated with RO is compared to the cost of
disposing of all CTBD water as brine, using various brine disposal
methods against the cost of electricity ($/kWh). A positive value
indicates cost savings achieved by implementing the EC-UF system,
while a negative value indicates a cost deficit associated with its
implementation, when compared to just disposing of CTBD as brine.
Brine disposal methods compared are surface water discharge (SWD),
land application (LA), evaporation ponds (EP), deep-well injection
(DWI), and brine crystallizer (BC).
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(Figure 9). When compared to cheaper disposal methods such
as SWD, this method is cheaper than the EC-UF/RO by
$0.25/m3 (Figure 9). For Solar, the total cost of operating the
EC-UF/RO system is $0.45/m3, where the cost savings gained
per m3 of CTBD water treated are $0.29/m3, $0.68/m3, $2.53/
m3, and $14.1/m3, compared to LA, EP, DWI, and BC,
respectively (Figure 9). When compared to cheaper disposal
methods such as SWD, this method is cheaper than the EC-
UF/RO by $0.21/m3 (Figure 9). Finally, using onshore wind
energy ($0.033/kWh), the recalculated total cost of the EC-
UF/RO system is $0.41/m3. Specifically, it allows for cost
savings gained per m3 of CTBD of $0.32/m3, $0.72/m3, $2.56/
m3, and $14.13/m3, compared to LA, EP, DWI, and BC,
respectively (Figure 9). Although the system is still not
financially competitive with SWD�showing a cost deficit of
$0.18/m3�the deficits are reduced by a factor of 4 compared
to calculations based on California’s industrial electricity rate
(Figure 9).
The cost savings from using renewable energy sources make

the implementation of EC-UF systems feasible for a wider
range of brine disposal methods, while further improving the
cost savings for methods that are already viable. Figure 9
highlights that the breakeven electricity price for achieving cost
savings with the EC-UF/RO system, when paired with LA, is
$0.14/kWh. With electricity costs below this threshold, the
system becomes economically advantageous. This makes
offshore wind, hydropower, solar energy, and onshore wind,
particularly attractive options, as their costs are already below
$0.14/kWh. By leveraging renewable energy sources, the
overall cost of implementing the EC-UF system is significantly
reduced, since the majority of its operating expenses stem from
the electricity required for the EC process. Hence, the EC-UF
system could be implemented in a cost-effective manner in
areas with no availability of SWD sites by improving water
recovery and using renewable energy to sustainably reduce
brine disposal costs.

4. CONCLUSIONS
Here we examined an EC system coupled with an immersed
UF membrane for the pretreatment of CTBD prior to an RO
desalination process. The majority of the hardness removal in
EC occurs through the entrapment of CaCO3 and Mg (OH)2
salts in the aluminum hydroxide flocs generated during EC;
silica removal occurs through the formation and coprecipita-
tion of aluminosilicates. The variation in feed pH at 7, 8, and 9
for EC did not significantly affect the removal of hardness and
silica. However, increasing the charge loading from 600 C/L to
1800 C/L for EC improved the removal of Ca, Mg, and Si via
EC by 54%, 65%, and 6%, respectively. EC can remove nearly
all of the silica at sufficiently high charge loading but is
significantly less effective at hardness removal. However, by
integrating EC with an immersed UF membrane step, we
observed a considerable improvement in hardness removal.
Specifically, the Ca and Mg removal increased by 90% and 40%
respectively. The EC floc forms a fouling layer on the UF
membrane and acts as an additional separation layer that can
better retain the smaller CaCO3 and Mg (OH)2 crystals which
were not removed by sedimentation in the EC cell. SI
simulations using the water chemistry in this study show that
this system is able to reduce the SI of gypsum and amorphous
silica significantly, while calcite scaling needs to be managed
through pH adjustments. An economic analysis was conducted
to assess the feasibility of implementing EC-UF/RO at the

optimum experimental conditions identified for treating CTBD
water in a full-scale thermal power plant. A sensitivity analysis
around the cost of electricity demonstrated that implementing
an EC-UF/RO process at a full-scale thermal power plant can
offer significant cost savings per m3 of CTBD treated,
compared to traditional brine disposal methods. Under optimal
conditions (EC charge loading of 1800 C/L, pH 7, and 30%
water recovery), and at the current California industrial
electricity rate, the EC-UF/RO system provides cost savings,
especially when compared to high-cost disposal options such as
DWI, BC, and EP ($0.06/m3, $1.9/m3, and $13.47/m3

respectively). For the cheapest form of renewable energy,
onshore wind, cost savings are also achieved for LA at $0.32/
m3, combined with increased cost savings for DWI, BC, and EP
($0.72/m3, $2.56/m3, and $14.13/m3, respectively). While
cheaper disposal methods such as LA and SWD may initially
seem more cost-effective, they come with significant environ-
mental and practical limitations, which can make them
unsuitable for large-scale or long-term use. The EC-UF/RO
system, although more expensive than these methods, offers a
more sustainable and efficient solution that enhances water
recovery and reduces brine disposal costs. Overall, the
integration of the EC-UF/RO system, particularly when paired
with renewable energy sources, presents a promising solution
for improving water recovery and sustainably managing brine
disposal in power plants, offering both environmental and
economic benefits.
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