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The reuse instead of discharge of cooling tower water can significantly lower the industrial fresh water footprint.
The reuse of cooling tower water requires the removal of different chemical fractions from the cooling tower
water, such as dissolved minerals, phosphate, organic carbon and industrial chemicals. However, there is no
stand-alone water treatment technology that can remove all these fractions simultaneously. Therefore, the aim of
this study was to assess the removal of these fractions with an innovative pilot-scale technology train that was fed
with real cooling tower water consisting of green and grey technologies: constructed wetlands, nanofiltration,
electrochemical oxidation and reverse osmosis. In addition, attention was paid to the fate of emerging industrial
contaminant benzotriazole, the performance of the nanofiltration membranes and potential production of un
wanted by-products by electrochemical oxidation. The experiments showed that 1) The treatment-train was
capable of reaching the desired water quality; 2) Benzotriazole was completely removed by the constructed
wetlands that acted as pre-treatment before nanofiltration as a result of biodegradation; 3) the production of
inorganic carbon species in the constructed wetlands resulted in increased fouling of the subsequent nano
filtration membranes; 4) these membranes mainly retained divalent ions and did not retain monovalent ions,
which resulted in a permeate stream whose EC was too high for reuse applications and therefore required further
treatment by reverse osmosis; 5) electrochemical oxidation of the nanofiltration concentrate was more efficient
than direct electrochemical oxidation of cooling tower water in terms of degradation of recalcitrant humic acids.
In addition, less unwanted chlorinated by-products were produced as a result of different ions ratios due to
retention of ions by the nanofiltration membranes. Before the full-scale application of the studied treatment train
for cooling tower water treatment, it is recommended to identify strategies to improve the water recovery, to
include innovative new nanofiltration membranes that can make the use of reverse osmosis redundant and to
adopt new insights in preventing unwanted by-product formation during electrochemical oxidation.
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1. Introduction
The reuse of industrial wastewater within the industry itself signifi
cantly lowers the industrial fresh water footprint, thereby mitigating
future fresh water provision problems. Large parts of the world suffer
from fresh water stress as a result of climate change and fresh water
over-extraction (citation(s) ‘Oki & Kanae, 2006’ has/have been changed
to match the date in the reference list. Please check here and in subse
quent occurrences, and correct if necessary.>Oki and Kanae, 2005;
McDonald et al., 2011). The industrial fresh water withdrawal accounts
for up to 55% of the total fresh water withdrawal in industrialized

countries (Florke et al., 2013). A substantial part of this fresh water is
used for the cooling of process streams in cooling towers (Feeley et al.,
2008). After the cooling process, the cooling tower water (CTW) is
generally discharged because the salinity increases as a result of evap
oration, resulting in increased probability of scaling and corrosion of the
system (Pan et al., 2018a). The reuse of this discharged brackish CTW in
the cooling tower itself would significantly lower the fresh water foot
print of cooling towers.
The reuse of CTW in the cooling tower itself is limited by the
chemical composition of the discharged CTW. CTW generally has an
electrical conductivity (EC) of 1.5–5 mS/cm (Wagner et al., 2018,
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2020a; Ahmed et al., 2020), while typically an EC of <1 mS/cm is
required for its reuse in the cooling tower (Groot et al., 2015). Besides,
Groot et al. (2015) established concentration limits for water to be used
in the cooling tower for chloride (<150 mg/L), phosphate (<1 mg/L),
suspended solids (<1 mg/L) and total organic carbon (TOC) (<15
mg/L). Due to the EC constraints, various desalination technologies for
CTW have been studied, such as reverse osmosis (Wang et al., 2006;
Zhang et al., 2008; Altman et al., 2012), electrodialysis (Groot et al.,
2015), capacitive ionization (Groot et al., 2015; van Limpt and van der
Wal, 2015) and membrane distillation (Yu et al., 2013; Groot et al.,
2015; Koeman-Stein et al., 2016). A common phenomenon that was
observed in these studies is fouling of the desalination membranes as a
result of i) compounds present in the CTW due to the use of surface water
as cooling tower water, such as phosphate and dissolved organic carbon;
ii) chemicals that are added to the CTW to protect the cooling system,
such as biocides, antiscalants and corrosion inhibitors (Wagner et al.,
2018; Ahmed et al., 2020). Hence, pre-treatment of the CTW to remove
these fractions is needed before desalination, and various pre-treatment
methods have been assessed, such as activated carbon adsorption
(Löwenberg et al., 2015), coagulation (Wang et al., 2008; Löwenberg
et al., 2015) and ultrafiltration (Zhang et al., 2008; Löwenberg et al.,
2015). However, no stand-alone treatment technology was capable of
removing all fractions that potentially disturb subsequent membrane
desalination. Hence, an optimal combination of pre-treatment and
desalination technologies for CTW has not been established yet.
Within the Dutch research program Water Nexus, several technolo
gies have been studied for the (pre)treatment of CTW. The aim of Water
Nexus is to lower the pressure on fresh water resources in fresh water
stressed delta areas by reusing saline industrial wastewater, such as
CTW, this way lowering the industrial fresh water footprint. Water
Nexus combines the development of digital tools for mapping, man
agement and control of fresh water resources with the development of
innovative water treatment technology for saline industrial wastewater.
A substantial part of Water Nexus is dedicated to developing green and
grey technologies that facilitate the reuse of CTW, such as constructed
wetlands (CWs) (Wagner et al., 2020b, 2020c, 2021), advanced oxida
tion processes for the electrochemical degradation of organics (Bru
ninghoff et al., 2019, 2021; Saha et al., 2020a) and nanofiltration (NF)
with novel layer-by-layer membranes that allow ion-specific removal
(Scheepers et al., 2020, 2021). Recently, the use of hybrid pre-treatment
and desalination systems for seawater desalination has shown to in
crease the water recovery and lower the energy requirements for
treatment (Pan et al., 2018b). Therefore, the aim of this study was to
integrate green technology in the form of CWs and grey technology in
the form of advanced oxidation processes and NF in a pilot-scale treat
ment-train to study its applicability for the treatment of CTW and the
possibilities for subsequent reuse of the treated CTW in the cooling
tower.
A first technology integration step of earlier mentioned technologies
was executed in Saha et al. (2020b), in which CTW was treated by a
combination of CWs and electrochemical oxidation (EO). CW-treatment
followed by EO resulted in a more efficient removal of organic com
pounds from CTW than EO followed by a CW (Saha et al., 2020b). In
addition, when applying a CW after EO, the CW suffered from the pro
duction of toxic byproducts by EO, whose formation should be pre
vented (Saha et al., 2020b). The present study builds upon the insights
obtained in Saha et al. (2020b) and focused especially on the newly
arising opportunities when applying an innovative treatment train of
green and grey technology in the form of CWs, NF, EO and RO for CTW
treatment:

- The use of state-of-the-art insights in EO to treat the NF concentrate
and degrade the concentrated organics, while preventing toxic
byproduct formation.
- The use of reverse osmosis to treat the nanofiltration permeate and
produce water with an electrical conductivity of <1 mS/cm that can
be reused for various industrial purposes, such as in de cooling tower
itself.
2. Materials & methods
In the present study, real CTW from an existing industrial plant was
treated by a treatment train consisting of CWs, NF, EO and RO. The
detailed composition of the CTW, the specifications of the various
treatment technologies, and the various analytical methods used to
determine the treatment efficiency of the treatment train are provided in
the following subsections.
2.1. Cooling tower water
Real CTW was obtained from the cooling towers of the ELSTA power
facilities of Dow Benelux BV (Terneuzen, The Netherlands) on
November 19th, 2020. Sand-filtered surface water is used as fresh water
source for these cooling towers (Groot et al., 2015). Various chemicals
are added to this sand-filtered surface water to maintain optimal func
tioning of the cooling system: NaClO, H2SO4 (96%), two corrosion in
hibitors (Nalco 3DT187 and Nalco 3DT199 (sodium benzotriazole,
3.2–6.3 mg/L)) and a biodispersant (Nalsperse 7348, 4.3 mg/L) (Groot
et al., 2015). The composition of the CTW obtained for this study was
measured (Table 1), and is comparable to earlier measured composition
of the same CTW in Löwenberg et al. (2015), Koeman-Stein et al. (2016)
and Saha et al. (2020b).
2.2. Technology train
Treatment of the CTW was performed with two different treatmenttrains (Fig. 1). Treatment-train 1 consisted of a combination of different
CW designs, a so-called hybrid-CW, followed by NF. The concentrate of
the NF was treated by EO, while the permeate was treated by RO.
Treatment-train 2 was similar to treatment-train 1, except that pretreatment by the hybrid-CW was excluded. This allowed the determi
nation of the impact of CW pre-treatment on the fouling behavior and
separation efficiency of the NF-membranes.
2.2.1. Constructed wetlands set-up
A pilot-scale hybrid-CW similar to the hybrid-CWs in Wagner et al.
(2020d) was used to pre-treat CTW before NF. The hybrid-CW consisted
of a vertical subsurface-flow CW (VSSF-CW) (96 × 143 × 97 cm) fol
lowed by a surface-flow CW (SF-CW) (145 × 145 × 30 cm) and a hor
izontal subsurface-flow CW (HSSF-CW) (145 × 145 × 39 cm) (see
picture in supplementary info (SI), Fig. S1). The CWs were connected by
tricoflex tubing connected to pond pumps that were controlled by
LOGO! automation software (Siemens, Amersfoort, The Netherlands)
that controlled the total hydraulic retention time of the hybrid-CW of
±120 h. The substrate of the HSSF-CW and VSSF-CW consisted of gravel
Table 1
Composition of cooling tower water used in experiments.

- The innovative use of nature-based CWs as pre-treatment of CTW
before NF-treatment, to prevent fouling of the NF membranes.
- The use of commercially available NF membranes for treatment of
CW pre-treated and untreated CTW to retain monovalent and diva
lent ions prior to reverse osmosis.
2

Component

Concentration

Component

Concentration

Electrical conductivity
pH
TC
TOC
TIC
TN
Benzotriazole
P-PO34

4,4 (±0,3) mS/cm
7,6 (±0,5)
53.3 mg/L
43.9 mg/L
9.4 mg/L
15.8 mg/L
82.9 μg/L
2.2 mg/L

Na
K+
Ca2+
Mg2+
Cl−
NO−3
NO−2
SO24

390 mg/L
70 mg/L
399 mg/L
67 mg/L
584 mg/L
53 mg/L
<1 mg/L
1,310 mg/L

+
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Fig. 1. Two different treatment-trains assessed in the present study.

with a diameter of 16–32 mm and sand with a diameter of >250 μm and
the SF-CWs were planted with Phragmites australis. Because the
hybrid-CW was located aboveground, the sides were insulated with
insulation foam to prevent extreme heating or cooling (not yet installed
in Fig. S1). Further details about the set-up of the hybrid-CWs are
described in Wagner et al. (2020d).
The hybrid-CW was built on June 6th, 2018 and the plants and mi
crobial community were allowed to grow, fed by tap water and rain
water, until November 18th, 2019. From that day onwards, the hybridCW was fed with CTW from an influent tank that was refilled with fresh
CTW on a weekly basis. Grab samples were taken weekly from July 16th,
2020 until November 25th, 2020 from the CTW and the effluent of all 3
different CW flow-types to determine the removal efficiency for target
compounds during summer and winter conditions. On November 19th,
2020, 90 L of hybrid-CW effluent and 90 L of not pre-treated CTW was
obtained for further treatment by NF.
Temperature-data for the hybrid-CWs was obtained from the official
Royal Netherlands Meteorological Institute (KNMI) weather station in
Wilhelminadorp, which is located at 37 km from the hybrid-CW
location.

PWP =

Vpermeate
A*t*ΔP

(1)

where Vpermeate (L) corresponds to the collected permeate volume, A (m2)
corresponds to the membrane area, t (h) corresponds to the time of
permeate collection and ΔP corresponds to the transmembrane pressure.
The PWP of the membrane was 7.0 L m− 2h− 1bar− 1, which is similar to
the pure-water permeance of the same type of membrane observed by
Bona et al. (2020). During NF of CW-treated and untreated CTW, a 100
μm filter (Amiad Water Systems Europe, Bochum, Germany) was used to
prevent solids from entering the system.
The performance of the membrane and impact of CW-pretreatment
was assessed in various ways:
- By assessing the impact of varying transmembrane pressures on the
retention of target solutes and required time for the production of 30
mL of permeate from both pre-treated and untreated CTW by the NF
membrane. Transmembrane pressures of 1, 2 and 3 bar were
assessed, at a fixed crossflow-velocity of 0.5 m/s. Tests were per
formed in duplicate
- By assessing the impact of varying crossflow velocity on the retention
of target solutes and required time for the production of 30 mL of
permeate from both pre-treated and untreated CTW by the NF
membrane. Crossflow-velocities of 0.5, 0.75 and 1.0 m/s were
assessed, at a fixed transmembrane pressure of 1 bar. Tests were
performed in duplicate
- By assessing the impact of pre-treatment on of target solutes by the
membrane during 4 consecutive concentration runs with a permeate
recovery of 80%, at a crossflow-velocity of 0.5 m/s and a trans
membrane pressure of 2 bar. 10 L batches of both pre-treated and
untreated CTW were recirculated until 80% permeate was recovered,
regularly taking samples for target solute measurement and moni
toring the transmembrane pressure and feed flow rate.

2.2.2. Nanofiltration set-up
Nanofiltration was performed on a Mexplorer lab-scale nano
filtration set-up (NXFiltration, Enschede, The Netherlands) containing a
rotary vane pump (Fluid-o-Tech PO211, Milan, Italy) that enabled a
flowrate of 73–292 L/h at 0 bar and an operating pressure of 0–10 barg
at 20 ◦ C. A dNF40 membrane (NXFiltration, Enschede, The Netherlands)
was installed, which is a hollow-fiber negatively charged polyelectrolyte
multilayer membrane unit containing 120 fibers with an inner diameter
of 0.7 mm, a length of 30 cm, a nominal membrane area of 0.065 m2 and
a molecular weight cutoff of 400 Da. Before use, the membrane was
cleaned from its storage solution with 150 L of tap water according to
the instructions of the manufacturer. The pure-water permeance PWP
(L•m− 2h− 1bar− 1) of the membrane was determined with demineralized
water according to Eq. (1).

2.2.3. Electrochemical oxidation set-up
EO experiments were performed as described previously (Saha et al.,
3
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2020a, 2020b, 2021) in an electrochemical cell in batch recirculation
mode using 350 mL NF concentrate of either CW pre-treated or un
treated CTW that was concentrated four times. The electrochemical cell
contained a single-flow chambered flat plate reactor assembly with an
active electrode surface area of 22.4 cm2 and an inter-electrode distance
of 1.5 cm and sensors for the on-line measurement of pH, EC and tem
perature. The CTW was pumped through the electrochemical cell with a
peristaltic pump, while the system was maintained at a temperature of
21–23 ◦ C. A boron-doped diamond (BDD) electrode (Magneto Special
Anodes, Schiedam, The Netherlands) was used as the working anode,
while a platinum-coated titanium electrode was used as the cathode. A
silver/silver chloride (Ag/AgCl) electrode (QM711X/Gel, Prosense, The
Netherlands) was used as reference electrode, which was ionically
plugged into the EO cell using Haber-Lugging capillaries filled up with a
1 M potassium nitrate solution. EO experiments were conducted gal
vanostatically using an IviumStat.h potentiostat (Ivium Technologies B.
V. The Netherlands) that was attached in a three-electrode conformation
(anode, cathode, and reference electrode). Iviumstat software was used
to record and analyze the experimental electrochemical data. To eval
uate the EO performance, the instantaneous current efficiency (% ICE)
was determined according to equation (2) (Saha et al., 2020a):
COD0 − CODt
% ICE = FVS (
)x100
8IΔt

using a HACH DR3900 VIS spectrophotometer and HACH cuvette tests
(LCK-349 (0.05–1.50 mg/L PO4–P, 0.15–4.50 mg/L PO43⁻, or 0.15–3.50
mg/L P2O5).
Chloride (Cl⁻), nitrite (NO2⁻), nitrate (NO3⁻), and sulphate (SO24⁻)
were determined via a Thermo Scientific Dionex™ ICS-2100 Ion Chro
matography System using an IonPac AS15 analytical column with an
IonPac AG15 analytical column. Chloride and sulphate were quantified
using the suppressed conductivity detection system. Nitrite and nitrate
were quantified using a UV-spectrophotometric detector.
The Ca2+, K+, Mg2+, and Na+ concentration were determined using
ICP-OES (inductively coupled plasma optical emission spectrometry) on
an Agilent 5100 instrument. The samples were filtered over a 0.45 μm
filter, diluted using Milli-Q water depending on the expected concen
trations, acidified, and measured. Quantification was done using matrixmatched external standards. The measured wavelengths were 396.8 and
422.7 nm for Ca, 766.5 nm for K, 279.6, 280.3, and 285.2 nm for Mg,
and 589.0 and 589.6 for Na.
Benzotriazole and 4- and 5-Methyl-benzotriazole were analyzed
using high-pressure liquid chromatography together with quadrupole
time-of-flight high-resolution mass spectrometry (UHPLC/QTOFHRMS). The analytical system consisted of an Agilent 1290 Infinity II
high-speed pump, Agilent 1290 Infinity II Multi sampler with a built-in
cooler, and an Agilent 1290 Infinity II column compartment. A C18
ZORBAX ECLIPSE PLUS C18 RRHD 1.8 μm 2.1 × 50 mm was used for
chromatographic separation. The identification and quantification were
performed with an Agilent 6545 QTOF tandem mass spectrometer.
Samples were filtered over a 0.45 μm filter before analyses.
After EO-treatment, Hach DPD powder pillows were used for free
chlorine determination, Hach LCK-314/LCK-1414 kits were used for
COD determination, and Hach LCK-390 cuvette tests were used for AOX
determination ((Hach Lange GmbH, Germany). Chloride, chlorate, and
perchlorate were determined by Dionex ICS-2100 ionic chromatography
(IC). Details of all these analytical methods for analysis after EOtreatment are described in (Saha et al., 2020a; 2021).

(2)

Where: COD0 and CODt is the COD concentration at the beginning and
time interval t, respectively, in gO2 /L, Faraday’s constant F (96485 C/
mol), electrolyte volume VS (L), oxygen equivalent mass 8 (gO2 eq/mol),
applied current I (A) and the electrolysis time interval Δt (S).
2.2.4. Reverse osmosis set-up
Reverse osmosis (RO) was performed with a lab-scale RO-system
dedicated for the development and testing of new types of membranes
(Alfa Laval TestUnit M20, Nijmegen, The Netherlands). This set-up al
lows a maximum inlet pressure of 60 bar and a cross-flow range of 5–24
L/min. The system was equipped with a spiral membrane of poly
propylene (Alfa Laval RO98pHt, Nijmegen, The Netherlands), which has
a NaCl retention of >98% at 16 bar and 25 ◦ C according to the supplier.
RO occurred with an operating pressure of 40 bar at 20 ◦ C. The NaCl
retention at these conditions were tested with a 2 mS/cm NaCl solution
prior to RO of the CTW and this resulted in a NaCl retention of >98.5%.
The RO-experiments were performed with ±32 L of either the CW-pretreated or untreated NF-concentrate.

3. Results and discussion
The performance of the treatment train was assessed by monitoring
the removal efficiency of the individual treatment technologies for
phosphate, nitrate, benzotriazole, total organic and inorganic carbon
and mono- and divalent ions. In addition, attention was paid to
technology-specific details, such as the composition of concentrate
streams with NF and the formation of toxic byproducts with EO.

2.3. Analytical methods

3.1. Hybrid constructed wetland pre-treatment

The total inorganic carbon (TIC) fraction was determined by con
verting carbonate/bicarbonate under acidic conditions to CO2, which
was sparged from the solution and quantified in a non-dispersive-infrared (NDIR) gas analyzer (Shimadzu, TOC-L CPH/CPN, Kyoto, Japan).
The total carbon (TC) (organic and inorganic) was analyzed by complete
oxidation at 680 ◦ C to CO2, quantified via the same NDIR gas analyzer.
The total organic carbon (TOC) content was determined by subtracting
the TIC from TC. The equipment’s lower limit of detection (LLD) was 1
mg/L.
The total nitrogen (TN) content was determined on the Shimadzu
TOC-L instrument, together with the TOC content. Sample nitrogen
introduced into the combustion tube converts to nitrogen monoxide.
Nitrogen gas in the carrier gas (air) did not interfere. The carrier gas
containing the nitrogen monoxide (NO) was directed to the TNM-L total
nitrogen unit, a chemiluminescence-based detector. In the detector,
ozone was added, which reacts with NO to a combination of NO2 and
excited NO2*. When NO2* returns to NO2, radiation is emitted, which is
measured photometrically. This analysis determines the sum of N–NH3,
N–NO3, N–NO2, and Organic-N.
Orthophosphate (O-PO4) was determined via spectrophotometry

Pre-treatment of the CTW by a hybrid-CW before NF results in the
removal of phosphate, nitrate and benzotriazole, but an increase in the
total carbon content and EC (Table 2).
Hybrid-CW treatment results in an average increase of the EC of the
CTW over the various hybrid-CW compartments during the experi
mental period and does not result in reaching the EC reuse quality target
of 1 mS/cm (Table 2; Fig. S2). Hence, desalination is still required after
hybrid-CW treatment before the CTW can be reused in the cooling
tower. The EC of the hybrid-CW effluent shows seasonal variation with
substantially higher values during periods with higher temperatures
(Fig. S3; Fig. S4), as a result of evapotranspiration. Increased EC values
were most apparent in the HSSF-CW (Fig. S2), due to its shallow depth.
In contrast, also hybrid-CW effluent EC values lower than the influent
were observed with lower temperatures and rainfall, as a result of lower
evapotranspiration and dilution by rainfall (Fig. S2). Varying EC values
over the year provide a good proxy for the amount of evapotranspira
tion/dilution of the CTW within the hybrid-CW, but will likely influence
the efficiency of subsequent membrane-based desalination technologies
with specific ion retention capacity.
Phosphate is completely removed from the CTW by the hybrid-CW
4
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Table 2
Average effluent concentrations and removal efficiency of hybrid constructed wetland for cooling tower water over 16 samples from July–November 2020. VSSF-CW
= vertical subsurface flow constructed wetland; SF-CW = surface flow constructed wetland; HSSF-CW = horizontal subsurface flow constructed wetland.
Parameter

Average influent
concentration

Average VSSF-CW effluent
concentration

Average SF-CW effluent
concentration

Average HSSF-effluent
concentration

Average hybrid-CW
removal efficiency

Electrical conductivity
(mS/cm)
pH
Total nitrogen (mg/L)
Nitrate (mg/L)
Ortho-phosphate (mg/L)
Total carbon (mg/L)
Total organic carbon
(mg/L)
Total inorganic carbon
(mg/L)
COD (mg/L)
Benzotriazole (μg/L)

4.3 (±0.4)

4.6 (±0.6)

4.7 (±0.7)

5.2 (±1.2)

–

7.5 (±0.2)
20.8 (±6.4)
73.8 (±26.4)
5.6 (±0.4)
65.6 (±8.4)
55.5 (±6.9)

7.0 (±0.4)
15.4 (±4.1)
56.3 (±18.4)
1.8 (±1.0)
74.3 (±14.2)
54.6 (±9.9)

7.8 (±0.6)
12.3 (±3.2)
34.3 (±18.3)
1.0 (±1.1)
81.4 (±16.7)
57.5 (±13.6)

7.4 (±0.5)
6.8 (±3.9)
16.5 (±16.5)
b.d.la
94.6 (±25.4)
60.4 (±17.1)

–
67.4%
77.7%
>95%
− 44.2%
− 8.9%

10.0 (±2.7)

19.6 (±5.2)

22.4 (±7.9)

33.1 (±10.9)

− 230.6%

140.1 (±26.5)
120.8 (±17.2)

130.3 (±27.1)
24.5 (±10.2)

145.6 (±31.5)
17.4 (±5.2)

149.5 (±42.4)
11.4 (±2.3)

− 6.7%
90.6%

a

b.d.l = below detection limit of 0.3 mg/L.

(Table 2, Fig. S5; Fig. S6), producing a concentration that is below the 1
mg/L threshold for reuse in the cooling tower (Groot et al., 2015).
However, the phosphate removal decreases with lower temperatures in
the VSSF-CW starting compartment. A similar tendency was observed in
the hybrid-CWs fed with synthetic CTW of Wagner et al. (2020d).
Phosphate is removed by both biological and physical/chemical removal
processes in CWs (Vymazal, 2007; Garcia et al., 2010), and the
decreasing removal efficiency with decreasing temperature indicates
that biological removal processes play an important role in
phosphate-removal in the VSSF-compartment of the hybrid-CW. In the
future, a decreasing phosphate removal efficiency as a result of satura
tion of the CW substrate might be observed, that could result in mem
brane fouling of the subsequent membrane desalination technologies
(Vrouwenvelder et al., 2010).
The hybrid-CW’s nitrate and benzotriazole removal efficiency from
real CTW (Table 2) is comparable to the removal efficiency from syn
thetic CTW observed in earlier experiments (Wagner et al., 2020d).
Nitrate is mainly removed in the anaerobic HSSF compartment (Fig. S7),
as a result of denitrification (Vymazal, 2007). With decreasing temper
atures, the nitrate removal efficiency decreases as a result of decreasing
microbial activity (Fig. S8), resulting in a flux of nitrate-containing CTW
towards subsequent desalination technologies, where it could act as
nutrient for membrane-fouling microorganisms (Li et al., 2017). This
flux likely doesn’t contain significant amounts of benzotriazole, since
benzotriazole is removed in the VSSF starting compartment (Fig. S9)
during the whole experimental period (Fig. S10), mainly as a result of
aerobic biodegradation (Wagner et al., 2020a).
The hybrid-CW has a negative TOC removal efficiency (Table 2;
Fig. S11; Fig. S12), which is in contrast with >80% TOC removal effi
ciencies observed for synthetic CTW (Wagner et al., 2020d). The TOC of
the synthetic and real CTW consisted mainly of humic acids (Löwenberg
et al., 2015; Saha et al., 2020b). The difference in removal efficiency is
likely caused by not being able to completely dissolve humic acid for the
synthetic CTW, resulting in its physical filtration in the hybrid CW’s
substrate (Wagner et al., 2020d), whereas the completely dissolved
humic acids in the real CTW were not filtered out. In addition, these
humic acids are not removed by other removal processes in the
hybrid-CW, such as biodegradation, because humic acids are generally
considered not readily biodegradable (Almendros and Dorado, 2001).
This results in an effluent concentration behavior similar to the EC
(Fig. S2; Fig. S12), indicating the influence of evapotranspiration and
dilution on the effluent concentration. As a result of not removing humic
acids, there is also no net removal of total carbon from the CTW by the
hybrid CW (Table 2; Fig. S13; S14). However, the net increase of the
effluent concentration compared to the influent concentration of total
carbon is higher than expected when only influenced by climatic cir
cumstances, such as evapotranspiration and dilution (Fig. S2). This is the

result of a substantial increase of the inorganic carbon concentration,
especially in the HSSF-CW effluent (Fig. S15; Fig. S16). The formation of
inorganic carbon in CWs was observed before in Wieβner et al. (2005)
when treating synthetic domestic wastewater in lab-scale circulating
VSSF-CWs with alternating redox conditions. In the study of Wieβner
et al. (2005), the production of inorganic carbon was attributed to the
conversion of organic carbon into inorganic carbon species, CO2 and
methane. However, in the present study there is no evidence for the
conversion of organic carbon into inorganic carbon. A potential source
of inorganic carbon could be the sandy substrate, which might have
contained calcium carbonate (CaCO3), that dissolved into the passing
CTW. Increased inorganic carbon species might have a negative effect on
subsequent membrane desalination processes, where it can result in
membrane scaling (Al-Amoudi, 2010; Tong et al., 2019). Using a sub
strate low in calcium carbonate would prevent the formation of inor
ganic carbon species and subsequent problems with membrane fouling.
3.2. Nanofiltration
After CW treatment, the CTW was treated by NF. The impact of CW
pre-treatment was assessed in two different ways: by the solute retention
of the membrane under influence of different trans-membrane pressures
and crossflow velocities and on by the influence of the solute retention of
the membranes and stability of the system during 4 subsequent 80%
recovery runs of 10 L of either untreated or CW pre-treated CTW.
3.2.1. Membrane performance: The influence of varying trans-membrane
pressure and crossflow velocities on the production time and composition of
the permeate
An increasing transmembrane pressure has a larger impact on the
permeate production speed and composition of the permeate than an
increasing crossflow velocity (Table 3).
The EC of the CTW is reduced by ± 40% as a result of NF at a
transmembrane pressure of 1 bar and cross-flow velocity of 0.5 m/s
(Table 3). Increasing the transmembrane pressure from 1 to 3 bar
reduced the required time for the production of 30 mL permeate by a
factor of three for both the untreated and CW-pretreated CTW (Table 3).
For the CW pre-treated CTW, this quicker permeate production is
accompanied by a decrease in the EC of the permeate, while for the
untreated CTW, an increase in the EC is observed (Table 3). This
different behavior of the EC with increasing transmembrane pressures is
due to differences in the retention of specific ions from the untreated and
CW-pretreated CTW (Table 3). Divalent ions are retained for >50%, and
increasing transmembrane pressures result in an increased retention of
2+
divalent ions, such as SO2−
(Table 3). Monovalent ions were
4 and Mg
less well retained, an increase in Cl− observation is observed in the
permeate, which increases as a result of increasing transmembrane
5
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Table 3
The influence of varying trans-membrane pressure and crossflow velocities on the production time and composition of
the permeate. Grey column = untreated cooling tower water; Green column = constructed wetland pre-treated cooling
tower water. TMP = transmembrane pressure; CFV = crossflow velocity..

pressures (Table 3).
The retention of organic carbon containing compounds is >90% for
both the CW pre-treated as untreated CTW. This high retention is due to
the fact that the organic fraction in the studied CTW mainly consists of
humic acids (Löwenberg et al., 2015; Koeman-Stein et al., 2016), whose
size is large enough to be retained by the membranes. The relatively
small organic corrosion inhibitor benzotriazole also seems to be retained
by the NF-membrane, since it is not observed in the permeate during the
short-term membrane retention tests (Table 3). This is unexpected, since
the size of benzotriazole (119.20 da) is smaller than the molecular
weight cut-off of the membrane of 400 da. Generally, the retention of
micropollutants by membranes is the result of solute-membrane in
teractions, such as electrostatic repulsion, size exclusion and hydro
phobic interactions. The retention of benzotriazole in this experiment is
most likely also not the result of electrostatic repulsion, considering that
benzotriazole is predominantly neutral at the experimental pH. Similar
high retention was not observed in other studies were the retention of
benzotriazole by NF-membranes was studied, such as in Huang et al.
(2021), where retention of benzotriazole up to 40% from a synthetic
solution for differently coated NF-membranes was observed. However,
longer nanofiltration runs showed that there was a delay in the break
through of benzotriazole through the membrane and its appearance in
the permeate (section 3.2.2).
An increasing crossflow velocity results in an increase in the EC for
both streams, but does not influence the production rate of permeate as
much as the transmembrane pressure (Table 3). This increase in EC is
likely the result of a slightly higher concentration of divalent ions in the
permeate as a result of lower retention with increasing cross-flow ve
locities (Table 1). A change in the retention of inorganic and organic
carbon and different nitrogen species was not observed with increasing
cross-flow velocities (Table 3).

3.2.2. The impact of pre-treatment on 80% nanofiltration permeate
recovery and its composition
Four sequential runs in which 10 L of either untreated CTW or CW
pre-treated CTW was filtered took 48 h for the untreated CTW and 35 h
for CW pre-treated CTW (Table 4). The shorter time required for the
treatment of the CW pre-treated CTW is the result of an increasing
transmembrane during membrane treatment (Table 4; Fig. S17), which
has shown to decrease the time for permeate collection (Table 3).
The increased transmembrane pressure could be an indication for
membrane fouling (Löwenberg et al., 2015; Gonzalez-Olmos et al.,
2018). Fouling of NF-membranes by for instance humic acids is a
commonly observed phenomenon (Tang et al., 2011; Chang et al., 2016;
Park et al., 2018) and is the result of either adsorption in or pore
blocking of the membrane pores or cake layer formation or gel layer
formation on the membrane surface (Tang et al., 2011; Wang et al.,
2021). However, considering the similar concentrations of TOC, which
mainly consists of humic acids, in the CW pre-treated and untreated
CTW, fouling by humic acids was most likely not the cause for the
increased transmembrane pressure during NF of the CW pre-treated
CTW. A potential cause for the increased transmembrane pressure
could be the elevated concentrations of inorganic carbon in the CW
effluent (section 3.1). Carbonates have for instance shown to result in
pore blocking of NF-membranes (Jarusutthirak et al., 2007; Landsman
et al., 2020), which would result in an increased transmembrane pres
sure. No further membrane analyses were performed to analyze this
potential fouling mechanism.
The increased transmembrane pressure results in slight differences in
the composition of the untreated and CW pre-treated NF-permeate. A
slightly lower concentration of divalent ions is observed in the permeate
of the CW pre-treated permeate (Table 4), as a result of an increasing
retention with increasing membrane pressure (section 3.2.1). This re
sults in a lower EC of the permeate after 80% recovery for the CW pretreated permeate compared to the untreated permeate (Table 4). The EC
of both streams is not low enough to meet the threshold value of 1 mS/
6
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Table 4
Experimental conditions and composition of permeate and concentrate after 4 subsequent 80% permeate
recovery runs with an initial volume of 10 L, initial trans-membrane pressure of 1.0 and initial crossflow
velocity of 0.5 m/s. Influent value represents the composition of 1st 10 L batch. Permeate value represents
the value of the combined permeate of 4 runs..

cm for a broad range of industrial reuse options (Groot et al., 2015). In
addition to differences in composition as a result of an increasing
transmembrane pressure, differences in the composition can be
observed due to pre-treatment by CWs: The CW pre-treated permeate
contains less nitrogen and benzotriazole as a result of their removal in
the CWs (Table 4; Table 2). Interestingly, benzotriazole does appear in
the bulk permeate after longer NF operation (Table 4), whereas during
short-term membrane characterization experiments, benzotriazole was
not observed in the permeate (section 3.2.1). Detailed sampling over
time showed that it took 6 h before benzotriazole was first observed in
the permeate (Fig. S19). Apparently, benzotriazole is temporarily
retained by NF-membranes, which could be due to adsorption to the
membrane surface. Adsorption of micropollutants, such as benzo
triazole, to NF-membrane surfaces has previously shown to result in an
overestimated retention of the micropollutants retention (Liu et al.,
2018; Xu et al., 2020), which was especially the case for electrostatically
neutral compounds, such as benzotriazole (Kimura et al., 2003). After
the initial adsorption phase, a breakthrough is observed and benzo
triazole accumulates in the permeate (Fig. S19; Table 4). However, as
discussed earlier, CW pre-treatment could prevent the accumulation of
small organic micropollutants that are not retained by NF-membranes in
the permeate as a result of their removal in the CW.

for the EO–NF–CTW and EO-CW–NF–CTW was observed, with the COD
removal efficiency reaching 100% within 6 h (Fig. 3a). Corrosion in
hibitor benzotriazole, that was still present in the EO-CTW and
EO–NF–CTW samples, was also completely removed as a result of EOtreatment at the two different applied current densities of 8.5 and
14.3 mA/cm2 (Table S1), which is in line with observations from earlier
experiments focussed on benzotriazole removal (Saha et al., 2020a). The
COD removal rate was higher for the EO-CTW compared to the
EO–NF–CTW and EO-CW–NF–CTW at a current density of 8.5 mA/cm2,
reaching a removal of 80% after 2 h (Fig. 3a). However, due to the 3.7
times lower initial COD concentration, the reaction rate decreased
drastically after 2 h because of diffusive mass transfer limitation on the
BDD anode (Oliviera et al., 2018; Saha et al., 2020a). With an increasing
current density from 8.5 mA/cm2 to 14.3 mA/cm2, the COD removal
rate for the EO–NF–CTW and EO-CW–NF–CTW increased (Fig. 3a),
likely as a result of the generation of more reactive oxidative species,
such as ●OH, as a result of a higher energy input and electrode potential,
leading to more SO●4 formation, which facilitated a faster removal of
COD (Farhat et al., 2015).
The TOC removal rate at a current density of 8.5 mA/cm2 for EOCTW was 0.09 h− 1, with a final removal efficiency of 75% after 8 h of
electrochemical oxidation (Fig. 2b). In contrast, the removal rate for the
concentrated CTW samples increased from 0.11 h− 1 to 0.14 h− 1 and the
removal efficiency from 80% to >98% with an increasing current den
sity from 8.5 mA/cm2 to 14.3 mA/cm2 for the EO–NF–CTW (Fig. 2b).
Concentration of the TOC by the NF-membranes seemed to have
improved the EO performance. This is also reflected by the instanta
neous current efficiency (ICE), which was approximately 34% for the
EO–NF–CTW after 4 h of treatment, while this was 5% for the EO-CTW
(Fig. 2c). The increased EO performance as a result of prior concentra
tion by NF membranes could be a result of a change in electrolyte ratio.
The electrolyte ratio for SO24-:Cl− in the EO–NF–CTW was approximately
2.5:1, while this is 0.9:1 for the non-concentrated EO-CTW, as a result of
SO2−
4 retention by the NF membrane (Table 4). A previous study has
shown that SO24-:Cl− electrolyte ratios between 10:1 and 2:1 can sub
stantially enhance radical formation and thereby result in a better
removal performance (Saha et al., 2022). A relatively higher SO2−
4
content results in an increased formation of ●OH, which facilitates the
formation of SO●⁻
4 , leading to efficient pollutant degradation and
mineralization (Saha et al., 2022). Hence, concentrating the CTW before
EO treatment increases the removal efficiency, removal rate and ICE.
Treatment of the CTW by CWs prior to concentration by NF does not
seem to have an apparent effect on the EO performance.

3.3. Electrochemical oxidation of the nanofiltration concentrate
Three kinds of CTW were electrochemically oxidized with a BDD
anode:
a) Untreated CTW (EO-CTW)
b) NF-concentrate of untreated CTW, as a result of 80% NF-permeate
recovery (EO–NF–CTW)
c) NF-concentrate of CW-pretreated CTW, as a result of 80% NFpermeate recovery (EO-CW–NF–CTW)
The following sections highlight the effect of the different pretreatments on the removal efficiency for TOC and the formation of
toxic byproducts.
3.3.1. COD and TOC removal
Pre-treatment by NF resulted in a substantially higher removal of
organic compounds at different current densities compared to untreated
CTW as a result of differing ions-ratios of the starting solutions (Fig. 2).
At a current density of 8.5 mA/cm2, a similar trend in COD removal
7
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Fig. 2. (a) CODt/COD0, (b) TOCt/TOC0 and (c) Instantaneous current efficiency (ICE) over time (h). Experimental conditions: 350 mL CTW (without treatment
(CTW); treated by constructed wetland and nanofiltration with 80% recovery (CW_NF); treated by nanofiltration with 80% recovery (NF)), T = 25–30 ◦ C, current
density = 8.5 or 14.3 mA/cm2, conductivity = 3.63 (CTW) and 6.36 (NF/CW_NF) mS/cm, flow rate = 580 mL/min, reaction time = 8 h.

3.3.2. Chlorinated byproduct formation
The concentrations of chloride and chlorinated by-products in terms
of halogenated organic compounds (AOX), free chlorine, chlorate and
perchlorate were monitored during EO treatment to assess the formation
of potential toxic by-products. The EO-CTW sample contained approxi
mately 463 mg/L chloride, while this was approximately 375 mg/L for
the concentrated EO–NF–CTW and EO-CW–NF–CTW (Fig. 3a). The
starting concentration of AOX was 0.9 mg/L, whereas the initial con
centration of the other chlorinated products is zero.
After 6 h of EO-treatment at 8.7 mA/cm2, 70–75% of the chloride
was converted into other chlorine species, and this increased to a 90%
conversion after 8 h (Fig. 3a). At 14.3 mA/cm2, more then 95% of the
chloride was converted to other chlorine species (Fig. 3a). During
treatment of the EO-CTW, 60 mg/L of free chlorine was formed after 6 h,
which decreased to a concentration of 30 mg/L after 8 h (Fig. 3b).
Substantially less free chlorine was formed during EO-treatment of the
concentrated CTW for both current densities after 6 and 8 h (Fig. 3b). A
higher free chlorine production in the original CTW was the result of
higher chloride concentrations and less active radicle formation. In
addition to free chlorine, AOX were formed, with the highest

concentrations observed for the EO-CW–NF–CTW treatment at 8.5 mA/
cm2 after 6 h (Fig. 3c). Increasing current densities and treatment times
resulted in decreasing AOX concentrations (Fig. 3c). The concentrations
of AOX and free chlorine in this study were lower than observed in a
previous CTW EO study where 17 mgCl− /L of AOX and 152 mg/L of free
chlorine were produced at comparable experimental conditions (an EC
of 3.7 mS/cm and applied current density of 8.7 mA/cm2) (Saha et al.,
2020b). A higher current density and extended oxidation period most
likely facilitated the degradation of AOX, but also converted free chlo
rine to chlorate and perchlorate for all pre-treatments after 6 h (Fig. 3d
and e). A substantially higher amount of perchlorate was produced
during 6 h EO-treatment of the concentrated samples EO–NF–CTW and
EO-CW–NF–CTW compared to the non-concentrated EO-CTW (Fig. 3e).
Increasing the treatment time to 8 h led to a decrease in the chlorate
concentration (Fig. 3d), and a further production of perchlorate
(Fig. 3e). The chlorate and perchlorate concentrations produced for the
EO-CTW (Fig. 3d; 3e) are higher than observed in previous studies at
comparable experimental conditions (EC of 3.7 mS/cm and an applied
current density of 8.7 mA/cm2) were 302 mg/L chlorate and 82 mg/L
perchlorate was produced (Saha et al., 2020b). This is likely the result of
8
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Fig. 3. (a) Chloride, (b) free chlorine, (c) chlorate (d) perchlorate concentration and (e) AOX. Experimental conditions: 350 mL CTW (without treatment (CTW);
treated by constructed wetland and nanofiltration with 80% recovery (CW_NF); treated by nanofiltration with 80% recovery (NF)), T = 25–30 ◦ C, current density =
8.5 or 14.3 mA/cm2, conductivity = 3.63 (CTW) and 6.36 (NF/CW_NF) mS/cm, flow rate = 580 mL/min, reaction time = 8 h.
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an extended oxidation duration, leading to the generation of more ●OH
that facilitates the conversion of chlorate to perchlorate. An increasing
applied current density similarly results in an increased generation of
●
OH. It can be concluded that prior concentration of CTW by NF or
before EO-treatment does not have a unilateral effect on the formation of
toxic by-products: On the one hand, concentrating the CTW results in a
lower formation of free chlorine, while on the other hand, the produc
tion of AOX, chlorate and perchlorate increases. An increasing oxidation
time results in a decreased concentration of free chlorine, AOX and
chlorate, while more perchlorate is produced, which becomes more
apparent at higher applied current densities. CW pre-treatment before
NF-concentration seems to result in a slightly increased formation of
especially perchlorate.

the treatment-train as studied was outside the scope of this study, due to
the many context-specific assumptions that need to be made in order to
do such an assessment in a thorough manner.
The water recovery of the currently studied treatment train is <70%
and varies over the year as the result of climatic influences on the CWs,
such as increased evapotranspiration in summer resulting in an
increasing water loss (Fig. S2). This water recovery is lower than earlier
studied options for recovery of the same water stream, such as electro
dialysis reversal (81%), capacitive deionization (71%) and membrane
distillation (76%) (Groot et al., 2015). However, various potential show
stoppers that were identified with these technologies, such as too high
residual concentrations of TOC and phosphate (Groot et al., 2015), were
overcome by combining the technologies in the studied treatment-train.
The water recovery of the studied treatment-train can be increased.
From the CW effluent, 80% of the total water volume was recovered
after NF. A higher recovery could be obtained by higher concentration of
the CTW, which could however lead to increased fouling of the NF
membranes (Boo et al., 2018). In addition, the concentrate could be
brought back into the treatment-train, for instance after EO-treatment.
EO-treatment does result in the degradation of organic substances,
but in the production of unwanted by-products (section 3.2.2). How
ever, CWs have shown to be able to remove these by-products, albeit at
the expense of the viability of the plants (Saha et al., 2020a). Never
theless, a sacrificial CW without plants could be used in sequence or
parallel with the CWs for direct treatment of CTW to remove these
by-products from the concentrate. In addition, by-product formation
from EO-treatment of CTW can be prevented as a result of new insights
in the effects of ion ratios on the by-product formation (Saha et al.,
2022).
A further step to increase the water recovery would be to leave out
RO of the treatment train, since RO results in a final product of which the
main product quality requirement EC of 50 μS/cm is far below the
required product quality of 1,000 μS/cm for generic reuse of water for
industrial applications (Groot et al., 2015). This would mean that NF
only would be responsible for desalination of the CTW. The
NF-membrane used in the present study does not retain enough mono
valent ions to reach the desired product quality. However, ongoing de
velopments in the field of membrane fabrication resulted in the
development of for instance layer-by-layer membranes with alternating
charge densities that increase the retention of monovalent ions
(Scheepers et al., 2020, 2021) which can eventually result in reaching
the desired product quality with only NF. The application of only one

3.4. Reverse osmosis of the nanofiltration permeate
RO of the NF permeate resulted in a permeate that meets a set of
generic water quality requirements for broad reuse application in the
industry for both treatment trains, as defined by Groot et al. (2015): an
EC of <1 mS/cm, chloride concentration of <150 mg/L, TOC concen
tration of <15 mg/L, phosphate concentration of <1 mg/L (Table 5).
Consequently, a concentrate was produced that contained high
concentrations of mono- and divalent ions (Table 5). In the case of non
CW pre-treated CTW, this concentrate also contains substantially higher
concentrations of NO−3 and benzotriazole than the initial CTW, which
could result in problems with further treatment or disposal.
3.5. Future research priorities before full-scale application of the
integrated technology-train
It is possible to produce a water stream from CTW that can be applied
for many purposes within the industrial sector using an integrated
treatment train of CWs, NF, EO and RO. Before this integrated treatment
train can be applied on the full-scale for the treatment of CTW, future
studies should provide more insights in various aspects, such as the
water recovery of the treatment train, the production and disposal of
concentrated streams, the reuse water quality requirements and appli
cation, the maturity of the technological and green compartments of the
treatment train and the related CAPEX and OPEX (Wreyford et al., 2020;
Belmondo Bianchi et al., 2021; Willet et al., 2021). The following par
agraphs provide more detailed suggestions for future research for these
important aspects. However, a detailed CAPEX and OPEX assessment of

Table 5
Composition of reverse osmosis permeate and concentrate..
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filtration technology would also lead to only one concentrated stream to
treat or dispose, instead of the NF-concentrate and RO-concentrate in
the currently studied treatment-train. However, the technology readi
ness level (TRL) of these innovative membranes is currently not suffi
cient yet for full-scale application, although the developments follow
rapidly as a result of their potential broad application. The same applies
for EO-treatment with the anodes that were applied in this study. In
contrast, the CWs, NF-membranes used in this study and RO are of a
sufficient TRL for full-scale application at this moment.

the reverse osmosis experiments. Niels Groot, Eva Koper, Albert Jansen
and Georg Stockinger are acknowledged for fruitful discussions.

4. Conclusions

Ahmed, J., Jamal, Y., Shujaatullah, M., 2020. Recovery of cooling tower blowdown
water through reverse osmosis (RO): review of water parameters affecting
membrane fouling and pretreatment schemes. Desalination Water Treat. 189, 9–17.
Al-Amoudi, A.S., 2010. Factors affecting natural organic matter (NOM) and scaling
fouling in NF membranes: a review. Desalination 259, 1–10.
Almendros, G., Dorado, J., 2001. Molecular characteristics related to the
biodegradability of humic acid preparations. Eur. J. Soil Sci. 50, 227–236.
Altman, S.J., Jensen, R.P., Cappelle, M.A., Sanchez, A.L., Everett, R.L., Anderson, H.L.,
McGrath, L.K., 2012. Membrane treatment of side-stream cooling tower water for
reduction of water usage. Desalination 285, 177–183.
Belmondo Bianchi, A., Wreyford, J.M., Willet, J., Gerdessen, J.C., Dykstra, J.E.,
Rijnaarts, H.H.M., 2021. Treatment vs. transport: a framework for assessing the
trade-offs between on-site desalination and off-site water sourcing for an industrial
case study. J. Clean. Prod. 285, 124901.
Bona, A., Bakonyi, P., Galambos, I., Belafi-Bako, K., Nemestothy, N., 2020. Separation of
volatile fatty acid from model anaerobic effluents using various membrane
technologies. Membranes 10, 252.
Boo, C., Wang, Y., Zucker, I., Choo, Y., Osuji, C.O., Elimelech, M., 2018. High
performance nanofiltration membrane for effective removal of perfluoralkyl
substances at high water recovery. Environ. Sci. Technol. 52, 7279–7288.
Bruninghoff, R., van Duijne, A.K., Braakhuis, L., Saha, P., Jeremiasse, A.W., Mei, B.,
Mul, G., 2019. Comparative analysis of photocatalytic and electrochemical
degradation of 4-ethylphenol in saline conditions. Environ. Sci. Technol. 53,
8725–8735.
Bruninghoff, R., Paradelo Rodriguez, A., Jong, R.P.H., Sturm, J.M., Breuer, U.,
Lievens, C., Jeremiasse, A.W., Mul, G., Mei, B., 2021. Electrochemical preparation of
defect-engineered titania: bulk doping versus surface contamination. Appl. Surf. Sci.
539, 148136.
Chang, H., Liang, H., Qu, F., Ma, J., Ren, N., Li, G., 2016. Towards a better hydraulic
cleaning strategy for ultrafiltration membrane fouling by humic acid: effect of
backwash water composition. J. Environ. Sci. 43, 177–186.
Farhat, A., Keller, J., Tait, S., Radjenovic, J., 2015. Removal of persistent organic
contaminants by electrochemically activated sulfate. Environ. Sci. Technol. 49,
14326–14333.
Feeley, T.J., Skone, T.J., Stiegel, G.J., McNemar, A., Nemeth, M., Schimmoller, B.,
Murphy, J.T., Manfredo, L., 2008. Water: a critical resource in the thermoelectric
power industry. Energy 33, 1–11.
Florke, M., Kynast, E., Barlund, I., Eisner, S., Wimmer, F., Alcamo, J., 2013. Domestic
and industrial water uses of the past 60 years as a mirror of socio-economic
development: a global simulation study. Global Environ. Change 23, 144–156.
Garcia, J., Rousseau, D.P., Morato, J., Lesage, E., Matamoros, V., Bayona, J.M., 2010.
Contaminant removal processes in subsurface-flow constructed wetlands: a review.
Crit. Rev. Environ. Sci. Technol. 40, 561–661.
Gonzalez-Olmos, R., Penades, A., Garcia, G., 2018. Electro-oxidation as efficient
pretreatment to minimize the membrane fouling in water reuse processes. J. Membr.
Sci. 552, 124–131.
Groot, C.K., van den Broek, W.B.P., Loewenberg, J., Koeman-Stein, N., Heidekamp, M.,
de Schepper, W., 2015. Mild desalination of various raw water streams. Water Sci.
Technol. 72, 371–376.
Huang, S., McDonald, J.A., Kuchel, R.P., Khan, S.J., Leslie, G., Tang, C.Y., Mansouri, J.,
Fane, A.G., 2021. Surface modification of nanofiltration membranes to improve the
removal of organic micropollutants: linking membrane characteristics to solute
transmission. Water Res. 203, 117520.
Jarusutthirak, C., Mattaraj, S., Jiraratananon, R., 2007. Influence of inorganic scalants
and natural organic matter on nanofiltration membrane fouling. J. Membr. Sci. 287,
138–145.
Kimura, K., Amy, G., Drewes, J., Watanabe, Y., 2003. Adsorption of hydrophobic
compounds on NF/RO membranes: an artifact leading to overestimation of rejection.
J. Membr. Sci. 221, 89–101.
Koeman-Stein, N.E., Creusen, R.J.M., Zijlstra, M., Groot, C.K., van den Broek, W.B.P.,
2016. Membrane distillation of industrial cooling tower blowdown water. Water Res.
Ind. 14, 11–17.
Landsman, M.R., Lawler, D.F., Katz, L.E., 2020. Application of electrodialysis
pretreatment to enhance boron removal and reduce fouling during desalination by
nanofiltration/reverse osmosis. Desalination 491, 114563.
van Limpt, B., van der Wal, A., 2015. Water and chemical savings in cooling towers by
using membrane capacitive deionization. Desalination 342, 148–155.
Li, S., Kim, Y., Chekli, L., Phuntsho, S., Shon, H.K., Leiknes, T., Ghaffour, N., 2017.
Impact of reverse nutrient diffusion on membrane biofouling in fertilizer-drawn
forward osmosis. J. Membr. Sci. 539, 108–115.
Liu, Y., Wang, X., Yang, H., Xie, Y.F., 2018. Adsorption of pharmaceuticals onto isolated
polyamide active layer of NF/RO membranes. Chemosphere 200, 36–47.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jclepro.2022.132667.
References

The integration of CWs, NF, EO and RO in a treatment-train allows
the production of a water stream from CTW that meets commonly
applied industrial reuse threshold concentrations for EC (<1 mS/cm),
chloride (<150 mg/L), phosphate (<1 mg/L) and total organic carbon
(<15 mg/L). The use of CWs as a first treatment step results in a ben
zotriazole removal efficiency higher than 90% as a result of complete
biodegradation, which prevents the accumulation of this industrial
chemical in later concentrate streams. Pre-treatment by CWs does result
in increased fouling of NF-membranes as a result of the formation of
inorganic carbon species in the CW. The applied NF-membranes had a
limited capability in retaining monovalent ions resulting in a 32%
decrease of the EC, and therefore, subsequent desalination by RO was
still needed. The retention of divalent ions by the NF-membranes led to
18% more electrochemical degradation of recalcitrant humic acids and
less unwanted by-product formation during EO-treatment of the NFconcentrate compared to EO-treatment of the initial CTW as a result
−
of different SO2−
4 : Cl ratios. Full-scale application of the treatment-train
would benefit from an improvement in the water recovery, the appli
cation of innovative new NF-membranes that may make RO-treatment
redundant, and the adoption of new mechanistic and operational in
sights in preventing unwanted by-product formation during EOtreatment.
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