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� Electrochemical oxidation to remove organic compounds from cooling tower blowdown.
� Boron-doped diamond anode has higher removal efficiency than mixed-metal oxide anode.
� The applied current density influences the organic compound removal efficiency.
� Electrochemical oxidation results in the partial transformation of organic compounds.
� The formation of toxic chlorinated by-products needs to be prevented.
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a b s t r a c t

The reuse of cooling tower blowdown (CTBD) in the cooling tower itself requires CTBD deionization and a
pre-treatment before deionization to remove organic compounds (OCs) that induce membrane fouling.
This study assesses the potential of electrochemical oxidation (EO) with a boron-doped diamond (BDD)
and a Ti/RuO2 mixed-metal oxide (MMO) anode for CTBD pre-treatment. Also, the influence of the
applied current density (j), initial pH, hydrodynamic conditions, and supporting electrolyte on the
process performance was evaluated. Results show that COD and TOC removal were 85 and 51%,
respectively, with the BDD-anode; however, they were 50 and 12% with MMO-anode at a j-value of
8.7 mA cm�2 and neutral pH. An increased j-value increased the COD and TOC removal; however,
different pHs, hydrodynamic conditions, and the addition of supporting electrolytes had a minor impact
on the removal with both anodes. Liquid chromatography-organic carbon detection analysis showed that
the OC in CTBD mainly consisted of humic substances (HS). EO with the BDD-anode resulted in 35% HS
mineralization, while the rest of the HS were partially oxidized into low molecular weight compounds
and building blocks. However, HS mineralization was limited with the MMO-anode. The mineralization
and oxidation were accompanied by the formation of organic and inorganic chlorinated species. These
species increased the toxicity to Vibrio fischeri 20-fold compared to the initially low-toxic CTBD. Thus, EO
with a BDD-anode is a promising pre-treatment technology for the removal of OCs before CTBD
deionization, but measures to minimize the chlorinated species formation are required before its
application.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The reuse of discharged cooling tower water in the cooling
tower itself can substantially lower the industrial freshwater foot-
print. This is especially relevant in freshwater-stressed areas where
freshwater stress is expected to increase due to climate change and
droughts (Wang et al., 2008). In 2015, the United States withdrew
102 km3 of freshwater for the cooling systems of thermal power
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plants (Lohrmann et al., 2019). During the operation of the cooling
tower, the concentration of salts and organic compounds (OCs) in
the cooling water increases due to evaporation. Increased salt
concentrations eventually create operational problems, such as
scaling. To prevent operational problems, the concentrated cooling
water is discharged regularly as cooling tower blowdown (CTBD)
when too high salt concentrations are reached (Nanda et al., 2008;
Altman et al., 2012). Subsequently, freshmake-upwater needs to be
added to the cooling system to compensate for the water loss. To
reuse CTBD asmake-upwater and lower the freshwater footprint of
the cooling tower, the deionization of the CTBD is required.

Different membrane technologies for CTBD deionization have
been assessed, such as nanofiltration, reverse osmosis (Groot et al.,
2015), electrodialysis combined with electrodialysis reversal (Vidic
et al., 2009), capacitive deionization (Van Limpt and van der Wal,
2014), and membrane distillation (Koeman-Stein et al., 2015;
Kuipers et al., 2015). All these membrane-based deionization
technologies encounter fouling through pore-clogging and gel
formation as a result of dissolved organic compounds (OCs) that are
present in the CTBD (Greenlee et al., 2010; Sweity et al., 2014).
Fouling ultimately reduces the deionization efficiency of the
membranes. Therefore, a pre-treatment method that removes OCs
before membrane deionization would enhance the CTBD deion-
ization efficiency and make the reuse of CTBD in the cooling tower
economically more attractive. Several pre-treatment technologies
for the removal of OCs from CTBD before membrane deionization
have been studied, such as microfiltration (Li et al., 2007), inte-
grated sand filtration/nanofiltration (Wang et al., 2006), coagula-
tion (Davood Abadi Farahani et al., 2016), powdered activated
carbon (PAC) (L€owenberg et al., 2015a), ultrafiltration (Zhang et al.,
2007, 2008; Zeng et al., 2009) and constructed wetlands (Wagner
et al., 2020). The incomplete removal of recalcitrant OCs is a reoc-
curring issue with the abovementioned pre-treatment technolo-
gies. However, during the last decade, electrochemical oxidation
(EO) has proven itself as a suitable technology for the removal of
recalcitrant OCs from wastewater streams (Moreira et al., 2017;
Garcia-Segura et al., 2018;McBeath et al., 2019), such as wastewater
from textile industries (Othmani et al., 2020), petrochemical in-
dustries (da Silva et al., 2019), pulp and paper mills (Klidi et al.,
2018), tanneries (Le Luu et al., 2019), chemical industries (Gomez-
Ruiz et al., 2017), municipal secondary effluent (Garcia-Segura
et al., 2015), domestic wastewater (Daghrir et al., 2014; Dur�an
et al., 2018) and landfill leachates (Fernandes et al., 2015, 2016;
Gautam et al., 2019; Yu et al., 2020). A distinct advantage of EO is
that no additional chemicals are required, processes are operated in
mild conditions, and processes can easily be automated (Brillas
et al., 2009; Sir�es et al., 2014; Shin et al., 2019).

In the present study, the application of EO as a CTBD pre-
treatment method before CTBD deionization was studied. EO was
performedwith two different anodes: a Ti/RuO2mixed-metal oxide
(MMO) anode and a boron-doped diamond (BDD) anode. Both
MMO-anodes and BDD-anodes are capable of oxidizing OCs effi-
ciently (Sillanp€a€a and Shestakova, 2017; He et al., 2019; Nidheesh
et al., 2019). During the EO of OCs, various mechanisms are
responsible for the degradation of OCs. OCs are directly oxidized on
the MMO-anode or BDD-anodes surface. In addition, water oxida-
tion results in the formation of hydroxyl radicals (�OH) with both
anodes. Furthermore, with the MMO-anode, higher oxidation
complexes (MMOxþ1) are formed. Additionally, �OH are capable of
forming sulfate radicals and active chlorine species from their
corresponding anions present in the water. Moreover, chloride ions
can directly be oxidized to chlorine. Chlorine is subsequently con-
verted to hypochlorite. These reactive oxygen species (ROS) can
indirectly oxidize the OCs. All the corresponding processes can be
expressed as reactions (1)-(8) (Panizza and Cerisola, 2009; Brito
et al., 2015; Farhat et al., 2015; Lan et al., 2017).

BDDþH2O/BDDð �OHÞ þ Hþ þ e� (1)

MMOX þH2O/MMOXð �OHÞ þ Hþ þ e� (2)

MMOXð�OHÞ/MMOXþ1 þHþ þ e� (3)

SO2�
4 þ � OH/SO��

4 þ OH� (4)

Cl� þ � OH/ � ClO� þHþ þ e� (5)

2Cl� /Cl2 þ 2e� (6)

Cl2 þ2H2O/HClO=ClO� þ Cl� þ Hþ=2Hþ (7)

Organic compoundsþROS/CO2 þ IntermediatesþH2O (8)

In this study, the treatment performance of theMMO-anode and
BDD-anode was compared in terms of COD and TOC removal effi-
ciency, average oxidation state (AOS), instantaneous current effi-
ciency (ICE) and energy consumption (EC). Besides, the overall
efficiency of EO depends on the applied current density (j), pH,
hydrodynamic conditions, and electrolyte composition, and these
were varied in the present study to determine their impact on the
process efficiency. In addition, the composition of the OCs in CTBD
before and after EO-treatment was assessed by liquid
chromatography-organic carbon detection (LC-OCD). Furthermore,
the formation of adsorbable organic halides (AOX) and chlorinated
inorganic species was monitored, and the toxicity of the EO-treated
CTBD was assessed because AOX and chlorinated inorganic species
are potentially toxic and can accumulate in the environment.

2. Materials and methods

2.1. Chemicals

Potassium ferrocyanide (K4Fe(CN)6, �98.5%); Potassium ferri-
cyanide (K3Fe(CN)6, �99%); sulfuric acid (H2SO4, 95%); sodium
hydroxide (NaOH, �99%); sodium nitrate (NaNO3, 99%); sodium
sulfate (Na2SO4, �99%), sodium chloride (NaCl, �99%), calcium
chloride (CaCl2,�96%), potassium nitrate (KNO3,�99%), and copper
sulfate (CuSO4, �99%) were obtained from Sigma Aldrich (The
Netherlands).

2.2. Cooling tower blowdown composition

CTBD was collected from a cooling tower of Dow Benelux BV
(Terneuzen, The Netherlands). During normal operation of this
cooling tower, H2SO4 is dosed for pH-adjustment, Nalco 3DT187,
and Nalco 3DT199 are dosed as a corrosion inhibitor, Nalsperse
7348 is dosed as bio-dispersant, and NaClO is dosed as a disinfec-
tant (Koeman-Stein et al., 2015). The collected CTBD was stored at
4 �C to minimize microbial activity and growth. Subsequently, the
CTBD was used for the experiments without any physical-chemical
pre-treatment. The composition of the CTBD is provided in the
supplementary info (SI) (Table S1).

2.3. Experimental electrochemical oxidation set-up

EO experiments were performed in batch recirculation mode
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using 350 mL CTBD. The electrochemical cell comprises a single
flow chambered flat plate reactor assembly with an active elec-
trodes surface area of 22.4 cm2 (L: 11.2 cm � W: 2.0 cm) (Fig. S2).
The inter-electrode distance was 1.5 cm. A platinum-coated tita-
nium electrode was used as the cathode, and a Ti/RuO2 mixed-
metal oxide (MMO) or boron-doped diamond (BDD) electrode
was used as the working anode (Magneto Special Anodes, Schie-
dam, The Netherlands). A silver/silver chloride (Ag/AgCl) electrode
(QM711X/Gel, Prosense, The Netherlands) served as a reference
electrode, and it was ionically plugged into the EO cell using Haber-
Lugging capillaries filled up with a 1 M potassium nitrate solution.
A peristaltic pump was used to circulate the CTBD through the cell
at different flow rates. On-line pH, conductivity, and temperature
sensors were installed in the set-up. The temperature of the system
was maintained at 21e23 �C EO experiments were conducted gal-
vanostatically using an IviumStat.h potentiostat (Ivium Technolo-
gies B.V. The Netherlands). The potentiostat was attached in a
three-electrode conformation (anode, cathode, and reference
electrode). Iviumstat software was used to record and analyses the
experimental electrochemical data. The system was polarized at
2.7 mA cm�2 for 30 min using a 0.1 M sulfuric acid solution prior to
the experiments. The mass transfer coefficient of the EO cell was
measured by the oxidation and reduction of ferrocyanide and
ferricyanide. The detailed protocol of this method is reported in
(Ca~nizares et al., 2006). At a recirculation flow rate of 30 L h�1, the
mass transfer coefficient (Km, m s�1) was 1.7 (±0.06) � 10�5 m s�1.
The limiting current density (Ilim) for the CTBD was 3 mA cm�2,
which was calculated according to equation (9) (Panizza and
Cerisola, 2009):

Ilim ¼4FAKmCOD0 (9)

Where, A is the surface area of the electrode (m2), COD0 the initial
CTBD (mol O₂ m�3), and F the Faraday’s constant (96485 C mol�1).

Na2SO4 and NaNO3 were separately added to the CTBD to assess
the effect of the supporting electrolyte on the EO performance. In
addition, 96% H2SO4 and NaOH solution were added to the CTBD to
evaluate the impact of an acidic or basic initial pH on the EO
performance.

To determine the COD removal rate and removal efficiency,
seven samples of 2 mL were taken for COD analysis during the 3 h
EO-treatment. In addition, a 50 mL sample was collected after the
3 h EO-treatment to determine free chlorine (FC, the total con-
centration of Cl2 and HOCl/OCl�), the TOC concentration, the ionic
composition, the composition of the OCs and the toxicity of the
treated CTBD.

2.4. Analytical methods

The CTBD OCs concentration was measured as COD using Hach
kit LCK-314/LCK-1414 and a Hach DR/3900 spectrophotometer
(Hach Lange GmbH, Germany). The degree of OCs mineralization
was measured as TOC removal using a TOC-LCPH/CPN analyzer
equipped with an ASI-L autosampler (Shimadzu, The Netherlands).
The OCs were catalytically oxidized to CO2 at a temperature of
680 �C, and non-dispersive infrared detection was used to detect
the CO2. Anions were measured with a Dionex ICS-2100 ion chro-
matography (IC) (Dionex, The Netherlands) connected with a Dio-
nex IonPac AS19 column (4 � 250 mm). A PerkinElmer ICP-OES
AVIO 500 plasma atomic emission spectroscopy (ICP) was used to
determine the cations. The composition of the OCs in the CTBD
samples was analyzed with a size-exclusion liquid
chromatography-organic carbon detector (LC-OCD) (Model 8, DOC-
Labor, Germany), according to the method described in Ajao et al.
(2019). In short, the analyzer was equipped with a non-dispersive
infrared detector together with an organic nitrogen detector (UV
220 nm) and a UV detector (254 nm). Each sample was separated
according to their molecular weight into biopolymers, HS, low
molecular weight (LMW) acids, and LMW neutrals in the size-
exclusion column (Huber et al., 2011; Ajao et al., 2019). The sam-
ple was filtered with a 0.45 mmpolytetrafluoroethylene filter before
analysis. Free chlorine (FC) concentrations were measured by Hach
DPD free and total chlorine test reagent and a Hach DR/3900
spectrophotometer (Hach Lange GmbH, Germany). The AOX con-
centrations were measured with the Hach LCK-390 cuvette test
(Hach Lange GmbH, Germany) according to the manufacturer
protocol. The acute toxicity of the initial and treated samples was
measured byMicrotox® toxicity test kits model 500 (Microloan, the
Netherlands).
2.5. Data analysis

2.5.1. Performance evaluation
The performance of the EO process was monitored by following

the %COD removal, %TOC removal, instantaneous current efficiency
(%ICE), and energy consumption (EC in kWh.kg�1 COD). All the
corresponding performances are calculated according to the
following equations (10)e(13) (Panizza and Cerisola, 2009; Tak
et al., 2015; Zou et al., 2017).

%COD reoval¼CODin � CODout

CODin
� 100% (10)

%TOC removal¼ TOCin � TOCout
TOCin

� 100% (11)

%ICE¼ FVS

�
CODin � CODout

mIDt

�
� 100% (12)

EC¼ DEcellIt
ðVs � DCODÞ (13)

Where: CODin and CODout in gO₂ L�1 are respectively the initial and
final COD obtained before and after EO treatment. TOCin and TOCout
in g L�1 are respectively, the initial and final TOC obtained before
and after EO treatment. F is Faraday’s constant (96485 C mol�1), VS
is electrolyte volume (L), I is the applied current (A), Dt is the
electrolysis time (s), t is the electrolysis time (h), m ¼ 8 ¼ oxygen
equivalent mass (gO₂ eqmol�1) and DEcell is the average cell voltage
(V).
2.5.2. Average oxidation state (AOS)
The change of oxidation state of the organic carbon is expressed

as the average oxidation state (AOS) of the organic carbon in the
treated CTBD, which was evaluated using equation (14) (Reyes
et al., 2006).

AOS¼4
ðTOCout � CODoutÞ

TOCout
(14)

Where TOC and COD are expressed in molar units, the AOS value
varies from þ4 to �4. þ4 implies the highest oxidation state of the
carbon, such as CO2 or CCl4. �4 indicates the lowest oxidation
stated of the carbon, such as methane.
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3. Results and discussion

3.1. Influence of applied current density (j) on OCs oxidation

The COD removal efficiency increased with an increasing
applied current density (j) for both anodes (Fig. 1). The applied
current density is an important parameter that governs the removal
kinetics (Klidi et al., 2018). More ROS are formed at a higher j-value
(Panizza and Cerisola, 2009; Brito et al., 2015; Farhat et al., 2015).
These ROS indirectly oxidize the COD present in the CTBD. An in-
crease of the j-value with the BDD-anode from 2.3 to 5.5 and
8.7 mA cm�2 enhanced the COD removal from 45 to 77 and 85%,
respectively. (Fig. 1a). With a j-value of 2.3 mA cm�2, the COD
removal was controlled by the formation of ROS, since this j-value is
lower than the limiting current density (Kapałka et al., 2008). With
a higher j-value, EO of the COD in the CTBD was limited by mass
transport, leading to only an 8% increase in COD removal with an
increase of the j-value from 5.5 to 8.7 mA cm�2. In addition to mass
transfer limitation, a higher j-value also facilitates undesired oxy-
gen evolution reactions and reduces energy efficiency (Scialdone
et al., 2009).

The COD removal over time with the BDD-anode has a two-
phase removal profile with a decreasing removal rate after
60 min (Fig. 1a). The simultaneous occurrence of three processes
results in this two-phase removal profile: 1) the reaction kinetics of
OCs at the surface of the anode; 2) mass-transfer of OCs by diffu-
sion; 3) the transformation of OCs into intermediates with a
different reactivity or diffusivity than the parent compound. During
the first 60 min, the reaction kinetics are controlled by the �OH
formed at the anode surface, and OCs can be supplied at a high
enough diffusion rate not to become rate-limiting. After 60min, the
reaction kinetics decrease, possibly by diffusive mass transfer lim-
itation because of the decreased OCs concentration. In addition, the
two-phase removal profile might be explained by the production of
OC intermediates that are unfavorable to oxidation. Oliveira et al.
(2018) reported a similar COD removal profile. In their study, the
removal of COD from phenolic wastewaters was faster during the
first 0.5 h of treatment, after which the removal slowed down due
to mass transfer limitation at the surface of the BDD-anode
(Oliveira et al., 2018).

EO with the MMO-anode resulted in incomplete COD removal
that is substantially lower than with the BDD-anode for all j values
(Fig. 1b). Several competitive processes occur during EO with the
Fig. 1. Influence of applied current density (j) on COD removal with (a) BDD-anode and (b
pH ¼ 6.9, recirculation flow rate ¼ 30 L h�1.
MMO-anode, which could explain the lower COD removal
compared to the BDD-anode. Firstly, MOxþ1 active higher oxidation
complexes are formed at the MMO-anode surface, that less effi-
ciently oxidize OCs compared to the �OH produced by the BDD-
anode. Also, MOxþ1 proceeds to oxygen evaluation reactions
(Klidi et al., 2018). Secondly, 80, 205, and 310 mg L�1 hypochlorites
are formed with a j of 5.5, 8.7, and 14.5 mA cm�2 with the MMO-
anode (Table 3), and hypochlorite has less oxidation potential
compared to the �OH formed by the BDD-anode (Wu et al., 2014).
Lastly, the low water oxidation overpotential of the MMO-anode
(þ1.50 V, SHE) compared to the BDD-anode (þ2.3 V, SHE) results
in a loss of applied energy to undesired water oxidation (Panizza
and Cerisola, 2009; Wu et al., 2014).
3.2. Effect of applied current on the performance of the
electrochemical oxidation process

During EO, the OCs in CTBD are oxidized and partially miner-
alized to carbon dioxide. Only part of the applied energy is used for
the desired oxidation reactions. Thus, analysis of the TOC removal,
the OCs average oxidation state (AOS), instantaneous current effi-
ciency (ICE), and energy consumption allows determining the
process efficiency.

An increasing j led to increased removal of TOC with both an-
odes. A similar phenomenon was observed for COD removal (sec-
tion 3.1; Table 1). TOC removal represents the complete
mineralization of OCs. The higher COD than TOC removal (Table 1)
indicates that partial oxidation of OCs occurred, resulting in OC ‘s
with a higher oxidation state (Bili�nska et al., 2016). Evaluation of
the OCs AOS over time confirms this partial oxidation phenomenon
since the AOS-values substantially increased after 180 min EO of
CTBD with the BDD-anode and the MMO-anode (Table 1). Most
likely, a fraction of the OCs was oxidized into smaller organic
molecules, especially organic acids, alcohols and aldehydes, and
possibly chlorinated OCs (Oller et al., 2011). Several studies indi-
cated that the breakdown of large molecules into smaller and more
oxidized organic intermediates corresponds with higher AOS
values (Reyes et al., 2006; Orts et al., 2017).

The ICE declined with increasing j-values with the BDD-anode
(Table 1). At a low j-value, most of the applied energy is used for
oxidation of the OCs. Higher j-value results in decreasing ICE
becausemore energy is used for the oxidation of water. The ICE was
substantially lower with the MMO-anode compared to the BDD-
) MMO- anode. Experimental conditions: T ¼ 21e23 �C, Conductivity ¼ 3.7 mS cm�1,



Table 1
EO performance in terms of COD and TOC removal, average oxidation state (AOS) of the OCs, instantaneous current efficiency (ICE) and energy consumption per kg of COD at
different applied current densities (j). Experimental conditions: T ¼ 21e23 �C, conductivity ¼ 3.7 mS cm�1, pH ¼ 6.9, recirculation flow rate ¼ 30L h�1, treatment time ¼ 3 h.

Anode j (mA cm�2) % COD removal (±) %TOC removal (±) AOSa,b %ICEb EC (kWh kg�1 COD)b

BDD 2.3 45 (1) 39 (1) þ1.5 48 12
5.5 77 (2) 42 (1) þ2.8 31 24
8.7 85 (3) 51 (1) þ3.0 20 47

MMO 5.5 19 (3) 9 (1) þ0.9 5.0 119
8.7 50 (3) 12 (0) þ1.5 7.0 125
14.5 60 (4) 15 (2) þ2.3 8.0 142

a Initial AOS of CTBD: þ0.8.
b AOS, ICE, and EC were calculated based on average COD and TOC value.
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anode (Table 1). Consequently, significantly more energy is
consumed for the oxidation of a kg of COD with the MMO-anode
than with the BDD-anode (Table 1). Hence, the performance effi-
ciency of the BDD-anode is higher than that of the MMO-anode.
3.3. Influence of electrochemical oxidation on the dissolved organic
carbon profile

LC-OCD analysis showed that the dissolved organic carbon
(DOC) profile of the CTBD changed during EO with the BDD-anode
and MMO-anode (Fig. 2). During the EO process, the AOS of the OCs
changes, likely because of the conversion of large organicmolecules
to smaller oxidized organic molecules (section 3.2).

Before EO, the CTBD is composed of 35.1 mg L�1 HS, 1.6 mg L�1

biopolymers, 1.8 mg L�1 low molecular weight (LMW) acids, and
9.8 mg L�1 LMW-neutrals (Fig. 2), which agrees with the earlier
described composition of CTBD from the same site (L€owenberg
et al., 2015b). EO with the BDD-anode at the highest applied j-
value resulted in the removal of HS, while this removal was less
apparent with the MMO-anode (Fig. 2). A shoulder appears on the
HS peak after EO-treatment with the BDD-anode in the total ion
chromatogram of the LC-OCD analysis (Fig. S3). This shoulder in-
dicates the formation of a low molecular weight fraction, building
blocks, during the oxidation of HS (Huber et al., 2011). The con-
centration of the LMW-acids also increased after EO with the BDD-
anode. The formation of building blocks and LMW-acids corrobo-
rates that HS are partially oxidized and broken down into smaller
Fig. 2. The DOC-profile of CTBD OCs after EO at different j-values with (a) BDD-anode and
pH ¼ 6.9, recirculation flow rate ¼ 30 L h�1, treatment time ¼ 3 h.
fragments, leading to higher COD removal than TOC removal and an
increased AOS, as was discussed in sections 3.1 and 3.2.

The ineffective removal of HS with the MMO-anode can be
attributed to the less effective oxidation because of the formation of
HClO/ClO�. HClO/ClO� produced by a SnO2eSb2O4 (MMO)-anode
has shown to indirectly oxidizes HS in sanitary landfill leachate,
resulting in 66% COD and 15% DOC removal at a j-value of
30 mA cm�2 and 8 h of treatment in the presence of 2.5 g L�1

chloride (Fernandes et al., 2016). The lowDOC removal compared to
the COD removal shows that the MMO-anode is ineffective for the
breakdown and mineralization of HS.
3.4. Influence of hydrodynamic conditions on OCs oxidation

Varying the flowrate (linear flow velocity) between 18 L h�1

(0.84 cm s�1), 30 L h�1 (2.8 cm s�1) or 46 L h�1 (4.25 cm s�1) at
8.7 mA cm�2 for the BDD-anode and 14.5 mA cm�2 for the MMO-
anode did not result in substantial changes in the COD removal
efficiency or removal rate (Fig. 3).

Generally, the removal of OCs by EO depends on the dynamics of
the flow regime (Scialdone et al., 2009). Approximately 10% varia-
tion in the COD removal efficiency was observed for the different
flow rates with both anodes. The TOC removal also did not change
substantially because of the flow rate variation (Table S2). It was
expected that increasing the flow rate would reduce the mass
transfer limitation by reducing the diffusion layer thickness and
increasing the reaction rate (Scialdone et al., 2009), and in this way
(b) MMO-anode. Experimental conditions: T ¼ 21e23 �C, conductivity ¼ 3.7 mS cm�1,



Fig. 3. COD removal at different flowrates with a) BDD-anode and b) MMO-anode. Experimental conditions: T ¼ 21e23 �C; conductivity ¼ 3.7 mS cm�1; pH ¼ 6.9; treatment
time ¼ 3 h.
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improving the COD removal efficiency. The unaffected COD removal
efficiency at varying flowrates shows that the COD removal is not
only limited by mass transfer and reaction kinetics of the parent
OCs, as was discussed in section 3.1 but also by the oxidation rate of
the OCs intermediates with the reactive oxidative species formed in
the EO system.
3.5. Influence of pH and supporting electrolyte on OCs oxidation

Varying the initial pH between 3.0, 6.9, and 11.5 did not affect
the COD and TOC removal efficiency of both anodes (Table 2). EO
with the BDD-anode results in the formation of �OH. Their oxidation
power is unaffected by different pH values, as was previously
shown during the treatment of ferulic acid (Ellouze et al., 2016),
paper mill wastewater (Klidi et al., 2018), and sinapinic acid-
containing wastewater (Nidheesh and Gandhimathi, 2012a). Dur-
ing EO with the MMO-anode, active chlorine species are respon-
sible for the oxidation of OCs. The pH does influence the formation
of active chlorine species. HOCl is the dominating species at an
acidic pH and has a higher oxidation potential (1.63 V/SHE)
compared to ClO� (0.89 V/SHE) (Garcia-Segura et al., 2015).
Therefore, it was expected that the OCs removal with the MMO-
anode would be higher at pH 3 than at pH 11.5. Nevertheless, the
COD and TOC removal were comparable at both pHs (Table 2). This
was the result of a fast increase of pH 3 to pH 6.5 during the first h of
EO with the MMO-anode, which is a similar pH as the initial CTBD
pH. Hence, CTBD can be electrochemically treated without adjust-
ing the pH.

The addition of NaNO3 electrolyte lowered the COD and TOC
Table 2
The effect of different initial pHs and supporting electrolytes on COD and TOC removal,
ditions: j ¼ 8.7 mA cm�2 (BDD) and 14.5 mA cm�2 (MMO), T ¼ 21e23 �C, conductivity ¼

Anode Parameters % COD removal (±)

BDD pH ¼ 6.9 (CTBD) 85 (3)
pH ¼ 3.0 88 (1)
pH ¼ 11.5 92 (4)
28 mM Na2SO4 90 (3)
48 mM NaNO3 75 (2)

MMO pH ¼ 6.9 (CTBD) 60 (4)
pH ¼ 3.0 54 (4)
pH ¼ 11.5 56 (1)
28 mM Na2SO4 54 (2)
48 mM NaNO3 51 (3)

a The ICE and EC were calculated based on average COD value.
removal with the BDD-anode, while these were unaffected by the
addition of Na2SO4 electrolyte (Table 2). With the MMO-anode, the
COD and TOC removal were not affected by either electrolyte
(Table 2). Supporting electrolytes enhance the electric conductivity
and electron transfer (Nidheesh and Gandhimathi, 2012b). NaNO3
may increase the surface covering and lower the ROS formation on
the BDD-anode surface. In contrast, Na2SO4 leads to the formation
of strong oxidants, such as sulfate radicals and persulfate, which
can improve the removal efficiency. Several researchers indicated
that the EO of OCs with a BDD-anode is faster in sulfate electrolyte
than in nitrate electrolyte because of the formation of active sulfate
species together with �OH (Sanly et al., 2007; Farhat et al., 2015).
The original CTBD contains around 1.1 g L�1 sulfate salts, and thus
additional sulfate did not improve the process performance.
Nevertheless, the supporting electrolyte lowers the EC by reducing
the internal resistance of the system (Table 2). The addition of
electrolyte increases the CTBD electrical conductivity from 3.4 to
8.0 mS cm�1 and decreases the overall cell voltage by lowering the
voltage drop (iR drop) (Sillanp€a€a and Shestakova, 2017). Hence,
Na2SO4 electrolyte can be added during the EO of CTBD to reduce
the EC, without affecting the OCs removal efficiency.
3.6. Formation of chlorinated species and their effect on the acute
toxicity of CTBD

EO of the chloride-containing CTBD by the BDD-anode and
MMO-anode at different j-values resulted in the formation of
various organic and inorganic chlorinated species (Table 3). This
resulted in an increase in the acute toxicity of the treated CTBD to
instantaneous current efficiency (ICE) and energy consumption. Experimental con-
3.7 mS cm�1, recirculation flow rate ¼ 30 L h�1, treatment time ¼ 3 h.

% TOC removal (±) % ICEa EC (kWh kg�1 COD)a

51 (1) 20 47
49 (5) 21 42
53 (3) 22 40
50 (3) 22 31
35 (1) 19 37
15 (2) 8.0 142
20 (2) 8.7 124
17 (1) 8.9 122
20 (1) 8.8 109
21 (2) 7.0 135



Table 3
Chlorinated by-products and bioluminescence inhibition (BI) before and after EO of CTBDwith the BDD-anode andMMO-anode at different j-values. Experimental conditions:
T ¼ 21e23 �C, conductivity ¼ 3.7 mS cm�1, pH ¼ 6.9, recirculation flow rate ¼ 30 L h�1, treatment time ¼ 3 h.

Applied current (mA cm�2) Cl� (mg L�1) ClO�(mg L�1) ClO3
�(mg L�1) ClO4

�(mg L�1) AOX (mg Cl� L�1) % BI

Initial CTBD e 505 (12) e e e 1.78 <5
BDD 2.3 400 (9) 35 (2) 55 (3) 15 (1) 16 (3) >80

5.5 312 (12) 78 (2) 192 (1) 44 (3) 15 (1) >90
8.7 290 (10) 152 (6) 302 (5) 82 (2) 17 (1) >90

MMO 5.5 426 (3) 80 (3) 18 (1) e 19 (2) >90
8.7 387 (7) 205 (5) 56 (3) e 23 (4) >90
14.5 346 (1) 310 (3) 109 (4) e 20 (3) >90
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Vibrio fisheri, as evidenced by the % bioluminescence inhibition (BI)
(Table 3).

�OH formed during EO with the BDD anode may oxidize Cl� to

ClO4
� via the (OCl� ���!�OH

ClO�
2 ���!�OH

ClO�
3 ���!�OH

ClO�
4 ) pathway (Lan

et al., 2017). The MMO-anode mainly forms HClO/ClO� during EO,
and the absence of �OH leads to less oxidation towards ClO3

�.
Therefore, less ClO3

� was produced with the MMO-anode compared
to the BDD-anode, and no ClO4

� was produced with the MMO-
anode (Table 3). However, the AOX production with the MMO-
anode was higher than with the BDD-anode (Table 3), due to the
chlorination of OCs with the produced HClO/ClO� (section 3.1)
(Aquino Neto and De Andrade, 2009; Fields and Fields, 2014).

EO of the CTBD with both anodes significantly enhanced the
acute toxicity of the initially non-toxic CTBD to Vibrio fisheri
(Table 3), likely because of the production of the inorganic and
organic chlorinated species. To determine the cause of the toxicity,
EO with a synthetic solution without OCs (Table S3) based on the
real CTBD (Table S1) was performed. EO-treatment of 3 h with a j-
value of 5.5 mA cm�2 with both anodes resulted in a BI of 80%,
indicating that ClO�, ClO3

� and ClO4
� were responsible for the in-

crease in BI, and not the production of chlorinated organic by-
products (AOX) from the OCs. Another indication that chlorinated
organic by-products from the OCs do not contribute to the acute
toxicity of the EO-treated CTBD is that despite differences in TOC
removal efficiency with different j-values, the toxicity is similar
(Table 3). Also, similar AOX production but low ClO3

� and ClO4
�

production at the lowest j-value of 2.3 mA cm�2 with the BDD-
anode resulted in the lowest BI (Table 3). A similar increase in
toxicity as a result of the production of ClO3

� and ClO4
�was observed

byWang et al. (2016) and García-Espinoza et al. (2018) (Wang et al.,
2016; García-Espinoza et al., 2018).

Preventing inorganic chlorinated species evolution is essential
for the viability of EO as a pre-treatment technology for CTBD for
reuse as make-up water in the cooling tower. The production of
hypochlorite (HClO/ClO�) is somewhat beneficial since it can act as
a disinfectant in the cooling tower system and as a continuous
cleaning agent for the membranes in the deionization step
(Puspitasari et al., 2010). Han et al. (2012) reported that RO
(RE8040-UE) and NF (TFC-SR3) membranes remove 60e90% ClO4

�

fromwater containing amixture of salts and natural organicmatter.
Therefore, from an application perspective, inorganic chlorinated
species formation and toxicity do not make EO of CTBD an imme-
diate bottleneck, as long as the emission of reactive chlorine and
AOX species to the environment is prevented, accumulation in the
cooling tower system is carefully monitored and EO is smartly in-
tegrated with other CTBD treatment technologies.

4. Conclusions

Cooling tower blowdown (CTBD) needs a pre-treatment that
removes recalcitrant organic compounds (OCs) before it can be
desalinated and reused in the cooling tower itself. The present
study shows that electrochemical oxidation (EO) is a potential pre-
treatment technology to remove OCs from CTBD, especially when
employing a boron-doped diamond (BDD) anode. With this anode,
51% of the OCs were mineralized with an applied current density of
8.3 mA cm�2, while the remaining OCs were partially oxidized.
Increasing the applied current density enhanced the OCs removal
efficiency, while acidic and basic pHs, different hydrodynamic
conditions, and the addition of supporting electrolytes effect on the
OCs removal efficiency were limited. The OCs in CTBD mainly
consisted of humic substances (HS), and 35% of these humic sub-
stances were mineralized after EO-treatment with the BDD-anode.
Part of the remaining humic substances were transformed into
low-molecular-weight substances and building blocks after EO-
treatment with the BDD-anode. The mineralization and trans-
formation of OCs are accompanied by the formation of ClO�, ClO3

�,
ClO4

� and adsorbable organic halides (AOX). As a result of the for-
mation of these products, the toxicity of the initially non-toxic
CTBD to Vibrio fischeri increased 20-fold after EO-treatment. From
an application perspective, the production of chlorinated by-
product hypochlorite (ClO�) can be advantageous, because it can
act as a disinfectant in the cooling tower system. However, toxic by-
product formation and accumulation need to be critically moni-
tored when applying EO with the BDD-anode for CTBD-treatment.
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