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• BDD disinfected stormwater via hy-
droxyl radical and DSA via free chlorine.

• BDD showed a steady performance for
BDDwhile DSA's performance degraded
with time.

• Elemental loss and aluminium/silicon
coating layer contributed to DSA deteri-
oration.

• Production of DBPs was low through
ECO stormwater disinfection.

• Anodes with high durability and
good chlorine production ability are
recommended.
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Although electrochemical oxidation (ECO) has shown excellent potential for disinfectingwastewater and surface
waters, its application on urban stormwater has been rarely tested. In order to improve stormwater ECO design,
this paper explores the major inactivation processes using Boron Doped Diamond (BDD) and titanium Dimen-
sional Stable Anodes (DSA). Both BDDandDSA showed comparable disinfection rates. Themechanism study sug-
gested that BDD relied on hydroxyl radical and the presence of chloride ions, while DSA disinfected stormwater
mainly via the production of free chlorine. A deterioration study carried out at a catchment inMelbourne, showed
a steady performance for BDD and revealed that DSA's performance degradedwith time, likely linked to the high
operational voltage required for specific chemistry of stormwater. Scanning ElectronMicroscopes and an Energy
Dispersive X-ray Detector tests confirmed elemental losses occurred on the DSA surface, together with an alu-
minium/silicon coating layer potentially sourced from the stormwater clayish sediments. Furthermore, disinfec-
tion by-products in electrochemical disinfected stormwater using either BDD or DSA were at least one order of
magnitude lower than theAustralia DrinkingWaterGuidelines limits. Themechanism and long-term study dem-
onstrated that careful anode selection is required as some anodes will deteriorate in stormwater matrices faster
than others.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Safe access to drinkingwater is amajor issue inmany growing urban
cities around the world (Wong and Brown, 2009; California, 2014).
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Stormwater harvesting (collection, treatment and reuse of runoffs from
urban surfaces), simultaneously protects downstream receiving water
bodies from pollution and provides an alternate water resource to
feed our urban centres (Dietz, 2007; Brown et al., 2009; Rodríguez-
Sinobas et al., 2018). Harvesting urban stormwater can deliver fit-for-
purposewater, close towhere it is generated (Deletic et al., 2010). How-
ever, treatment of urban stormwater prior to use is necessary due to its
high and variable concentrations of harmful pollutants, including path-
ogens (Henry et al., 2015).

Stormwater biofilters have demonstrated excellent ability to remove
stormwater pollutants, including sediments and nutrients (Hatt et al.,
2009b; Bratieres et al., 2008) and heavy metals (Feng et al., 2012). Re-
cent work has also demonstrated their capacity to sequester around
90% of some faecal microorganisms (Chandrasena et al., 2014;
Chandrasena et al., 2012) and micropollutants (Zhang et al., 2014).
However, due to the high initial concentration of faecalmicroorganisms
in urban stormwater (e.g. E. coli: average of 36,000 MPN/100 mL)
(AGWR-SHR, 2009), effluent concentrations from biofilters are still too
high for uses other than restricted irrigation (AGWR-SHR, 2009). This
has become the major barrier for wide spread implementation of
urban stormwater harvesting systems, especially for end-uses that
have close human contact and require higher quality water sources
(such as toilet flushing and clothes washing). Therefore, low cost,
energy-efficient, low-maintenance and environmental friendly technol-
ogies are required to further disinfect biofilter effluent prior to
harvesting.

Electrochemical oxidation (ECO) refers to the oxidation process oc-
curring on the anode side in an electrolytic cell. Target chemicals such
as organics could be oxidised either through direct (electron uptake
from the anode) or indirect (oxidised by anode produced intermediates
such as free chlorine or hydroxyl radicals) processes (Martínez-Huitle
and Brillas, 2009). ECOhas beenwell studied andutilised for treating or-
ganic pollutants in wastewaters (Martínez-Huitle and Brillas, 2009;
Roeser et al., 2013; Aravind et al., 2018). Recently, application of this
technology for disinfection has also been studied in wastewater, ballast
water and surface water treatment (Kraft, 2008; Lacasa et al., 2013; Cho
et al., 2014; Schaefer et al., 2015). Compared to other treatment technol-
ogies, such as chlorination, photo-catalytic oxidation, ozonation and UV
irradiation, ECO can be operated without chemical addition and under
lower capital and operational cost (Comninellis, 1994). Therefore, ECO
has a promising potential for disinfection of stormwater. However, the
detail treatment performance, key reaction pathway and operational
durability of such system are closely related to the anode type used in
system configuration.

Dimensional stable anodes (DSAs) are the most common electrode
for wastewater ECO (Kraft, 2008; Martínez-Huitle and Brillas, 2009;
Garcia-Segura et al., 2018; Moreira et al., 2017). Titanium group metals
or oxides are doped on the pure titanium substrate to form an anode
with high conductivity and low chlorine evolution potential
(Martínez-Huitle and Brillas, 2009). Due to these characteristics, their
optimum effectiveness occurs in waters that contain high chloride
levels (Martínez-Huitle and Brillas, 2009; Costa and Olivi, 2009; Nava
et al., 2008; Panizza and Cerisola, 2007; Arevalo and Calmano, 2007;
Lacasa et al., 2013) and when insufficient chloride concentrations exist
most supplement their water to achieve high efficiency (Martínez-
Huitle and Brillas, 2009; Costa and Olivi, 2009; Jeong et al., 2009; Cho
et al., 2014). During the electrolysis, the metal oxides coating on DSA
surfacewill be oxidised from its lower oxidation state to a higher oxida-
tion state. The metal oxides coating acts like a catalyst continuously
transferring the oxidation from the chemosorbed oxygen to chloride
ions as in this case. Chlorine active species such as Cl2 and HClO/ClO−

are then formed through the oxidation of chloride ions and the conse-
quent hydrolysis reaction (Martínez-Huitle and Brillas, 2009). While
DSA anodes have been extensively investigated for degradation of
chemicals in wastewater, there are only a few studies that have used
them for wastewater and surface water disinfection. Cho et al. (2014)
disinfected domestic wastewater using DSA by adding an extra
1.86 g/L of chloride, achieving a three log reduction of faecal coliforms
in 3 h (2.09 mA/cm2, 3.9 V). Fang et al. (2006) tested the disinfection
performance of MS2 bacteriophages using synthetic wastewater con-
taining chloride concentration of 6 g/L, achieving a three log reduction
in 20min (21.7 mA/cm2). Schaefer et al. (2015) tested ECO disinfection
performance of pre-filtered aqueduct water with chloride concentra-
tion of 118 mg/L. Under current density of 2.5 mA/cm2, a six log reduc-
tion was achieved for lab strain E. coli within 60 min of operation
(Schaefer et al., 2015).

Boron Doped Diamond (BDD) electrodes have been gaining atten-
tion in recent years due to their high oxygen over-potential that results
in a higher current efficiency (Kraft, 2007; Kraft et al., 2003; Garcia-
Segura et al., 2018) for oxidation and hydroxyl radicals are able to be
produced during simultaneous water hydrolysis (Luong et al., 2009),
other oxidants such as ozone and hydrogen peroxide are also able to
be produced in a hybrid BDD system (Christensen et al., 2013;
Thostenson et al., 2017). BDD has been recognised as more capable on
removing refractory chemicals, such as benzene homologs and deri-
vates. Furthermore, BDDhas been shown to bemore durable comparing
tomost of DSAs under different operational conditions due to the chem-
ical inertness of its diamond coating (Kraft, 2007). Due to the hydroxyl
radical production, existing studies showed BDD can be operated with
or without the presence of chloride ion. Lacasa et al. (2012) showed
when BDD was used for ECO disinfection, 6 log reduction of E. coli was
achieved under 25.5 mA/cm2 in synthetic ballast water with chloride
concentration of 18.3 g/L in 3 min. In addition, Rajab's experiment
(2015) showed BDD is even capable to disinfect chloride free water.
When deionised water was used (EC = 0.08 μS/cm), 6 log reduction
of Pseudomonaswas achieved in 15min under operational current den-
sity of 167 mA/cm2.

Current indirect ECO studies done for wastewater and surface water
applications found that sufficient chloride ion and optimum operational
current are essential for achieving effective disinfection performance
through free chlorine production and hydroxyl radical production, re-
spectively. However, stormwater has very low chloride concentration
(e.g. the statistical mean concentration is 11.4 mg/L in Australia)
(AGWR-SHR, 2009) comparing to the tested surface water and waste-
water (118 mg/L to 10 g/L) (Schaefer et al., 2015; Lacasa et al., 2013;
Malato et al., 2009; López-Gálvez et al., 2012; Mezule et al., 2014; Cho
et al., 2014). In addition, stormwater has low electric conductivity; usu-
ally between 50 and 500 μS/cm (Deletic and Maksimovic, 1998;
Helmreich et al., 2010; Pearce et al., 1986; Makineci et al., 2015). There-
fore, it is hypothesised that very likely the findingsmade in the past ECO
studies will not be directly transferable for its application to
stormwater. In addition, the disinfection performance and system dura-
bility of different anode types used in stormwater operational environ-
ment remain unknown leaving a knowledge gap for selection of suitable
anode type.

With the aim to improve ECO design for stormwater harvesting ap-
plications, this paper explores the major disinfection mechanisms for
selected DSA and BDD electrodes, alongside their durability. Two hy-
potheses were made: (1) DSA's major disinfection mechanism is via
chlorine production while BDD is via hydroxyl radical, and (2) DSA
will deteriorate at a faster rate than BDD because of BDD's higher oxy-
gen evolution potential and hence lower oxygen production.
2. Materials and methods

2.1. Disinfection performance study

This part of the study is aimed to understand the disinfection perfor-
mance of selected anodes (DSA and BDD) under laboratory-scale when
synthetic stormwater is used, commercially available electrodes were
used.
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BDD electrodes are coated on both sides of silicon substrate with
boron doping concentration of 2500 ppm (Neocoat Ltd., Switzerland).
Titanium substrate (Ti/RuO2 + IrO2, Ir0.2Ru0.4Ti0.4O2) DSA (Suzhou
Fenggang Titanium Co., Ltd. in China) was also selected for this study,
because of the high chlorine production and reasonable cost of this
type of anode for wastewater treatment (Kraft, 2008; Arevalo and
Calmano, 2007; Abd-Ellah et al., 2013). All purchased anodes have a
same working dimension of 2.5 cm by 4 cm. The anodes have a same
electroactive working area of 10 cm2. Pure titanium mesh with the
same dimensions was selected as the cathodes.

Each pair of anode and cathodewas fixed to an insulating slot with a
distance of 3 mm. A 400 mL glass beaker was used as a single compart-
ment electrolysis cell. The beaker was sitting on a magnetic stirrer plat-
form with a rotating speed of 800 rpm during the experiment. Trial
experiments confirmed that there was no significant impact on the
testedmicroorganism at this rotating speed (p b 0.01). A DC power sup-
ply (EX-375L2, 0-60V/0-25A, TAKASAGO Ltd., Japan) was used as the
power source to the electrodes. The disinfection performance of both
BDD and DSAwere determined under two operational current densities
(1.75 mA/cm2 and 4.2 mA/cm2), which have been verified to be effec-
tive for stormwater disinfection in our preliminary experiment, to en-
sure the study covers more possible mechanisms (e.g. direct anodic
oxidation, production of chlorine, hydroxyl radicals and other reactive
oxygen species).

Synthetic stormwater was used to ensure consistency between the
large number of tests that were conducted (similar approaches have
been used in other studies (Chandrasena et al., 2012; Bratieres et al.,
2008; Feng et al., 2012)). The stormwater was made to ensure it had
characteristics of ‘typical’ biofilter effluent. Deionised water was
mixed with natural sediment collected from a stormwater pond to
achieve a total suspended solid concentration that is equivalent to a typ-
ical stormwater biofilter effluent's event mean concentration (EMCs)
based on previous studies (Zinger and Deletic, 2013; Hatt et al.,
2009a; Bratieres et al., 2008). After sampling this slurry to determine
chemical properties of interest, laboratory-grade chemicals were
added to ‘top-up’ to levels similar to biofilter effluent. All chemicals
employed in this experiment were of analytical grade and purchased
from Merk Millipore (Australia). These include major cations (Ca2+,
Mg2+, K+, and Na+), anions (SO4

2−, HCO3−, and PO4
3−), total organic ni-

trogen, ammonia, nitrate, and total phosphorous. The full chemistry of
the synthetic stormwater is shown in Table S1 of the Supplementary
material. Chloride (9mg/L) was topped up to achieve the concentration
of the lower 5th percentile in untreated urban stormwater based on
Australian Guidelines for water Recycling – Stormwater Harvesting
and Reuse (AGWR-SHR, 2009). Using the 5th percentile chloride con-
centration ensured a conservative understanding of its feasibility in
real applications. The synthetic stormwater had electric conductivity
of 105 μS/cm and pH of 7.1, as is the case in typical field conditions
(AGWR-SHR, 2009).

In this study, E. coli K1 strain (ATCC 11775) was used as an indicator
for bacterial behaviour. This strain is pathogenic to most birds and was
originally isolated from the natural environment (Johnson et al., 2007).
Wild strains have stronger resilience to the harsh environment com-
pared to other commonly used lab strains (such as K12), which has
lost ability to protect them from external condition changes and chem-
ical attack (Fux et al., 2005; Vidal et al., 1998). The initial E. coli concen-
tration used in this study was estimated based on the ‘worst case
scenario’ of E. coli levels in effluents from stormwater biofilters; since
the 95th percentile E. coli concentration of raw stormwater is 183,382
MPN/100 mL (Duncan and Hydrology, 1999; AGWR-SHR, 2009), and
stormwater biofiltration systems could achieve on average of 1.2 log re-
ductions (Chandrasena et al., 2014; Li et al., 2016; Li et al., 2012), the
E. coli concentration used here was 10,000 MPN/100 mL.

Three replicate electrolysis cell tests were always conducted. Each
electrolysis cell contained 400 mL of synthetic stormwater. Control
with no voltage supply was also tested under the same stirring rate
and operational time. One sample was taken for the prepared synthetic
stormwater before reaction began and five kinetic samples were taken
during the reaction for each replicate. 10mL sampleswere then assayed
for E. coli concentrations using the Colilert™method (IDEXX-Laborato-
ries). The detection range was from 10 MPN/100 mL to 24,196 MPN/
100 mL; no value exceeded detection limit, values bellow detection
limit were replaced with the lowest detection limit (10 MPN/L). E. coli
concentration was plotted against the operational time for all the per-
formed ECO tests. The disinfection rate of each test was then estimated
based on a simple linear regression followed by themethod described in
our previous study (Feng et al., 2018).

2.2. Disinfection mechanism study

To determine the significance of possible chlorination to the ECOdis-
infection performance, chloride-free synthetic stormwater was pre-
pared using sodium nitrate as a substitute to maintain a similar
electric conductivity. Sodium nitrate was selected in this case because
of its minimum impact on ECO performance (Martínez-Huitle and
Brillas, 2009). In contrast, to determine the significance of possible hy-
droxyl radical production to the disinfection performance, stormwater
was prepared with the addition of tert-butanol (t-BuOH, 0.03 M) as a
hydroxyl radical scavenger (Jeong et al., 2006). The disinfection perfor-
mance obtained using these altered stormwater matrices were com-
pared with the performance obtained using the ‘typical stormwater’.
The testing configuration set-up, replication, E. coli sampling and
assaying methods are same as the methods described in the perfor-
mance study above.

2.3. In-situ durability study

In order to simulate the impact of continuous ECO operation on both
BDD and DSA under real operational conditions, a pilot system was
established on Melbourne's Gardiner's Creek. This creek receives un-
treated stormwater runoff from an urbanised catchment; the fact that
it receives untreated stormwater presents a worse-case scenario for
these systems. Chloride levels in Gardiner's creek were roughly
20–40 mg/L based on our monitoring data, which is on the higher side
of what is typically found in stormwater (AGWR-SHR, 2009).

Three replicates of BDD and DSA (with matching cathodes) with
identical setups were placed in the same single compartment electroly-
sis cell. The same voltage of 14 V was applied to all systems to simulate
the operation in practical conditions. Water was pumped from
Gardiner's Creek into the electrolysis cell at a flow rate of 2 L perminute.
The field operational study was conducted over eight intensive experi-
mental events, with a total accumulated operational time of 31 h. The
operational condition of each event is shown in Table S1 of the Supple-
mentary material.

After each in-situ tests, both anodes and cathodes were washed
using 10% hydrochloric acid, the disinfection performance of both BDD
and DSA after each event was examined in the laboratory using the
same configuration and testing methods described in Section 2.1.

During the in-situ durability study, considerable cathode foulingwas
observed, evenwith the hypochlorous acidwash. Thiswas probably due
to the high hardness and complexity of the stormwater. As such, for all
events after 8 h of cumulative operation, all electrodes used in the BDD
andDSA systemswere ultra-sonicated (10%HCl, 15min followed by ac-
etone, 15 min). Although this new washing method was introduced
part-way through the experiment, the same washing technique was al-
ways applied to both BDD and DSA systems, allowing a relative perfor-
mance comparison between BDD and DSA under the same conditions.

2.4. Characterisation of anode deterioration

To investigate the morphology and elemental distribution change
due to ongoing operation, the used and unused BDD and DSA anodes
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were analysed using Scanning Electron Microscopes (SEM) and an En-
ergy Dispersive X-ray Detector (EDX). Samples were initially prepared
by cutting both unused and deteriorated anodes into 3 replicates, and
the SEM and EDX results of these replicates indicated good consistency,
showing the homogeneity of the anodes. Replicates with adequately
small sizes (5 mm × 5 mm) were washed using 0.02 M HCl in and
then 97% ethanol in an ultrasonic bath for 10min each. The surfacemor-
phology of BDD and DSA anodes was obtained with SEM (FEI Magellan
400 FEGSEM, FEI, America) operated at 10 Kv. Elemental distribution on
BDD and DSA surface before and after the field deterioration study was
obtained using EDX mapping.

X-ray photoelectron spectroscopy (XPS) analysis was also per-
formed using an AXIS Nova spectrometer (Kratos Analytical Inc., Man-
chester, UK) with a monochromated Al Kα source at a power of
180 W (15 kV × 12 mA) and a hemispherical analyser operating in the
fixed analyser transmission mode. The total pressure in the main vac-
uum chamber during analysis was typically around 10−8 mbar. Survey
spectra were acquired at a pass energy of 160 eV. To obtain more de-
tailed information about chemical structure, oxidation states etc., high
resolution spectra were recorded from individual peaks at 40 eV pass
energy (yielding a typical peak width for polymers of 1.0 eV).

Each specimen was analysed at an emission angle of 0° as measured
from the surface normal. Assuming typical values for the electron atten-
uation length of relevant photoelectrons the XPS analysis depth (from
which 95% of the detected signal originates) ranges between 5 and
10 nm for a flat surface. As the actual emission angle is ill-defined for
rough surfaces (ranging from 0° to 90°), the sampling depth may
range from 0 nm to approximately 10 nm. Data processing was per-
formed using CasaXPS processing software version 2.3.15 (Casa Soft-
ware Ltd., Teignmouth, UK). All elements present were identified from
survey spectra. The atomic concentrations of the detected elements
were calculated using integral peak intensities and the sensitivity fac-
tors supplied by the manufacturer. The accuracy associated with quan-
titative XPS is ca. 10%–15%. Precision (i.e. reproducibility) depends on
the signal/noise ratio but is usually much better than 5%. The latter is
relevant when comparing similar samples.

2.5. Data analysis

To quantify the disinfection performance, the disinfection rate was
calculated for BDD and DSA after each performance test. Calculated dis-
infection rates were then plotted against the operational time for as-
sessment of any performance deterioration.

Images taken by Scanning Electron Microscope (SEM) were com-
pared only qualitatively between anode before and after use. Element
composition obtained using X-ray photoelectron spectroscopy (XPS)
was compared quantitatively between anode before and after use.

3. Results and discussion

3.1. Disinfection performance and the mechanisms

The initial disinfection performance of BDD and DSA in standard
synthetic stormwater is shown in Fig. 1(a, b). Under these control con-
ditions (e.g. with chloride and no hydroxyl radical addition), E. coli con-
centrations decreased rapidly, and became non-detected (e.g. achieved
total disinfection) for both BDD and DSA after 15 and 2min under oper-
ational current densities of 1.75 mA/cm2 and 4.2 mA/cm2, respectively.
The disinfection performances of these two types of anodes were com-
parable under these initial conditions.

Comparing to the controls, Fig. 1e&f show that the presence of a hy-
droxyl radical scavenger (t-BuOH) did not influence the disinfection
performance for DSA. This may suggest that the production of effective
hydroxyl radicals was not the key disinfection mechanism, which
agrees with the low oxygen evolution potential of this type of anode
(Lacasa et al., 2012). When chloride ions were excluded from the
synthetic stormwater, however, the system was unable to disinfect
E. coli (Fig. 1c, d), suggesting that chlorination was a key disinfection
pathway for DSA, agreeing with current studies on surface water and
wastewater applications, where chloride concentrations were often or-
ders of magnitude higher than that used in our stormwater study (e.g.
118 mg/L up to 10 g/L compared to just 9 mg/L in the synthetic
stormwater). The similar effectiveness that was obtained for both low-
chloride stormwater and high-chloride wastewater could be linked to
the relatively lower microbial and organic compound concentrations
in stormwater. Importantly, no free chlorine was ever detected (total
chlorine ≈ 0.02 mg/L) at the end of our disinfection tests, even under
the highest testing current of 4.2 mA/cm2 (detection limit =
0.02mg/L). Results fromour recently published study also showed chlo-
rine was not detected even in a blank control without E. coli addition
(Feng et al., 2018). The reasonmight be that the produced free chlorine
was quickly consumed in the system.

In contract with DSA, the disinfection performance of BDD used for
stormwater relied on both chloride presence and hydroxyl radical pro-
duction (Fig. 1c, d, e and f). Because of the low electric conductivity of
stormwater and our efforts to keep this as a low-energy technology,
the highest operational current density used here was 4.2 mA/cm2. This
was significantly lower than the current densities applied in most previ-
ous BDD disinfection studies (Panizza et al., 2008; Enache et al., 2009;
Lacasa et al., 2012), and hence this studywas likely to have low hydroxyl
radical generation. Because of the poor chlorine evolution ability of BDD
electrodes (Jeong et al., 2009; Kraft, 2008), the chlorine production from
the anode surfacewas also limited. Itwas hypothesised that the observed
disinfection performance in BDD systemwas due to a synergy that occurs
between chloride presence and hydroxyl radical production. Indeed,
higher oxidative state chlorine free radicals (CFRs) could be formed
through the reaction between hydroxyl radical and chloride ions (de
Moura et al., 2014; Hasegawa and Neta, 1978; Liao et al., 2001; Ward
and Myers, 1965; Yu and Barker, 2003). Yu and Barker (2003) described
the formation of different CFRs including hydrochloric radical anion
(ClOH•−), chlorine radical (Cl•) and dichloride radical anion (Cl2•−)
through a series of subsequent reactions (Eqs. (1)–(3)). Furthermore,
deMoura et al. (2014) also showed the production of chlorinemonoxide
radicals through the reaction between hydroxyl radicals and chloride
(Eq. (4)). Recent research conducted byMostafa et al. (2018) proved pro-
duction of chlorine volatile species such as ClO2 and Cl2O under the par-
ticipation of hydroxyl radical production.

OH˙þ Cl−→ClOH˙− k ¼ 4:3� 109M−1S−1
� �

ð1Þ

ClOH˙− þHþ→Cl˙þH2O k ¼ 3:2� 1010M−1S−1
� �

ð2Þ

Cl˙þ Cl−→Cl2˙− k ¼ 7:8� 109M−1S−1
� �

ð3Þ

OH˙þ Cl−→OCl˙ ð4Þ

3.2. Durability study

Fig. 2 shows the disinfection performance of the two anodes over the
in-situ accumulated time of usage (N.B. y-axis is a disinfection rate). Over
31 h of usage, BDD showed no obvious performance deterioration. The
slight decrease in performance that occurred near the 8th hour was pos-
sibly due to the carbonate fouling observed on the cathodes. After apply-
ing the new washing method, the performance of BDD recovered and
remained relatively stable. This was expected since BDD is well known
for its high oxidation ability (Roeser et al., 2013; Nava et al., 2008), high
current efficiency (Martínez-Huitle and Brillas, 2009) and its proven du-
rability under multiple operational conditions (Kraft, 2008; Lacasa et al.,
2012; Luong et al., 2009; Martínez-Huitle and Brillas, 2009).



Fig. 1. BDD and DSA disinfection performance with respect to different testing conditions. (a): Id = 1.75 mA/cm2, synthetic stormwater (control), (b): Id = 4.2 mA/cm2, synthetic
stormwater (control), (c): Id = 1.75 mA/cm2, chloride free synthetic stormwater, (d): Id = 4.2 mA/cm2, chloride free synthetic stormwater, (e): Id = 1.75 mA/cm2, synthetic
stormwater with hydroxyl radical scavenger addition, (f): Id = 4.2 mA/cm2, synthetic stormwater with hydroxyl radical scavenger addition.
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In contrast, the washing methods did not improve the disinfection
performance of DSA after the 8th hour, and its performance deterio-
rated almost constantly with time. In fact, the deterioration mechanism
of DSA has been studied previously (Comninellis and Vercesi, 1991;
Martínez-Huitle and Brillas, 2009; Kraft, 2008). Metal oxide coating
membrane was getting passivated through the increasing of its resis-
tance. This is usually caused by long term operation and will be acceler-
ated by high operational current, polarity reversal, etc. Consequently,
the increase of the coating resistance increases the cell voltage, and
hence the energy efficiency reduces. Interestingly, in our experiment,
obvious cell voltage increase was not observed. The performance dete-
rioration still occurred even when the testing operational current was
fixed at its initial value. This suggested a possible different deterioration
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Fig. 2. Disinfection rate change of BDD and DSA over accumulated operational time, (a): testin
means before changing the washing method; ‘After’ means after changing the washing metho
mechanism of DSA used in our study compared to previous studies
(Kraft, 2008).

DSAs have been developed for water treatmentmainly relying on its
chlorine production. In previous studies, DSA were commonly studied
for wastewater treatment, which has high electric conductivity and
high chloride levels (Martínez-Huitle and Brillas, 2009). In those cases,
effective chlorination could be achieved under a small operational volt-
age (normally around 2–4 V) (de Moura et al., 2014; Cho et al., 2014).
However, comparing to most wastewaters, stormwater has much
lower electric conductivity (often around 100 μS/cm) and chloride con-
centration (C50=11mg/L) (AGWR-SHR, 2009). As such, in stormwater,
the applied voltage needs to be significantly increased to achieve an ad-
equate operational current which can utilise chloride ions for effective
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Fig. 4. Energy Dispersive X-ray (EDX) mapping spectrum of the deteriorated (red) and
unused (blue) DSA surfaces. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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chlorination (from 10 to 14 V as used in this study). Furthermore, be-
cause of the increased applied voltage and low chloride ions, dramatic
oxygen evolution is capable at the anode surface. Although it appears
that sufficient chlorine was able to be produced through this process,
the DSA in this casewasworking under an oxygen evolution dominated
environment. Based on Fierro et al. (2007), it is hypothesised that the
rapid and dramatic oxygen exchange occurring between the water/
coating interface under stormwater operational conditions will cause
damage to the metal oxide structure, thereby reducing its effectiveness
under long-term stormwater operational conditions.

3.3. Characterisation of anode deterioration

As shown in Fig. 3(a), there was no visualised difference between
the initial and the used BDD. Its unanimous electron reflection and
well-defined diamond crystals were well maintained. In contrast, after
31 h of accumulated usage, the surface of DSA showed significant mor-
phology change (Fig. 3b). Nonuniform electron and dark reflection be-
came more obvious on the deteriorated samples, this indicated change
of the surface composition and decrease of the conductivity in some re-
gions. The images also showed the unused DSA's uniform and well de-
fined sharp edge cracks distributed; a characteristic of most DSAs,
formed during the cooling process after thermal deposition of oxide
coating (Tolba et al., 2010) and can increase effective catalyst surface
area (Xu et al., 2009). However, on the deteriorated sample, these char-
acteristics have “weathered” indicated by the fuzzy and dark surface,
suggesting either pealing of the surface coating or surface fouling by
weak conductive materials. This potentially confirmed the results ob-
served in the accumulative usage study.

To further investigate the “weathering” effect, Energy Dispersive X-
ray (EDX) was applied. The commercially-acquired titanium substrate
DSA was coated with two main functional metal oxides (RuO2, and
IrO2), as detectable by EDX (Figs. 4 and 5). Interestingly, the signal in-
tensities of Al and Si increased significantly on the deteriorated samples
(Fig. 4) and bothAl and Si had high intensities in regionswhere the dop-
ing elements' relative concentrations reduced (Fig. 5). Importantly, the
even distribution of aluminium and silicon showed on the unused an-
odes in Fig. 5 simply implies an even distribution of these elements
which could be background noise. Collectively, these results suggest
fouling of Al and Si onto the catalyst surface, potentially sourced from
the aluminosilicate found in the clayey sediments of urban stormwater
(indeed, sediments exist in both the synthetic waters and Gardiner's
Creek waters). The attachment of this substance to the anodes seems
to be quite robust, withstanding ultra-sonication in hydrochloric acid
and acetone exposure. It is hypothesised that the attachment of the
Fig. 3. SEM images of BDD (a) and DSA (
aluminosilicate was enhanced when severe oxygen evolution causes
damage to the original metal oxides lattice. In that case, “weathered”
metal oxides containing defect may act as a good substrate for the
fouling.

The EDX results were confirmed by XPS (Table 1), demonstrating
higher relative levels of Al, Si and O on the used electrode and reduced
relative levels of Ti, Ru and Ir. The binding energy values measured for
the Al 2p and Si 2p peaks (ca. 75 eV and about 103.5 eV respectively)
clearly indicate that those two elements are present as alumina and sil-
ica (or aluminosilicate), confirming the EDX findings.

4. Conclusions

The major disinfection mechanisms for selected Boron Doped Dia-
mond (BDD) and titanium Dimensional Stable Anodes (DSA) were in-
vestigated in this study, alongside the durability of the two anodes.
The main findings of the study are:

• Themajor disinfectionmechanism of BDD is via hydroxyl radical with
the presence of chloride ions, while for DSA disinfected stormwater
through the production of free chlorine;

• The performance of BDD kept stable, whereas DSA experienced dete-
rioration during the durability study;

• The elemental losses occurred on the DSA surface, together with an al-
uminium/silicon coating layer potentially sourced from the stormwater
clayish sediments was responsible for the deterioration of DSA.
b) before and after 31 h operation.



Table 1
Elemental composition (atomic concentrations %) of unused and deteriorated DSA, as de-
termined by XPS.Mean values (+/− deviation) are based onmeasurements at two differ-
ent locations on each electrode.

Element DSA unused DSA used

% of atom number % of atom number

Mean Dev. Mean Dev.

O 51.95 0.34 55.56 0.28
Ti 21.65 0.04 16.06 1.14
Ru 1.26 0.05 0.94 0.02
C 21.61 0.45 18.77 0
Sn 0.61 0.01 0.52 0.02
N 1.51 0.07 1.29 0.02
Ir 0.44 0.01 0.31 0.01
Fe 0.41 0.06 1.11 0.04
Cl 0.21 0.04 0.21 0.01
Si 0.34 0.04 3.42 0.65
Al 0 0 1.81 0.27

Fig. 5. Energy Dispersive X-ray (EDX) mapping image of the used (a) and unused (b) DSA surfaces.
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It is recommended that for future research on ECO for stormwater
disinfection, selection should be focused on anodes with high durability
against oxygen evolution, good chlorine production ability and reason-
able cost (such as graphite electrodes). In addition, more microbial
agents (e.g. Gram positive bacteria or protozoa) should be included to
evaluate the overall performance of stormwater ECO disinfection. The
mechanism of ECO disinfection of stormwater was study in this paper
using synthetic stormwater. However, due to its low chloride concen-
tration and relative simple water chemistry, the disinfection by-
products level was extremely low. Detailed quantification analysis
should be done in future study to understand the production of these
chemicals in real stormwater matrix.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.07.307.
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