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FOREWORD BY THE URBAN WATER SECURITY
RESEARCH ALLIANCE

Water is fundamental to our quality of life, to economic growth and to the environment. With its
booming economy and growing population, Australia's South East Queensland (SEQ) region faces
increasing pressure on its water resources. These pressures are compounded by the impact of climate
variability and accelerating climate change.

The Urban Water Security Research Alliance, through targeted, multidisciplinary research initiatives,
has been formed to address the region’s emerging urban water issues.

As the largest regionally focused urban water research program in Australia, the Alliance is focused on
water security and recycling, but will align research where appropriate with other water research
programs such as those of other SEQ water agencies, CSIRO’s Water fora Healthy Country National
Research Flagship, Water Quality Research Australia, eWater CRC and the Water Services
Association of Australia (WSAA).

The Alliance is a partnership between the Queensland Government, CSIRO’s Water for a Healthy
Country National Research Flagship, The University of Queensland and Griffith University. It brings
new research capacity to SEQ, tailored to tackling existing and anticipated future risks, assumptions
and uncertainties facing water supply strategy. It is a $50 million partnership over five years.

Alliance research is examining fundamental issues necessary to deliver the region's water needs,
including:

. ensuring the reliability and safety of recycled water systems.

. advising on infrastructure and technology for the recycling of wastewater and stormwater.

. building scientific knowledge into the management of health and safety risks in the water supply
system.

. increasing community confidence in the future of water supply.

This report is part of a series summarising the output from the Urban Water Security Research
Alliance. All reports and additional information about the Alliance can be found at
http://www.urbanwateralliance.org.au/about.html.

Chris Davis
Chair, Urban Water Security Research Alliance
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FOREWORD BY SEQWATER, VEOLIA WATER AUSTRALIA,
MAGNETO SPECIAL ANODES AND QUEENSLAND HEALTH
FORENSIC AND SCIENTIFIC SERVICES

The Western Corridor Recycled Water Scheme and the Gold Coast Desalination Plant are two major
assets forming part of the South East Queensland (SEQ) Water Grid. These assets are owned by the
Queensland Bulk Water Supply Authority, trading as Seqwater, with their operation and maintenance
undertaken by Veolia Water Australia under a long term service agreement. They are designed to
provide drought resilient high quality water for this fast growing area in years and decades to come.

This infrastructure relies on world class innovations and technologies and both Seqwater and Veolia
Water Australia are committed to ensuring the Western Corridor Recycled Water Scheme and the
Gold Coast Desalination Plant remain at the leading edge of the water purification industry. Seqwater,
Veolia Water Australia and The University of Queensland have entered into a research collaboration
in January 2008 in order to embrace the pace of change in technology and maintain the efficiency,
reliability and sustainability of these assets.

Water quality management and monitoring are key elements of the strategy underpinning this
collaboration, aiming at driving scientific research to inform decision making processes with regards
to new potential contaminants in indirect potable reuse and desalination applications. In 2009, this
partnership supported The University of Queensland (UQ) in obtaining a grant for the project
“Electrochemical treatment of problematic water recycle waste streams” (LP0989159), under the
Australian Research Council (ARC) Linkage Scheme. This report presents some significant outputs
from this research supported by the cash contributions from the ARC and partner organisations -
Veolia Water Australia, Magneto Special Anodes, Seqwater, and the Urban Water Security Research
Alliance. In-kind contributions to the project were provided by the Veolia Water Australia, Magneto
Special Anodes, Seqwater, and Queensland Health Forensic and Scientific Services.
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EXECUTIVE SUMMARY

Urban water supply is one of the major challenges in Australia in the decades to come. To meet the
growing demand for water, multi-billion dollar schemes have recently been set in motion to augment
the water supply by a combination of: i) expansive reuse, particularly in South East Queensland
(SEQ); and i) sourcing of climate independent "new" water, e.g. from desalination. Desalination is
still an expensive and energy—intensive option, and there is an increasing awareness of water recycling
potential as an additional source of water.

As described in the South East Queensland Water Strategy (2008), regional growth and development
need to be managed in a sustainable way, ensuring a reliable supply of water of acceptable quality, and
for long term usage. Several projects were designed to achieve the goals of this strategy, the most
important being the production of Purified Recycled Water (PRW) through the Western Corridor
Recycled Water Project (WCRWP). To produce PRW, a multi—barrier process is used which includes:
1) source control; 2) wastewater treatment plants (WWTPs); 3) micro- or ultra-filtration (MF/UF);
4) reverse osmosis (RO); 5) advanced oxidation processes (AOPs); 6) blending in the natural
environment; and 7) the water treatment plant (WTP) (www.qwc.qld.gov.au). Barriers 3),4) and 5) are
provided by the three Advanced Water Treatment Plants (AWTPs) at Luggage Point, Gibson Island
and Bundamba. PRW will be added to Wivenhoe Dam when the combined levels of the major dams
falls below 40%, becoming part of the drinking water supply through the SEQ Water Grid.

In the three AWTPs, RO treatment is the central unit operation, which produces the largest by—product
stream, reverse osmosis concentrate (ROC). ROC generated in water recycling typically represents
15-20% of the feed stream. Due to the high concentrations of nutrients, metals and recalcitrant
pollutants originating from the treated sewage effluent, disposal of these streams represents a major
problem as they require on-site treatment. Pharmaceuticals, endocrine disruptors, recalcitrant nitrogen
compounds and other anthropogenic contaminants pass to variable extents through tertiary wastewater
treatment plants [1, 2]. In spite of the variable removals observed during conventional WWTP
processes, many of these chemicals are routinely observed in secondary treated effluents at ng L'
concentration levels, and can be expected in ROC streams at even higher concentrations. Thus, ROC
represents both a potential hazard and a unique opportunity to remove the risk associated with the
discharge of these contaminants into the environment.

In the past 5-10 years, several options have been investigated for the treatment of ROC, such as
coagulation, activated carbon, ozonation and AOPs [3-5]. Nevertheless, these strategies are considered
energy intensive and imply expensive investments, since they generally require a large amount of
chemicals and produce solid/liquid wastes (e.g. chemical sludge). The Australian Research Council
(ARC) granted funding in 2009 to the Advanced Water Management Centre (AWMC), at The
University of Queensland (UQ), for the ARC Linkage project “Electrochemical treatment of
problematic water recycle waste streams”. The project was co-funded by Veolia Water Australia, the
Urban Water Security Research Alliance (UWSRA), Seqwater, Magneto Special Anodes
(Netherlands) and Queensland Health Forensic and Scientific Service (QHFSS). The project was
focused on the development of electrochemical process for the treatment of ROC.

The unique ability of electrochemical processes to oxidise and reduce organic compounds at
controlled electrode potentials, and using only electrons, as reagents represents a great advantage over
AOPs and other technologies traditionally applied in (waste)water treatment; which are based on the
use of chemicals. Electrochemical systems are chemical-free, environmentally compatible, versatile,
robust and easily adapted to various types of treatment applications [6]. Electrochemical reduction was
suggested in the 1970s as a promising method for the dehalogenation of chlorinated pesticides under
mild experimental conditions, without using the highly reactive reducing agents [7]. It enables
selective dehalogenation through controlled potential and selection of cathode material, without the
need for waste disposal. Electrochemical oxidation has gained interest in recent years due to the
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generation of a variety of oxidant species (e.g. OH", O;, H,0O,) at the anode by the electrolysis of
water. Another advantage of applying electrochemical process for the treatment of ROC was low
energy investment, owing to its high conductivity.

In the first year of the project, several titanium-based electrode materials purchased from Magneto
Special Anodes were tested for electrochemical oxidation of ROC. Since their oxidising power is
determined by the type of mixed metal oxide (MMO) coating, five different anodes were investigated:
Ti/IrO,-Ta,0s, Ti/RuO,-IrO,, Ti/Pt-IrO,, Ti/PbO, and Ti/SnO,-Sb. The results showed excellent
performance of nearly all materials in terms of chemical oxygen demand (COD) and colour removal
(complete removal observed for 2-2.5 kWh m? of energy consumption), with Ti/Pt-IrO, and Ti/SnO,-
Sb electrodes being the most efficient ones. However, this performance seemed to be linked to the
production of active chlorine at the anode, and electro-chlorination of the organic matter, since the
highest residual chlorine and formation of hazardous trihalomethanes (THMs) and haloacetic acids
(HAAs) were observed precisely at Ti/Pt-IrO, and Ti/SnO,-Sb anodes.

In our next study, we investigated the removal of trace organic contaminants in electrochemical
oxidation of ROC using a Ti/RuO,-IrO, anode. 28 target organic contaminants (pharmaceuticals and
pesticides) were selected, based on their frequent occurrence in treated sewage effluents and diverse
physico-chemical properties. Complete removal of nearly all contaminants was noted at higher current
densities (i.e. > 150 A m?), with triclopyr being the most persistent pollutant. Besides the current
applied, removal efficiency seemed to depend on the accumulation of oxidants in the bulk liquid of the
external reservoir. The results of the Microtox bioluminescence bioassay support the hypothesis that
the main oxidant species was likely to be active chlorine, since the toxicity was drastically increased.

The Ti/RuO,-IrO, anode has excellent chemical and mechanical stability, as well as electrocatalytic
activity. It is classified as an anode of lower oxidising power, and the literature indicated an
enhancement of the oxidising capabilities in the presence of chloride ions (CI) [8, 9]. However, the
results obtained in this project indicated that the electro-chlorination mechanisms led to a substantial
increase in toxicity of the treated stream.

In our next study, we investigated and compared the mechanisms of electrochemical oxidation of a
model contaminant using Ti/RuQO,-IrO, and a high oxidising power anode, Ti/SnO,-Sb. The latter one
is considered as the only MMO anode capable of generating quasi-free hydroxyl radicals (OH"). The
results of the extensive analysis based on the use of advanced liquid chromatography-mass
spectrometry (LC-MS) methods indicated that, irrespective of the MMO electrode coating, the target
compound was transformed into (poly)chlorinated derivatives. Besides active chlorine, active bromine
(Br) was found to play a significant role in the indirect oxidation of the organics. Although Br~ions are
present in a ~1000 times lower concentration than the CI- in the ROC, hypobromic acid (HOBr)
generated by the oxidation of Brto Br, at the anode and dissolution of Br, yielded several bromine-
containing by-products. Although the degradation rates observed for the identified by-products were
higher at the Ti/SnO,-Sb anode, bioluminescence inhibition test with Vibrio fischeri and the combined
algae test with Pseudokirchneriella subcapitata indicated a substantial increase in non-specific
toxicity of the reaction mixture due to the formed halogenated by-products. In order to reduce the
toxicity of the oxidised ROC, electrochemical reduction was studied as a post-treatment option. While
the carbon-based cathode used seemed to efficiently adsorb the halogenated organic matter, it did not
show satisfactory dehalogenation performance.

Boron-doped diamond (BDD) anodes are the latest technological leap in the area of technical electrode
materials. They are considered to be capable of generating quasi-free OH" of a similar oxidising
potential to aqueous OH"[10]. The high cost of the substrate onto which the BDD film is deposited
(e.g. Nb, W, Ta) represents a major impediment to their large-scale application. Nevertheless,
considering the poor performance observed for MMO electrodes in electrochemical oxidation of ROC,
the next stage of the project was focused on investigation of the performance of BDD anodes for the
oxidative electrochemical treatment of ROC. The results obtained indicated an outstanding
performance of BDD in terms of COD and dissolved organic carbon (DOC) removal compared to
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MMO electrodes. Furthermore, the formed THMs and HAAs seemed to be degraded by prolonged
oxidation time. However, the analysis of adsorbable organic halogen (AOX) showed continuous
formation of chlorinated and brominated organics, with the latter ones being formed to a much lesser
extent due to a low initial Br- ions concentration. Moreover, considering the high energy required in
the process (i.e. 104 kWhm™), it can be concluded that the formed polychlorinated and chloro-bromo
derivatives might require impractical reactor residence times to be further degraded, even in the case
of a BDD electrode.

In the last stage of the project, a novel strategy was investigated based on the use of electrodialysis to
decrease the initial concentration of Cl- ions, and posterior electrochemical oxidation of this treated
ROC stream. The performance of MMO electrodes was found to be worse in the absence of high Cl-
ions concentration, implying that the oxidation at these electrodes was mainly relying on the
generation of active chlorine. On the other hand, BDD was capable of efficiently removing COD and
DOC, suggesting its capacity of OH"production. Moreover, addition of sulphate ions seemed to
enhance further its oxidising power, due to the generation of persulfate ion and, more importantly,
sulphate radicals. At the same time, the formation of THMs and HAAs was minimised to
concentrations below 1 uM.

In summary, electrochemical oxidation alone does not seem to be an adequate option for removing
trace organic contaminants from the ROC stream, as high Cl" ion concentration leads to intense
electro-chlorination of the organic matter, even in the case of highly oxidising BDD electrodes. It is
likely that the Cl ion concentration needs to be reduced prior to the oxidative treatment, in order to
avoid the generation of chlorinated by-products. Electrodialysis of ROC may be an option to achieve
this goal. However, further research is needed to explore the performance of different reactor
configurations and lower the energy demand of a combined electrodialysis and electrochemical
oxidation process.
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1. INTRODUCTION: MANAGEMENT OF REVERSE OSMOSIS
CONCENTRATE IN SOUTH EAST QUEENSLAND

The WCRWP is the largest advanced water treatment project in Australia, with the capacity to recycle
232 ML/d of water for industrial use, indirect potable use, and possibly irrigation [11]. Located in
SEQ, WCRWP was completed in 2008 in response to a severe drought affecting the region in the
period 2001-2008. The scheme consists of three AWTP - Bundamba, Luggage Point and Gibson
Island. The three AWTPs employ pre-treatment (i.e. ferric chloride dosing, coagulation, clarifier solids
separation), UF/MF, RO filtration, AOP, and chlorination to produce purified recycled water from
secondary treated wastewater, sourced from six wastewater treatment plants [12].

The main barrier to a range of organic and inorganic contaminants present in the secondary treated
wastewater effluents RO membrane filtration. RO is a physical separation process in which externally
pressurised feed water flows through the membrane producing: (i) a clean stream (permeate) which
represents water of very low mineral content that passes through the membrane; and (7i) a waste
stream (concentrate or brine) that contains the rejected contaminants. Thus, using membrane filtration
the pollutants are effectively transferred from the water supply to a lower volume waste stream.
However, no pollutant destruction is achieved and the rejected contaminants may be concentrated up
to 7 times in the ROC stream. Considering the elevated concentrations of nutrients, metals and
pollutants of anthropogenic origin (e.g. pharmaceuticals, endocrine disruptors, personal care products
and pesticides), direct discharge of brine may have negative impacts on the environment. Additional
challenge to ROC disposal is posed by its high salinity, which may affect the ecosystems in the
receiving water bodies [13].

The WCRW scheme produces in total 41 ML/d of brine at full capacity, divided between the three
AWTPs [14]. The treatment of brine stream is currently implemented only at the AWTP Bundamba,
and it consists of: (i) moving bed biofilm reactor (MBBR) nitrification process for ammonia
conversion to nitrate; (ii) solids contact clarifiers; and (iii) denitrification filters for nitrate and solids
reduction. The Bundamba ROC treatment train achieves around 35% of nitrogen reduction [14]. At
present, no nitrogen reduction processes have been implemented for the Luggage Point and Gibson
Island AWTPs. In the case of Gibson Island AWTP, this is due to feed nitrogen levels being lower
than the Healthy Waterways target (1.8 mgN/L in the feed water vs 3 mgN/L target). For Luggage
Point AWTP, uncertainty existed with the long-term total nitrogen levels in the treated wastewater
feed, as the WWTP was undergoing nitrogen reduction optimisation in parallel with the Western
Corridor project delivery phase.

The ROC waste streams generated at AWTPs Bundamba, Luggage Point and Gibson Island are
discharged to nearby waterways and, ultimately, Moreton Bay. Although the characteristics of brine
streams comply with the existing regulations of the Healthy Waterways Strategy for nutrient, and
chlorine and ammonia limits [15], the release of contaminants such as pharmaceuticals, pesticides and
others represents a matter of concern. Considering that these pollutants are derived from the secondary
wastewater effluent and thus exert low biodegradability, their removal by the employed
nitrification/denitrification treatment of ROC in AWTP Bundamba is unlikely. The E-screen ROC
conducted on the ROC stream from AWTP Bundamba showed appreciable estrogenic activity [16].

The ROC offers an opportunity for reducing human and ecotoxicological risk by implementing on-site
brine treatment prior to environmental discharge. Several treatment options were investigated in order
to reduce the pollutant load in ROCs produced during water recycling: coagulation and activated
carbon adsorption [3], UV/H,0,[17], TiO, photocatalysis [3], ozonation and Fenton oxidation [18].
However, high cost of these technologies related to the use of chemicals may limit their application
[19]. In recent years, there has been an increasing interest in applying electrochemical oxidation for
the treatment of refractory and highly saline waste streams such as ROC [3, 20, 21]. The unique ability
of electrochemical processes to oxidise and/or reduce organic compounds at controlled electrode
potentials and using only electrons as reagents represents a great advantage over existing AOPs.
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The ARC linkage project “Electrochemical treatment of problematic water recycle waste streams”
(LP0989159, 2009-2012), co-funded by the UWSRA, Veolia Water Australia, Seqwater, and Magneto
Special Anodes, and with Queensland Health Forensic and Scientific Services (QHFSS) as a partner
organisation, aimed at investigating the performance of electrochemical oxidation and reduction for
the treatment of ROC. The main project objectives were: (i) evaluate the oxidising power of different
electrode materials applied in electrochemical oxidation of ROC; (7i) determine the toxicity of the
treated ROC and the formation of oxidation by-products of concern (e.g. halogenated organics); (7ii)
investigate the performance of electrochemical reduction treatment for the removal of halogenated by -
products; and (iv) develop treatment strategies to avoid the formation of oxidation by-products of
increased toxicity.
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2. LITERATURE REVIEW

2.1. Characteristics of Reverse Osmosis Concentrate from
Wastewater Reclamation Plants

RO membrane filtration is recognised as an important barrier for a wide range of inorganic and
organic contaminants. It is capable of achieving an outstanding quality of the product water, thus
being a widespread technology in municipal wastewater reclamation. However, one of the major
challenges of the RO treatment is sustainable and environmentally acceptable management of brine
stream. The volume and composition of ROC stream depends on the membrane operation system, the
feed water matrix and the quality of the product water [22-24]. Membrane percent recovery is defined
as the flow rate of permeate yielded for every flow rate of the incoming feed during membrane
separation. The lower salt concentrations of secondary wastewater effluents likely allow much greater
membrane recovery, typically 75-85% for RO [25, 26]. Therefore, ROC generated from treated
municipal effluents normally represents about 15-25% of the feed water flow, and may consist of a
combination of concentrates produced in a multiple-stage membrane process, such as UF or
nanofiltration (NF) as pre-treatment. This stream may also include small amount of any rejected
chemicals which have been added for pre-treatment or maintenance/cleaning purposes, such as the
coagulants/flocculants and chloramines which are used prior to the RO process to remove organic and
inorganic foulants and/or for biofouling control, and the anti-scalant added for preventing the
precipitation on the membrane [27-29]. Due to the high salt rejection at RO membrane, ROC typically
has high salinity, i.e. total dissolved solids (TDS) content.

In addition, ROC from reclamation plants treating municipal wastewater is characterised by the
elevated concentration of nutrients, recalcitrant chemical oxygen demand (COD) and low
biodegradability. Bagastyo et al. [30] have determined that approximately half of the organics
contributing to the measured COD in the ROC samples from AWTP Bundamba and AWTP Luggage
Point was a fraction with molecular weight (MW) <1 kDa. Since RO membranes have excellent
performance in removing trace organic contaminants such as pharmaceuticals, endocrine disruptors
and pesticides from the feed stream [3 1-33], they will be concentrated up to 7 times in the ROC [25,
34], along with other wastewater effluent residuals (e.g. metals, microbial products). Depending on the
wastewater source, the organic pollutants in the ROC may be bioaccumulative and/or toxic [35].
However, it should be noted that some constituents may have lower concentration factor or even
higher, depending on chemical characteristics of compounds and membrane properties, thus causing a
variability in the ROC characteristics. Seasonal variations could also affect the nature of the ROC
stream. Nevertheless, ROC is likely to exhibit an increased toxicity compared to the feed stream. In a
recent study by Escher ez al. [36], RO feed and concentrate stream from AWTP Bundamba were
characterised by a test battery of six bioassays. While toxicity to Vibrio fischeri was increased for 36%
relative to the toxicity of the RO feed stream, E-screen test, photosynthesis inhibition test and algal
24 h growth rate bioassay showed an increase of 424%, 457% and 487%, respectively.

2.2. Review of the Reverse Osmosis Concentrate Management
Options

The common practice for brine management is direct or indirect disposal to surface waters, sewers and
evaporation ponds [22-25,37]. In coastal RO plants, direct disposal to marine environments may be
technically and/or economically viable [37, 38]. Yet, this practice should be further scrutinised. Direct
discharge of ROC into the environment may have adverse effects on aquatic ecosystem [39] [25]. Due
to the elevated concentration of salts in the ROC, sewer discharge may cause inhibition of
microorganisms in the WWTPs [22]. On the other hand, evaporation ponds are feasible only for small
volumes of concentrate, and they require considerable land area and a warm and dry climate [22].
Deep well injection is another brine disposal option where the concentrated stream is injected into
subsurface at hundred metres or more below the freshwater aquifer. Due to more stringent regulations,
this method is being restrained, and may only be applied in the absence of another viable alternative
[22, 23].
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Zero liquid discharge (ZLD)refers to a class of developing technologies that process the concentrate
stream to the point where there is no liquid discharge through one or combined of the following steps:
(i) intermediate treatment in-between RO process (such as ion exchange and precipitation for foulant
or scalant removal using lime soda); and (i) post-treatment of ROC from the final RO process train,
such as evaporators, brine concentrators and crystallisers to completely separate dissolved salts from
the water [40-42]. Another process that approaches ZLD, which is particularly suitable for inland
water reclamation facilities, is nutrient and salts recovery. Kumar ef al. [43] investigated the
application of polymer ligand exchange resins to recover phosphate from the ROC as struvite. In
addition, it has been proved that electrodialysis (ED) applying ion exchange membrane and electric
current is feasible to separate nutrient/salt ions and organic compounds contained in the ROC [44].
This ED method can be combined with other methods to improve water recovery, such as lime soda
precipitation (to reduce scaling problem in ED system), evaporation (for ED downstream brine
treatment) and/or ozonation (to reduce the accumulation of organic compounds) [45, 46].
Badruzzaman et al. [47] evaluated the use of bipolar membrane electrodialysis to convert the ROC
into valuable products, i.e. mixed based and mixed acids, as well as onsite chlorine production from
electrochlorination. However, both ZLD and ED approach are energy-intensive, need further handling
of the solid salts/liquid wastes, and are therefore currently economically unfeasible [23, 41].

In the past 10 years, there has been a growing number of studies focusing on the evaluation of
different physico-chemical treatment options for reducing the load of pollutants in the ROC (Table 1)
[3-5,17, 18, 48, 49]. These options ranged from classical separation methods (e.g. coagulation, carbon
adsorption and ion exchange) to chemical oxidation including AOPs such as UV/H,0,, TiO,
photocatalysis, ozonation, sonolysis and Fenton oxidation. Most of the studies report the removal of
COD, dissolved organic carbon (DOC) and nitrogen, yet very few studies have focused on the removal
of particular contaminants (e.g. pharmaceuticals) and/or toxicity. It should be noted that the ROC
characteristics and treatment conditions were slightly different in each study.

Coagulation involves the addition of chemicals, mostly aluminium and ferric salts, to enhance a rapid
settling of aggregates of organic matter. Dialynas et al. [3] observed a better performance of ferric
chloride than aluminium sulfate when treating ROC, and 42% and 52% of DOC removal was achieved
at optimum dosages of 2 mM AL(SO,); and 0.4 mM FeCls, respectively. However, coagulation has
very low efficiency in removing the trace organic pollutants [50]. Variation in feed water composition
and flow rate make the process control difficult since coagulation requires optimum conditions (e.g.
coagulant dosage, pH). Finally, coagulation produces large amounts of chemical sludge, and is thus
unsuitable for large-scale applications.

Magnetic ion exchange (MIEX®) resin combines traditional strong base anion exchange properties,
like quaternary ammonia functional groups, a polyacrylic, macroporous structure, and medium pore
size and porosity. The resin alone or in combination with coagulation has been investigated for the
removal of NOM from different waste streams [51-54]. MIEX resin was reported to remove colour,
UV;s4, COD and DOC from highly saline landfill leachate, however the extent of the removal was
strongly affected by the background water matrix that may lead to fast saturation due to the resin
blocking [55]. Thus, frequent resin regeneration is required to maintain the treatment performance at
high level. Also, the treatment generates liquid waste that needs to be further handled.

Several studies have reported high efficiency of granular activated carbon (GAC) [3] and powdered
activated carbon (PAC) [48] in removing organic matter from the ROC stream. However, this
treatment requires a large volume of adsorbent, which is impractical for large-scale applications. Ng et
al. [56] studied the performance of biological activated carbon (BAC) treatment of ROC. The authors
observed very low total organic carbon (TOC) and COD removals, 25% and 40%, respectively,
indicating that the ROC contained a large fraction of non-biodegradable organic compounds derived
from biologically treated secondary effluents. In another study [57], 3 to 10 mg of Os/L and 10 and
20 min contact times in batch operation were found to increase the biodegradability of the ROC by
1.8-3.5 times, while the obtained TOC removal was 5.3-24.5%.
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Table 1. Summary of physico-chemical reverse osmosis concentrate treatment options.
Technology Method and Key Results Ref.
Material
Coagulation Ferricchloride and  More efficient DOC removal, i.e. 52% with ferric chloride (0.4 mM [3]
alumin the optimum dose), than with alum addition.
standard jar tests. Ferric coagulation (1.5 mM optimum dose) effectively removed low to [30]
high MW organics, with DOC and COD removal up to 38% and 49%,
respectively.
26% DOC removal was achieved by 1 mM ferric chloride. [49]
lon Exchange  MIEXresin in the 35% COD and 43% DOC removal were obtained withthedosing of 10 [30]
(MIEX®) jar tests. mL L' MIEX and 10-20 min contact time.
Adsorption Granular AC (GAC) _ThehighestDOCremoval (91%) achieved at a dose of 5g L GAC. [3]
(Activated or powdered AC i
Carbon —AC)  (PAC) adsorbents 88% anq 95% of DOC were removed by 5g L™ dose of GACand PAC,  [49]
studied at different _respectively.
carbon doses. An application of combined PAC and microfiltration as accumulative  [48]
counter current adsorption process obtained ~70% of both COD and
DOC removal with 0.6 g L PAC.
Chemical Ozonation and 64.9+11.3% of COD and 26.3+7.5% of TOC removal was achieved [57]
Oxidation and ozone-based AOPs _ with average O; dose of 6 mg L™ (20 min contact time).
ovanced A combined Os/H,0; process achieved 75% DOG removal (1000mg L~ [18]
Processes ' 03 and 0.7 mol H,02/mol Os).
(AOPs) Adoseof5-10mg Oz L" showed an effective removal of R-blockers, [5]
such as metoprolol and propranolol, from ROC.
22% DOC and 14% COD removal were achieved using Oz alone (1 [49]
L/min and 17.6+8.3mg/h). Combined with ferric coagulation, 41% DOC
and 28% COD were removed.
Fenton process 50% DOC removal was obtained at pH ~ 3 with 10 mM Fe* and 10 [18]
mM HzOz.
Photocatalysis DOC removal of up to 30% was achieved with 0.5and 1g L™ TiO, [3]
(UVITiO2) aloneindarkroom (1h),andwas increased up to 49% by using UVA
with 1g L TiO2 (1h - 3kWh m?).
A maximum of 19% DOC and 10% COD removal was achievedat UVA  [49]
and UVC with 1g L™ TiO, (1 h). Combined with ferric coagulation, 72-
95% of DOC could be removed after 6 h.
80% DOC removal required 2g TiO> L™ and UV dose of 10 kWh m®.  [18]
Photooxidation 40% DOC removal was obtained with UV dose of 12kWh m®and 10 [18]
(UV/HzOz) mM Hzoz.
50-55% COD and 40% DOC removal were achieved with UVC doseof  [30]
3.1 kWh m® and 12 mM H,0,.
27% of DOC removal was achieved after 0.5 h of 10 kWh m® UVC/3  [58]
mM H20.. After subsequent biological activated carbon treatment, 63%
of DOC was removed. Microtox assay performed at non-extracted
samples showed no toxicity of raw and treated ROC.
Sonolysis Insignificant effects of sonolysis alone on DOC and COD removal  [49]

(<5%) (1 h reaction time with 220 W energy).

29% DOC was degraded after 1 h at 67.5 W energy input. At higher
energy (135 W), DOC removal was increased to 34%.

(3]

Ozonation and other AOPs are being actively investigated for the treatment of ROC, in order to
degrade the organic contaminants and/or convert them into more easily biodegradable form [3, 5, 18,
30]. Ozonation at pH 7.0 was found to be very efficient for removing B-blockers from the RO brine
stream [5], which was assigned to their high reactivity towards hydroxyl radicals (OH"). Westerhoff et
al. [59] observed 75% of DOC removal in a combined O3/H,O, treatment of ROC (0.7 mol H,O, mol!
Os dose), although extremely high O; dosages were required (1000 mg L! of Os). The authors also
investigated Fenton oxidation of ROC (pH 3.3, 10 mM Fe?*, 10 mM H,0,), which removed up to 50%
of DOC, and UV/TiO, oxidation, which achieved the highest DOC removal (i.e. 80% DOC removal at
a UV dose of 10.4 kWh m™). Moreover, as the majority of the ROC organics remaining after the
UV/TiO, oxidation were found to be biodegradable, a combined AOP-biodegradation treatment of
ROC was suggested.
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On the contrary, Zhou et al. [49] found that combined AOP processes such as UV/H,0, and UV/TiO,
could remove only small fractions (<20%) of DOC from the raw ROC, due to strong scavenging eftfect
of OH" by the water matrix present in the raw RO concentrate. In the same study, ozonation at pH 7.0
achieved only around 22% of DOC removal, along with 90% of the colour removed. The authors
suggested a coupled treatment of coagulation and subsequent AOP (e.g. FeCl; coagulation,
UVC/TiO,) for decreasing the toxicity of the brine stream and converting the organics into compounds
that are more amenable to biodegradation.

Bagastyo et al. [30] observed around 40% DOC removal and complete colour removal in a UV/H,0,
treatment of ROC sampled at AWTP Bundamba and AWTP Luggage Point (3.1 kWh m= UVC dose,
400 mg L' H,0,). While most of the humic acids and soluble microbial products (SMPs) were well
removed, lower MW organics (<0.5 kDa) were more recalcitrant in the employed AOP.

Although a combination of two or more AOP treatments can be applied to enhance the oxidation rate
of contaminants, large amounts of chemicals and high energy input are typically required for the
degradation of recalcitrant contaminants contained in the brine stream. As an alternative to AOPs, in
electrochemical oxidation process OH"™ as well as a variety of other oxidants (e.g. O3, H,0,) are
formed from the electrolysis of water at the anode.

2.3. Electrochemical Treatment of Reverse Osmosis Concentrate

The capability of electrochemical oxidation to generate oxidants in-situ without the need for regents is
a compelling advantage over competing technologies. Electro-oxidation can overcome the limitations
of AOPs not only in terms of chemical usage, but also in terms of the oxidising abilities, since a range
of oxidant species can be generated at the anode poising different anode potentials. On the other hand,
electrochemical reduction was suggested already in the 1970s as a promising method for the
dechlorination of persistent contaminants under mild experimental conditions, without using the
highly reactive reducing agents [7]. It enables selective dehalogenation through controlled potential
and selection of cathode material, without the need for waste disposal.

Considering that electricity can now be produced from sustainable sources such as solar and wind,
electrochemical techniques hold the potential of replacing chemicals by sustainable electrical energy.
Several promising characteristics of the electrochemical processes for environmental applications are:

. No use of chemicals — the treatment uses electrons as the only reagent.

. Versatility — the process can be modified to suit different treatment requirements in terms of
characteristics of wastewater (e.g. COD, colour) and contaminants present.

. Robustness — capable of dealing with variations in the influent composition and flow rate.

. Energy efficiency —operation at ambient temperature and pressure; energy requirements can be

minimised by the appropriate cell design, as well as choice of electrode material (i.e. minimised
side reactions).

. Amenability to automation — the electrical variables (current and potential) are particularly
suited for facilitating data acquisition, process automation and control.
. Compact design — the process can be easily scaled-up and added to the existing treatment trains;

it can be applied in small isolated communities, as it removes contaminants, but also in the
oxidation step kills pathogens, and treated water can be safely discharged.

However, electrochemical treatment may have several associated limitations such as:

. The process suffers from mass transport limitations, and its efficiency is highly dependent on
the reactor design (e.g. size of the electrode area).

. Contact of cell components with the aggressive media may lower the durability and long-term
stability of electrode material.

. Electrode fouling may occur, i.e. anode passivation by the formed oxidation by -products, and/or

cathode scaling.
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. High operating cost is expected for heavily polluted waters and waters containing recalcitrant
contaminants, due to high electric energy consumption.

. Elevated concentration of chloride ions may lead to intense electrochemical hypochlorination
and formation of chlorinated by-products, expected to have increased toxicity and persistency.

2.3.1. Principles of Electrochemical Processes

In an electrochemical reactor, electric current or voltage is used to induce chemical reactions, i.e.
oxidation at the anode and reduction at the cathode. By withdrawing electrons from the anode, this
electrode becomes positive. Species in contact with the anode will be stripped of electrons and get
oxidised. On the other hand, these electrons move towards the cathode which becomes negatively
charged. Species in contact with the cathode will gain electrons and be reduced. The movement of
electrons in the external electrical circuit is compensated with the movement of ions of the electrolyte,
i.e. wastewater to be treated. The main reactions in electrochemical oxidation and reduction of
aqueous electrolytes are oxidation of water to oxygen (Equation 1), and reduction of water to
hydrogen (Equation 2), respectively:

Equation 1 2 H,O() — Ox(g) +4 H'(aq) +4¢~

Equation 2 2 H,O() + 2™ — Hy(g) + 2 OH(aq)

Thus, electrolysis of water at the anode will lead to a local pH decrease, while electro-reduction of
water to hydrogen and hydroxyl ions will lead to local pH increase at the cathode.

Electrolytic cell can have a non-divided or divided configuration (Figure 1). In the latter case, cation
exchange membrane (CEM) or anion exchange membrane (AEM) is placed between the anode and the
cathode in order to limit the movement of electrolyte species to cations and anions only, respectively.
Non-divided cells have a lower energy demand due to the absence of a membrane separator, which
contributes to the ohmic drop in the cell. On the other hand, divided electrolytic cells allow a separate
investigation of electrochemical oxidation and reduction, as well as the use of different catholyte and
anolyte. For example, the efficiency of electrochemical wastewater disinfection is enhanced by using a
divided electrolytic cell because the generated chlorine is not reduced at the cathode. However, scaling
of the membrane and electrode gap should be considered when applying the divided cell configuration

[6].
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Figure 1. Schematic representation of an electrolytic cell: A) non-divided cell, and B) divided cell,

anode and cathode are separated by a cation exchange membrane (CEM).
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The performance of electrochemical oxidation and reduction in terms of removal efficiency and
energy requirements depend on several parameters such as the electrode material (e.g. type, active
surface), reactor design (e.g. inter-electrode gap, presence of ion exchange membrane), mass transport
regime, applied current/potential, characteristics of electrolyte (e.g. presence of halide, sulphate and
other ions, organic scavengers of OH’) [60]. To ease the maintenance, the cells should be constructed
in a simple way so that the cell components can be easily removed and exchanged.

2.3.1.1 Electrochemical Oxidation

Electrochemical oxidation can take place through two mechanisms: (i) direct oxidation, by direct
electron transfer between the substrate and the anode; and (i) indirect oxidation, by the oxidant
species electrogenerated at the anode (e.g. OH", O;, H,O,, HCIO/CIO") (Figure 2). In the indirect
mechanism, oxidation of contaminants by short-lived species (e.g. OH") may be restricted to the anode
surface. Long-lived oxidants such as free chlorine (HCIO/CIO") are able to diffuse away from the
electrode surface and promote the bulk oxidation of the organics. Both oxidation mechanisms may
coexist during the electrochemical oxidation.

Direct electrochemical oxidation will be the dominant mechanism only at low potentials, before the
thermodynamic potential of oxygen evolution reaction (OER) is reached (Equation 1), i.e. at 1.23 V
vs. Standard Hydrogen Electrode (SHE). The kinetics of direct electrochemical is often very slow,
requires interaction of the substrate with the anode surface, and is thus mass transfer-limited and can
be achieved only in very limited cases [61].

Oxidised Oxidant(s) Pollutants

pollutants, ¢
e CO;, e Oxidation
in the bulk
4 M Oxidised
Pollutants Mediator(s) pollutants,
() (b) ok
Figure 2. Scheme of the electrochemical oxidation: A) direct, and B) indirect (mediated) oxidation [6].
Table 2. Oxidation potential of common oxidants at pH 0 [62, 63].

Oxidant Agents Oxidation Potential Energy, E° (V)

Fluorine 3.03

Hydroxyl radical 2.80

Atomic oxygen 2.42

Ferrate (VI) 2.20

Ozone 2.07

Peroxodisulfate 2.01

Hydrogen peroxide 1.78

Permanganate ion 1.77

Perhydroxyl radical 1.70

Permanganate 1.68

Hypobromous acid 1.59

Chlorine dioxide 1.57

Silver (I) ion 1.50

Hypochlorous acid 1.49

Perchlorate 1.39

Chlorine 1.36

Dichromate 1.23

Dissolved oxygen 1.23
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It is generally considered that direct anodic oxidation has a minor contribution to the overall oxidation
of organics at potentials higher than the threshold for water electrolysis. Application of higher anodic
potentials leads to generation of oxidant species from the electrolysis of water (e.g. OH", O3, H,0,)
and/or ion mediators (e.g. HCIO/CIO"). Table 2 summarises common oxidants and their oxidation
potentials expressed vs SHE. Thus, the prevailing mechanism of electro-oxidation will be determined
by the characteristics of the waste stream (i.e. presence of organic scavengers, Cl-, Br, COs*, SO4?),
as well as the type of the anode material used.

2.3.1.2 Electrochemical Reduction

Similarly to the electro-oxidation mechanism, electrochemical reduction may proceed through: (i)
direct reduction, by direct electron transfer from the cathode to the substrate; and (ii) indirect
reduction, via redox mediators (e.g. Fe**-triethanolamine (TEA) complex, quinone derivatives). Direct
electro-reduction is often in taking place simultaneously with the hydrogen evolution reaction (HER).
In the case of cathodes activated with noble metal particles (e.g. palladium), indirect reduction via
electrolytic production of atomic hydrogen represents another reduction mechanism, especially when
operating in protonated solvents.

Electrochemical reduction, both direct and indirect, has been widely investigated for dehalogenation of
brominated flame retardants [64], X-ray agents [65] and chlorinated pesticides [66], as well as for the
remediation of nitroaromatic contaminants [67]. Considering that the reactivity of carbon-halogen
(C-X) bond decreases in the order [>Br>CI>F, reductive electrochemical treatment may become a
low-current-yield process for the treatment of fluorinated and chlorinated contaminants [68].
Furthermore, the process will rely on the contact of the contaminant and/or mediator with the cathode
surface, and will typically require large electrode active surface area. This drawback can be overcome
by using three-dimensional (3-D) electrodes. In summary, the choice of electrode material is crucial
for this process, as it determines the reaction pathway, selectivity and specific energy consumption.

2.3.2. Importance of Electrode Material in Electrochemical Treatment

The choice of electrode material affects efficiency and selectivity of electrochemical treatment [69].
One of the most commonly investigated electrodes for environmental applications of electrochemical
oxidation are mixed metal oxide (MMO) electrodes, known under the trade name Dimensionally
Stable Anode (DSA®). MMOs have been investigated for the treatment of pesticide contaminated
water, landfill leachate, organic petroleum wastewater and other difficult to treat waste streams [69].
They consist of corrosion-resistant base materials such as titanium or tantalum, coated with a layer of
transient metal oxides (e.g. I[rO,, SnO,). The particular type of coating determines the electrocatalytic
activity of the electrodes. According to their interaction with the electro-generated OH", they are
classified into “active” and “non-active” anodes.

Atboth active and non-active anodes, “active oxygen” (anode adsorbed hydroxyl radicals, OH") is
generated by the electrolysis of water (

Equation 3). At the active anodes with a strong interaction between the electrode (M) and the adsorbed
OH’, so-called higher oxide, MO is formed (Equation 4). The redox couple M and MO, called
chemisorbed active oxygen, selectively oxidises the organics (R), as shown in Equation 5, forming
oxidation products (RO"). However, this reaction is in competition with the side reaction of oxygen
evolution, decreasing the efficiency of the anodic process due to the MO decomposition (Equation 6).

Equation 3 M+H,0—->M(OH)+ H +e
Equation 4 M (OH) > MO + H  te
Equation 5 MO +R — M +RO*

Equation 6 MO ->M+ %O,
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Atthe non-active anodes, where the MO does not form due to the weak interaction between the OH"
and the anode surface, the oxidation of organics is non-selective. This so-called physisorbed active
oxygen (i.e. M (OH")) may lead to complete combustion of R to CO,. The non-active electrode
participates in oxidation as an inert material, while the oxidation is mediated by OH" as shown in
Equation 7. This reaction is also in the competition with the oxygen evolution (Equation 8).

Equation 7 M (OH)+R - M +mCO, +nH,0O + H" + ¢

Equation 8 M(OH)—>M+1%0O,+H +e

For example, IrO, and RuO,-based anodes are considered to be “active’” due to their strong interaction
with the electro-generated OH’, which results in a low over-potential for O, evolution [69]. High
oxidation power anodes such as Ti/PbO, and Ti/SnO, are “non-active”, characterised by a weak
electrode - OH" interaction and lower electrochemical activity for O, evolution, thus providing a higher
current efficiency for organics oxidation. As postulated by Comninellis [70], non-active electrodes are
theoretically capable of mineralising the organic compounds via OH’", in contrast to active anodes
which only partially oxidise the organics by the adsorbed active oxygen species.

The latest technological leap in the area of technical electrode materials is the invention of boron -
doped diamond (BDD). BDD electrodes are characterised by a much wider potential range in aqueous
electrolytes compared to other electrode materials (ca. -1.25 to +2.3 V versus the Normal Hydrogen
Electrode-NHE) [71]. The interaction between the surface of a BDD electrode and electro-generated
OHis weak, allowing them to mineralise organic pollutants in the vicinity of the electrode surface.
These quasi-free OH" represent the main advantage of BDD electrodes over conventional materials, as
they enhance the degradation rates of organic pollutants. The high cost of the substrate onto which the
BDD film is deposited (e.g. Nb, W, Ta) represents a major impediment to their large-scale application.
While relatively cheap Ti possesses all the necessary features of a good substrate material (i.e. good
electrical conductivity, mechanical strength and electrochemical inertness), the deposition of BDD
films on Ti with satisfactory stability is difficult to date [72]. On the contrary to MMO electrodes,
BDDs are currently not available in practical mesh geometries.

The cathode materials typically used in aqueous solvents are silver, copper, nickel and carbon based
cathodes. They can be fabricated in the form of a place, or foam, while the latter one is also available
as carbon cloth, carbon mesh, carbon paper and carbon granules. Besides the choice of the cathode
material which will largely influence the kinetics of electro-reduction, the main challenge in designing
the reductive electrochemical remediation of organic contaminants is ensuring their efficient contact
with the cathode surface. This can be achieved in most cases by changing the reactor’s geometry from
planar to column-type, employing 3-D electrodes (e.g. granular, mesh or foam cathode), and
improving the stirring inside the reactor.

2.3.3. State-of-the-Art Review

Table 3 summarises the existing studies on the electrochemical treatment of ROC. Van Hege ef al.
[20, 21] proposed electrochemical oxidation as a promising method for the treatment of problematic
waste streams such as ROC. Electrochemical remediation of ROC offers an obvious advantage of low
energy consumption due to its high electric conductivity. In their first study, Van Hege et al. [20]
observed complete removals of COD and total ammonium nitrogen (TAN) after supplying 1.5 and
2 Ah dm? of specific electrical charge (Q) galvanostatically at 167 A m™, using an undivided cell.
Nevertheless, although absorbency at visible wavelength was completely removed, decrease in
absorbency at 254 nm was only less than 50%, implying incomplete degradation of the aromatic
fraction of organic matter. When comparing the performance of MMO and BDD electrodes for
electro-oxidation of ROC [21], the highest COD removal wasnoted for BDD and Ti/SnO,, and TAN
removal for BDD and Ti/RuO, anode. This was explained by the predominant mechanism of
electrochlorination in TAN removal, as the highest concentration of active chlorine was measured for
BDD electrode, followed by Ti/RuQ,. Also, removal of colour was complete, and as noted by Panniza
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etal. [73] likely achieved through chlorine mediated indirect oxidation mechanisms. On the other
hand, in the case of Ti/PbO, and Ti/SnO, electrodes, cathodic increase in pH was higher than the
anodic pH decrease in a non-divided electrochemical cell, causing the precipitation of Ca** and Mg?*
ions present in the ROC, and electrode scaling.

Dialynas et al. [3] used a DiaCell® single compartment electrolytic flow-cell equipped with BDD
electrodes to electrochemically oxidise 8 L of ROC in batch recirculation mode. At current density (J)
of 514 A m? only 30% of DOC wasremoved after 30 min of electrolysis, while further increase to
2543 A m? did not result in any significant improvement. It should be noted that the electrolysis was
able to oxidise the organic matter with absorbency below 250 nm, but it did not affect significantly the
absorbance peak at 310 nm, often related to naphthalene-like compounds [74]. Chaplin et al. [75]
investigated electrochemical destruction of N-nitrosodimethylamine (NDMA) in ROC using a rotating
disk electrode (RDE) BDD and a flow-through Mini DiaCell® reactor. In the RDE experiments with
decreased mass transfer limitations, NDMA oxidation was not affected by the DOC, CI- and HCOs-.
However, galvanostatic experiments performed at 20 A m™ in a flow-through reactor revealed five
times lower NDMA removal rate constants. In the latter case, the estimated energy requirement for
removing 75% of DOC was 6.9 kWhm. It should be noted that the anode surface (i.e. 25 cm?) versus
active volume of thereactor (i.e. 15 mL) ratio of was high, thus creating strongly oxidising conditions
inside the Mini DiaCell® reactor.

When comparing Ti/IrO,-Ta,0s, BDD and Ti/IrO,-RuO, electrodes in treating ROC, Zhou et al. [76]
observed a complete COD removal at 250 A m? after 1.5 h and 2 h for BDD and Ti/IrO,-RuQ,,
respectively, while partial removal was noted for Ti/IrO,-Ta,0s. The Ti/IrO,-RuO, electrode was
suggested as the most suitable for full-scale application due to its lower cost and lower energy
consumption compared to BDD (e.g. 66 vs 203 kWh kgCOD"! respectively for Ti/IrO,-RuO, and BDD
at250 A m?).

High variety and complexity of brine streams makes overall evaluation of electrochemical treatment
rather difficult. From the existing studies, it seems that complete COD and colour removal in
electrochemical oxidation of ROC can be achieved in an economical and technically feasible way due
to the presence of chloride ions. The energy consumption for the total removal from ROC was
estimated at around 60 kWhkgCOD"! (i.e. ~6-6.5 kWhm?) in several studies [20, 21, 77]. However,
ROC streams have very high concentrations CI, typically from 1.4 up to even 8 gL' [13], and besides
their positive effect in terms of lowered ohmic resistance and thus decreased energy consumption, they
can lead to prevalent electro-chlorination in the bulk liquid and generation of toxic chlorinated by -
products.

For example, Perez et al. [77] have reported generation of trihalomethanes (THMs) and toxic chlorate
(Cl0y") using a DiaCell set-up for the oxidation of ROC. While the authors determined 100 A m2as
the optimum current density for minimisation of THMs concentration, the generation of ClO;” was
continuously enhanced with the increase in the applied current. In addition, other studies have
previously reported a risk of formation of toxic ClO;", ClO4 [78], BrO;~ and BrO, [79] at BDD
electrodes. Thus, the increased toxicity of electrochemically treated effluent may diminish the
beneficial effects of chloride ions. With a few exceptions, this aspect of application of electrochemical
oxidation for the treatment of highly saline streams has been largely overlooked in the existing studies.
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Table 3. Summary of Studies on the Electrochemical Treatment of Reverse Osmosis Concentrate (modified from [80]).

Experiment Aanv Vacr Vror d J Q q Key results Ref.
(cm?) | (L) (L) (mm) | (Am?) (Ah L") (Lh")

'BDD, 2Ti/RuOz: 60 0.2 1 10 167 2 15 'R(COD, TAN)=100% for 2 Ah L™ [20]
- undivided cell, batch mode. CE(COD)="25%, ?35%

CE(TAN)="10%, 214%

'R=70-90% (UVae0, UVass, UVaos)

R=40-50% (UVa2s4, UV2g0)

1188 kWh kgcon™, 2780 kWh kgran™

'ClO5 formation
'BDD, 2Ti/RuOy, 50 0.2 1 10 100-300 1-2 15 34Ca and Mg precipitates (rise in pH) [21]
3Ti/PbOg, *Ti/SnOy: R(UVass, 1Ah L")="274%
- undivided cell, batch mode. R(COD, 1Ah L")="56%, 212%, 319%, “22%

R(TAN, 1Ah L")="48%, %42%, *14%, *6%

'R(COD, TAN)=100% for 2 Ah L™.

Better performance of BDD over Ti/RuO-»

was assigned to higher formation of FAC
BDD (Diacell): 70 0.0078 | 8 10 3514, 2543 30.23,°1.11 | 1200 3R=30% (DOC) [3]
- undivided, batch mode. PR=36% (DOC)

Oxidation of UV<so, but not UVs1e.
BDD (Diacell): 25 0.015 | 0.25 3 20 up to 2 6 CE(DOC)=68-75%, 6.9 kWh m? [81]
- undivided, batch mode.
BDD (Diacell): 70 0.0078 | 2 5 '50, 2100, %200 | up to 4.9 600 R(COD)= 100% ('0.5, 20.75, *1 Ah L") (771
- undivided, batch mode. (min) 59 kWh kgcon™

ClO3, NO3 and THMs formation.

R(TrOCs)=90%, not affected by J
'BDD, 2Ti/IrRUO;, 3 0.05 05 10 83, 167, 250 1,2,3 - R(COD, 250 A m?)="100% (2.25 Ah L™ {Zhou,
*Ti/lr0,-Ta,0s: 2100% (30 Ah L™, *33% (3 Ah L) 2011
- undivided, batch mode. Ti/lrRuO2 had the lowest energy consumption #850}

e.g.for J=167 Am™ '203, 66 and 130 kWh kgCOD""

Note: Aav-anode surface (cm?), Vacr-active volume, i.e. electrolytic cell volume (L), Vror-total volume (L), d-inter-electrode distance (mm), J-current density (A m), Q-specific electrical charge (Ah L), g-volumetric recirculation flow
rate (L h™"), R-removal (%), CE-current efficiency (%), FAC-free available chlorine, TAN-total ammonia nitrogen, UV-ultraviolet absorbance, SUVAzss-specific UV absorbance at 254 nm.
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3. MATERIALS AND METHODS

3.1. Chemicals

All standards for pharmaceuticals and pesticides used were of analytical grade (>99%). Chemical
standards of carbamazepine (CBZ), trimethoprim (TMP), metoprolol (MTP) tartrate, ranitidine (RNT)
hydrochloride, acetaminophen (ACTP), lincomycin (LNC) hydrochloride, diclofenac (DCF) sodium,
diazinon (DZN), enrofloxacin (ENR), sertraline (SRL) hydrochloride, gemfibrozil (GMF), venlafaxine
(VNF) hydrochloride, diuron (DIU), hydrochlorothiazide (HCT), caffeine (CAFF), roxythromycin
(ROX), tramadol (TML) hydrochloride, ibuprofen (IBU), phenytoin (PNT) (5,5-diphenylhydantoin),
metolachlor (MET), atrazine (ATZ), sulfadiazine (SDZ), norfloxacin (NFL), N,N-Diethyl-meta-
toluamide (DEET) and triclopyr were purchased from Sigma—Aldrich (Steinheim, Germany),
citalopram hydrobromide and 2,4-dichlorophenoxyacetic acid (2,4-D) were purchased from Toronto
Research Chemicals (Ontario, Canada), and iopromide was purchased from U.S. Pharmacopeia
(Rockville, U.S.A.). All chemical standards were of analytical grade (=99%).

Isotopically labelled compounds used for the correction of matrix interferences GMF-d6, ACTP-d4,
HCT-"*C,d2, TML-d6 hydrochloride, IBU-d3, SDZ-d4, VNF-d6, ENF-d5, sulfadiazine-d4, and RNT-
d6 hydrochloride were purchased from Toronto Research Chemicals (Ontario, Canada), TMP-13C
CBZ-d10, DEET-d6, CAFF-'*C, and DCF-d4 were purchased from Cambridge Isotope Laboratories
(Andover, U.S.A.), and ATZ-d5 was purchased from Dr Ehrenstorfer GmbH (Augsburg, Germany).

Stock solutions of individual standards (1 g L") and internal standards were prepared in methanol and
stored at —20°C. Stock solutions of NFL and ENR were renewed monthly because of their limited
stability. For the purpose of analyses, a standard mixture in methanol at approx. 20 mg L
concentration was prepared from the individual stock solutions of the selected analytes. Further
dilutions of this mixture were prepared in 25:75 (v/v) of methanol/water and were used as working
standard solutions. A mixture of labelled standards at a concentration of 1 mg L' was prepared by
dilution of individual stock solutions in methanol, and was used for internal standard calibration.
All solvents (methanol, acetonitrile and water) were high performance liquid chromatography
(HPLC)-grade and were purchased from Merck (Germany), as well as hydrochloric acid (37%),
ammonium acetate, sodium hydroxide and formic acid (98%).

3.2. Reverse Osmosis Concentrate Sampling

The ROC samples were obtained from AWTP Bundamba, prior to the nitrification stage. The sample
was collected for all studies in a single sampling batch. To ensure homogeneity and ease of pumping
in the laboratory, the ROC sample was filtered usinga 0.20 um Millipore membrane filter (@ 45 mm
STERITOP-GP) prior to the experiments, and stored in the dark at 4°C to minimise the microbial
activity prior to the experiments. Since ROC sampling was performed in several instances during the
project, its composition varied in each of the studies conducted. However, no considerable variation of
COD, DOC, pH, conductivity and dissolved salts was observed. In order to avoid confounding results,
ROC used in each study was from the same sampling batch. The minimum and maximum average
concentrations/values of the untreated ROC sample used in the project are presented in Table 4. The
additional information of ROC composition and its initial concentrations for each study are given in
the respective appendices.
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Table 4. Characteristics of ROC studied.

. Average concentration/value
Measures Unit 9

(min — max)
pH 7.6-8.1
Conductivity mScm’ 4.9-6.1
Colour mg Pt-Co L 55— 274
SUVA Lmg”' m? 1.92 -2.31
CoD mg L 136 — 175
DOC mg L 42 - 58
cr mg L 1018 — 1526
Br mg L™ 12-16
ca* mg L 183 - 215
Mg?* mg L 71-98
Na* mg L 766 — 914

3.3. Experimental Set-Up

3.3.1. Reactor Configuration

Four types of electrochemical reactor configurations were used for the experiments performed in this
project (Figure 3). The electrochemical cell was constructed by assembling equal rectangular frames
made of polycarbonate or acrylic polymer (Perspex), with internal dimensions of 20 X 5 X 1.2 cm
(active volume: 114 cm?, with a headspace of 6 cm?®) and 20 x 5 x 2 ¢cm?® (active volume: 190 cm?,
with a headspace of 10 cm?), respectively.

The frames were bolted together between the two side plates and sealed by rubber gaskets, creating
anode and cathode compartments. While identical in the shape and material used, the four types of
reactors varied in the electrode positioning, the number of compartments and ion exchange membranes
used. Type-A reactor was comprised of two equal rectangular frames separated by a CEM (Ultrex
CMI-7000, Membranes International Inc., USA). The frames were bolted together between two side
plates and sealed by rubber gaskets, creating anode and cathode compartments. The frames and plates
were made of acrylic polymer (Perspex) or polycarbonate polymer. The material used is described in
detail in each study. The electrodes were placed inside the respective compartments, where the inter-
electrode gap was 4 mm. Type-B reactor had the same frame set-up as Type-A reactor, the only
difference being that the carbon plate cathode was placed between the side plate and the cathodic
frame, thus resulting in the final volume of the cathodic compartment of 114 c¢m?. Type-C reactor
consisted of five compartments (i.e. two for anolyte and catholyte, two for the diluate/rinsing solutions
and the central compartment for ROC) which were sequentially separated by CEM and AEM (CMI-
7000 and AMI-7001, respectively, Membranes International, U.S.A.). Each compartment had an
active surface of 100 cm? and active volume of 190 cm?®. The electrodes were placed in the terminal
compartments, where the distance between anode and cathode was 6.5 cm. Finally, Type-D reactor
was identical to Type-A reactor, but constructed in the absence of ion exchange membrane.

3.3.2. Electrode Materials

The materials used as anodes were either mesh Ti coated MMO electrodes (Magneto Special Anodes
BV, Schiedam, The Netherlands) or plate Si-based BDD electrode (Adamant Tech., Switzerland.) as
shown in Figure 4. The MMO coating materials include IrO,-Ta,Os (12 g m of Ir:Ta = 65:35), RuO,-
IrO, (12 gm™? of RuO,:Ir0,=70:30), Pt-IrO, (12.5 gm? of Pt:IrO, = 70:30), PbO, (3.75 g m? PbO,
coating) and SnO,-Sb (15 g m? Sn/Sb,0s doped) which had a projected surface area of 24 cm?,
thickness of 1 mm, specific surface area of 1.0 m> m* and current feeder of @ 0.6 x 8 cm.
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Figure 3. Photographs of the electrochemical reactors used: A) CEM-divided reactor used for the
electro-oxidation experiments, B) CEM-divided reactor used for the electro-reduction experiments, C)
reactor used for the electrodialysis experiments, and D) non-divided cell reactor used for the electro-
oxidation experiments.
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Figure 4. Electrode materials: A) mixed metal oxide (MMO) mesh electrodes, B) plate boron doped
diamond (BDD) electrodes.

The monopolar plate Si/BDD anode (4.8 x 8.5 x (0.2 ¢m; 2-3 um coating thickness of 500 ppm boron)
had an active area of 40.8 cm?. In all experiments the counter electrode (i.e. cathode) used was
stainless steel of the same shape and surface dimensions as anode, except in the case of study in a non-
divided cell, where both cathode and anode were BDD electrodes. For the electro-reduction study, a
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resin-impregnated carbon electrode with dimensions 25 x 9 x 0.6 cm (active surface area: 20 x 5 cm?)
supplied by Morgan AM&T, Australia was used as a cathode.

3.3.3. Electrochemical Cell Control and Operation

Data was recorded every 60 s using either a VMP3 potentiostat (Princeton Applied Research, U.S.A)
or a Wenking potentiostat (KP07, Bank Elektronik, GmbH, Pohlheim, Germany) and an Agilent
34970A data acquisition unit Agilent 34970A (Agilent Technologies, U.S.A.). The half-cell potentials
were measured using Ag/AgCl (RE-5B, estimated at +0.205 V vs. SHE, supplied by Bio Analytical,
U.S.A) as the reference electrode placed in the compartment close to the working electrode.
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Figure 5. Schematic diagram of the experimental set-ups used: A) two-compartment electrochemical
reactor used for batch and continuous mode studies, and B) five-compartment electrodialysis reactor
used for electrodialysis studies. (1) power supply, (2) data acquisition, (3) Ti-based current feeder, (4) gas
ventilation, (5) Peristaltic pump, (6) stirrer, (7) pH monitoring and/or controlling system, (8) anolyte, (9)
catholyte, (10) diluate/rinsing solution.

All experiments were carried out using a chronovoltammetric technique (galvanostatic measurement)
by controlling a fixed current across the working and the counter electrode. In addition to the
chronovoltammetric technique, a linear sweep voltammetry technique was applied in order to obtain
the onset potentials for O, and Cl, evolution at MMO and BDD anodes under specific experimental
conditions, characterising their electrocatalytic properties. Details of the experiments are provided in
the appendices of the respective studies.

The experiments reported in this project were conducted using set-ups illustrated in Figure 5, at high
flow rate in order to increase the treatment efficiency and maintain well-mixed conditions, and in
batch mode (set-up A was used in the continuous mode, too; details in Section 4.2). Unless stated
otherwise, anolyte and catholyte solutions including rinsing solutions (i.e. in the case of
electrodialysis) were continuously recirculated using a peristaltic pump (Watson Marlow, UK) at a
flow rate of 120 mL min~or 162 mL min’!, i.e. depending on the particular experimental set-up with
sufficient magnetic stirring in each electrolyte vessel. The experiments were carried out at room
temperature (22+1°C).
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3.3.4. Estimation of Electrochemical Process Performance

The changes in concentration of particular parameters (e.g. COD, DOC) are typically represented as a
function of the specific electrical charge (Q, Ah L!) applied, as determined by Equation 9 [6]:

 JAt

Equation 9 0] 7
where J is the applied current density (A m), 4 is the surface area of electrode (m?), V is the
electrolyte volume (L), and ¢ is time (hour). It is important to note that plotting the data against Q will
take several factors into consideration for the overall treatment efficiency, i.e. electrode surface, and
applied current per treated unit volume. Then, the specific energy consumption (#, kWh m) was
calculated as:

Equation 10 W=0QFE.
where E. = total applied cell potential (V), which equals E.,4e (E4n, V) minus Ecunode (Eca, V).

The efficiency of electrochemical oxidation of organics can also be expressed as a Coulombic
efficiency (CE). This efficiency, also known as instantaneous current efficiency (ICE), represents the
ratio of the amount of electrons used for the desired reaction (in this case, oxidation of organic
compounds in ROC measured as COD) and the total amount of electrons supplied. For
electrochemical oxidation and reduction experiments operated in batch mode, CE was calculated using
the following equation [60]:

(CODt — CODt+At )
MIAt

Equation 11 CE op,70 =100 *nFV

where COD, and COD,.,, are the COD concentrations (gO, L) measured at times t and t+At,
respectively, F is Faraday’s constant (96,487 C mol™), Vs the electrolyte volume (L), / is the applied
current (A), n is the number of electrons involved in the reaction (O,,n =4) and M is the molar mass
of oxygen (M =32 gmol'). ACE=100% orICE = 1 indicates a complete oxidation of organics by
means of 100% supplied current. The decrease of the CE or ICE value is caused in the first place by
the occurrence of side reactions of oxygen evolution in oxidation and hydrogen evolution in reduction.

Analogues equation was used to calculate the CE of chloride ions oxidation (CE¢,.):

Equation 12 CEcr % =100 * nFV (€l (t)l\:HCAlt (t+40) )

where n = 1 for chloride ion oxidation and M =35.5 g mol™!. The calculation of CE for total Cl,
formation (CE¢;,) is shown in the equation below [82]:

(CIZ(t) B C12(t+At))
MIAt

Equation 13 CE(,,% =100 *nFV

where n =2 for Cl, formation (2 ClI' — Cl, +2 ¢’) and M =70.9 g mol.
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3.4. Chemical Analysis
3.4.1. Analysis of Global Parameters

All the samples collected from the reactors were immediately filtered by 0.22 um syringe driven filter
(33 mm diameter of MILLEX-GP Millipore, U.S.A) prior the analyses of global parameters such as
COD, DOC, free chlorine and other parameters mentioned below. Samples were diluted when
necessary, in order to stay within the calibration range of the measurement. The pH, temperature, and
conductivity were measured using a hand-held multimeter (Cyberscan PC 300, Eutech Instruments).
COD and residual chlorine concentration were measured directly after sampling. COD concentrations
(mg L") were determined with COD tube tests range 10-150 mg L (Merck, 1.14540.0001) by a
spectrophotometric method at 445 nm wavelength [83].

Residual chlorine was analysed as free available chlorine (FAC) and total chlorine (i.e. sum of FAC
and combined chlorine) using the N,N-diethyl-p-phenylenediamine (DPD) ferrous titrimetric method
[83]. It is important to emphasise that oxidants other than FAC present in the solution (e.g. H,O,,
ClO,, O3, Br,) may react with DPD in a similar way to chlorine to form a red dye, thus interfering with
the measurement. Unless reported otherwise, the remaining amount of subsamples was then quenched
by adding specific amounts of Na,SO; solutions, i.e. 120% of the molar concentration of FAC, i.e.
1.2 mol of sulphite per mol of HCIO (assuming all FAC was in HOCI form), in order to eliminate
further reaction of FAC before the chemical analysis.

DOC was analysed using an Analytik Jena multi N/C®-series instrument, and expressed as non-
purgeable organic carbon (NPOC) which indicates the remaining acidified organic carbon after
purging with an inert gas such as He, N,, or CO, [83]. Since all the samples were pre-filtered, NPOC
expresses the total DOC. In some studies, dissolved organic nitrogen (DON) was reported. DON was
calculated by subtracting the concentration of NH,"-N from the Total Kjeldahl Nitrogen (TKN).

A Lachat Quickchem8000 flow injection analyser (FIA) was used to determine NH,*-N, NO,-N, and
NO,-N, according to the Method 31-107-06-1-A, while TKN was measured using Lachat QuickChem
Method 10-107-06-2-D.

The metal ions were determined using inductively coupled plasma optical emission spectroscopy
(ICP-OES) method [83].

The halide ions (CI, Br, and I') were measured by ion chromatography (IC, Dionex 20101 system).
3.4.2. Analysis of Trihalomethanes and Haloacetic Acids

Trihalomethanes (THMs), haloacetic acids (HA As) and oxychloride ions (i.e. C10,", ClO;7, and ClOy)
were analysed at the QHFSS laboratories. 100 mL samples for the analyses of oxychlorides ions were
collected in plastic bottles wrapped by aluminium foil, and analysed using ion chromatography (IC,
Dionex). For the analyses of THMs and HAAs, 120 mL samples were collected in three 40-mL sterile
vials containing 40 mg of NH4CIl. The concentration of THMs, i.e. trichloromethane (TCM) ~
(chloroform, CHCI;), bromodichloromethane, CHCL,Br (BDCM), dibromochloromethane, CHCIBr,
(DBCM), and tribromomethane (TBM) ~ (bromoform, CHBr;), were determined by gas
chromatography-mass spectrometry (GC-MS) with a purge and trap method, while HAAs, i.e.
monochloroacetic acid (MCAA), dichloroacetic acid (DCAA), trichloroacetic acid (TCAA),
bromochloroacetic acid (BCAA), monobromoacetic acid (MBAA), and dibromoacetic acid (DBAA),
were derivatised to their methyl esters and subjected to solvent extraction prior to GC-electron capture
detection (GC-ECD) analysis and confirmation by GC-MS.

3.4.3. Analysis of Adsorbable Organic Halogen

Halogen-specific adsorbable organic halogen (AOX) was analysed in the laboratories of the Curtin
Water Quality Research Centre, Curtin University using a modified method by Kristiana et al. [84].
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The method involved acidification of the sample to pH 2, followed by adsorption of adsorbable
organic compounds (including halogenated organic compounds) onto activated carbon, which was
then combusted and the hydrogen halide gases produced were trapped in MilliQ water in an absorber
chamber. The dissolved halide ions in the absorber (Cl-, Br, and I') were then analysed by on-line ion
chromatography (Dionex ICS 3000). These halide ions correspond to the concentrations of halogen -
specific AOX, namely adsorbable organic chlorine (AOCI), bromine (AOBr) and iodine (AOI), and
are expressed in molar concentrations. Calibration of the system was done using trichlorophenol,
tribromophenol and iodophenol standards. Application of the AOX analysis in this project is described
in Appendix B and C.

3.44. Spectrophotometric Measurements

The 1 cm path length of acryl and quartz cuvettes were used for colour and UV absorbance (UVA)
measurements, respectively. A Varian Cary50 UV-Vis spectrophotometer was used to measure the
absorbance of UVA at 254 nm (UV,s,) and colour intensity (at 475 nm absorbance). The colour
concentration (expressed as mg L' unit of Pt-Co) was then determined against the standard calibration
of Platinum-Cobalt [83]. Specific UVA (SUVA, presented as L mg™! m™! unit) at 254 nm (SUVA,s,)
was calculated by dividing UVA 254 nm with DOC value.

3.4.5. Toxicity Tests

The Microtox non-specific toxicity bioassays were performed as described in detail in Escher et al.
[85] with sample pH adjustment to pH 7 by adding an appropriate amount of 0.1 M NaOH or 0.1 M
HNO;. The Microtox assay measures the relative decrease in light output from the naturally
bioluminescent marine bacteria, Vibrio fischeri, following its exposure to a toxicant. Since the samples
were extracted by the solid phase extraction (SPE) procedure on the cartridges (Oasis HLB, Ireland) as
described in the Appendix A, the generated oxidants, salts and particulates were removed by the SPE
sample pre-treatment. The results of the Microtox test were expressed as baseline toxicity equivalent
concentration (TEQ) derived from baseline toxicity quantitative structure-activity relationship (QSAR)
relative to a virtual reference compound with log Kow =3 and MW =300 g mol!, which equates to an
ECso0f 12.2 mg L!. TEQ represents the non-specific toxicity of complex mixtures of compounds,
where the contribution of each chemical is weighted by its hydrophobicity.

In the Pseudokirchneriella subcapitata bioassay (i.e. combined algae test) three endpoints were
assessedhe: the direct inhibition of photosynthesis after 2 h and 24 h incubation via measurement of
the quantum yield of photosystem II using Imaging pulse-amplitude modulated fluorometry (2 h
IPAM and 24 h IPAM) and the inhibition of growth rate (24 h growth rate). The effect concentrations
causing 50% of maximum effect (ECs,) were derived for all endpoints from full concentration-
response curves and were expressed in units of relative enrichment factor (REF). The results of the
endpoint of 24 h algal growth rate inhibition were additionally converted to baseline-TEQ relative to a
virtual reference compound with an ECs, of 18.75 mg/L [85].

3.4.6. Fluorescence Scan Analysis

Fluorescence spectra were measured using fluorometer Perkin Elmer LS-55. The filtered samples
(3 mL) were scanned in a 1 cm quartz cell at excitation and emission ranges from 200 nm to 400 nm
and from 280 nm to 500 nm, respectively. The excitation slit was 5 nm and 0.5 nm for emission.
Excitation-emission matrix (EEM) plots were used to identify compounds based on specific peaks
Chen et al. [86]. The sample was diluted to DOC <1 mg L' to avoid errors associated with inner filter
effect [87]. Each analysis was performed against a blank, i.e. MilliQ water (18MQQ) to minimise both
Raman and Rayleigh scatters, and normalised to their initial in each experiment.

3.4.7. Quantitative and Qualitative Analysis of Trace Organic Contaminants

Liquid chromatography-mass spectrometry (LC-MS) analyses were performed using a Shimadzu
Prominence ultra-fast liquid chromatography (UFLC) system (Shimadzu, Japan) coupled with a 4000
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QTRAP hybrid triple quadrupole-linear ion trap mass spectrometer (QqLIT-MS) equipped with a
Turbo Ton Spray source (Applied Biosystems-Sciex, U.S.A.). Chromatographic separation was
achieved with an Alltima C18 Column (250 x 4.6 mm, particle size 5 um) run at 40°C, supplied by
Alltech Associates Inc (U.S.A.). Details of the multi-residue, i.e. quantitative method used are
described in the Appendix A.

The structure of electrochemical oxidation by-products of a model compound was elucidated by
isolating the protonated molecular ions, collision induced dissociation (CID) MS? and MS?
experiments in (+)ESI mode and mass spectral comparison with the parent compound. Additional
confirmation of the identity was obtained by the retention time (#z) and isotope abundance and
distribution that enabled confirmation of halogenated intermediates. Details of the qualitative analysis
are described in the Appendix D.
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4. ELETROCHEMICAL TREATMENT OF REVERSE OSMOSIS
CONCENTRATE

4.1. Impact of Mixed Metal Oxide (MMO) coating on the
Performance of Electrochemical Oxidation

41.1. Experimental Set-Up

In the first stage of the project, concerns were raised about the comparability of the experimental
results when working with real ROC stream during the three years of the project, due to the variability
in its characteristics (e.g. COD, colour, chloride ion concentration). Thus, attempts were made to
produce a synthetic ROC which would simulate the characteristics of a real ROC stream. However,
trial electrochemical oxidation experiments with several synthetic ROCs showed a significantly
different performance compared to the electrochemical oxidation of real ROC stream (Appendix B).
Therefore, during the project real ROC stream from the AWTP Bundamba was used. The individual
studies were always performed with the same batch sample of ROC.

The performance of electrochemical oxidation of ROC was investigated using Ti/IrO,-Ta,Os,
Ti/RuQO,-IrO,, Ti/Pt-IrO,, Ti/PbO, and Ti/SnO,-Sb anodes in a batch recirculation mode. The reactor
configurationused is type-A (Figure 3). Preliminary experiments in a non-divided cell (i.e. no ion
exchange membrane between the cathode and the anode) showed fast passivation of the stainless steel
cathode surface due to the local pH increase and formation of Ca precipitates. Thus, all further
experiments were performed in a divided cell, using acid as a catholyte to prevent the cathode
passivation and increase in the total cell potential (E.y). The experiments were performed
galvanostatically at a current, /=240 mA,i.e. /=100 A m?. In all experiments, stable performance of
the reactor was observed, with constant potential of anode (E,,04.) and cathode (Ecanode), as well as Ecey
(Appendix B). For example, in electrochemical oxidation of ROC atJ=100 A m*, the E,,,q. and E
were maintained at 1.7 £0.2 and 3.7 £0.3 V vs. Ag/AgCl, respectively.

4.1.2. Results and Discussion

Among the five MMO electrodes tested, Ti/PbO, and Ti/SnO,-Sb exhibited the highest anodic
potentials, i.e. 2.2 + 0.3 and 2.1 £ 0.1 V vs. Ag/AgCl, respectively. This is in accordance with the
higher O, evolution overpotential of the PbO, and SnO,-Sb coatings [69].

Table 5. Summary of the results of the electrochemical oxidation of ROC at five MMO electrodes after
supplied specific electrical charge, Q = 0.55 Ah L. The results are presented as mean values (n = 2) with
their mean deviations.

Measured Parameter MMO Electrode

Ti/llrO2-Ta,05 Ti/RuO2-IrO; Ti/Pt-IrO; Ti/lPbO Ti/Sn0,-Sb
COD (% removal) 149+ 0.6 17.0+4.3 442 +21.5 23.3+4.6 30941
DOC (% removal) 6.8+2.8 75+1.0 159+1.2 86+1.1 159+ 0.5
DON (% removal) 109+27 9.3+4.1 574 +14.6 104+7.3 56.9+ 3.2
Colour (% removal) 81.3+27 88.8+1.3 96.3+4.7 90.7+0.7 97.9+0.6
SUVA254 (% removal) 25.1+6.0 27.7+5.3 39.9+3.0 31.2+1.1 43.2+ 0.1
FAC (mg L") 34+04 6.1+0.5 3194 £22.3 7.2+26 109.9+7.1
Total THMs (mg L")’ 0.08 0.22 0.31 0.19 0.19
Total HAAs (mg L)’ 0.64 1.41 2.26 1.49 2.79
Specific energy 1.95+0.15 2.06 £0.19 2.23 +0.06 2.25+0.13 2.44 +0.07

consumption (kWh m?)

Note: *n =1
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The best oxidation performance in terms of COD, DOC, DON, colour and SUVA ,5, removal was
achieved by Ti/Pt-IrO, and Ti/SnO,-Sb anodes (Table 5). The oxidation of organics increased with the
increase in active chlorine concentration, especially for Ti/Pt-IrO,. The overall performance of
electrochemical oxidation was similar for Ti/Pt-IrO, and Ti/SnO,-Sb, although the highest
concentration of electrogenerated chlorine was observed at Ti/Pt-IrO, anode, i.e. 319 mg L' at Q =
0.55 Ah L', This suggests that the enhanced oxidation performance of the Ti/Pt-IrO, may be due to
the dominant mechanism of chlorine-mediated electrolysis.

The current efficiencies obtained by the Ti/Pt-IrO, anode for chlorine generation (CE¢;;) and COD
removal (CEcop) were 42% and 45%, respectively. On the other hand, 14% and 32% of CE(;;and
CEcop, respectively, was calculated for Ti/SnO,-Sb anode. The lower value of CE implied that the
electrode was starting to generate oxidation species other than chlorine which were responsible for the
enhanced oxidation performance of the Ti/SnO,-Sb anode, e.g. OH", O3, H,0O, [88]. In addition, while
only 3% of CE(;; was obtained at the same O, the Ti/PbO, showed higher CEcop than Ti/RuO,-1rO,
and Ti/IrO,-Ta,05 anodes (i.e. 25% vs. 16% and 12%, respectively). When comparing the “non-
active” anodes Ti/SnO,-Sb and Ti/PbO,, the latter was less effective in the treatment of ROC. Similar
results were previously reported by Szpyrkowicz et al. [82].
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Figure 6. The EEM of A) initial untreated ROC, and electrochemically oxidised ROC using B) Ti/Pt-
Ir02, and C) Ti/SnO2-Sb anode at Q = 0.55 Ah L-1. The EEM of ROC oxidised at Ti/Pt-IrO2 and Ti/SnO2-Sb
electrodes was plotted in higher resolution than the initial ROC (800 vs. 8000 fluorescent intensity).

Figure 6 depicts plots of fluorescence EEM of the untreated ROC and ROC electro-oxidised at Ti/Pt-
IrO, and Ti/SnO,-Sb anodes. The EEM plots of the ROC electro-oxidised at all five MMO anodes are
presented in the Appendix B. The Ti/Pt-IrO, and Ti/SnO,-Sb were observed as the most effective
anodes in removing the excitable fluorescent compounds. Although the quantitative performance of
the five tested MMO electrodes was different, all anodes oxidised similar organic fractions, identified
as fulvic acids and humic acid like compounds. Their removal increased with the enhanced formation
of oxidants, which converted them into intermediates which either had a non-fluorescent nature of
exhibited fluorescence to a limited extent (e.g. simpler non-aromatic compounds, halogenated
organics) [89]. Thus, the observed decrease in the intensities of the EEM spectra did not necessarily
imply a degradation of the organic compounds, which was confirmed by the relatively poor removal of
COD and DOC. In the case of Ti/Pt-IrO, and Ti/SnO,-Sb anodes, the remaining compounds were
detected in the fulvic acid region and organics related to biological products.

As mentioned previously, chlorine-mediated electrolysis may lead to the formation of chlorinated by-
products. In this study, since the oxidation performance was correlated to the production of active
chlorine, the highest formation of THMs and HA As, was inevitably observed for the best performing
anodes, Ti/Pt-IrO, and Ti/SnO,-Sb (Figure 7). While the highest total THMs (tTHMs) concentration at
the end of electrolysis was measured for Ti/Pt-IrO,, i.e. 0.31 mg L', the highest total HAAs (tHAAs)
concentration was observed for Ti/SnO,-Sb, i.e. 2.79 mg L'!. On the other hand, the lowest
concentration of tTHMs and tHA As wasnoted for the worst performing anodes, Ti/IrOQ,-Ta,0s, i.e.
0.08 mg L' and 0.64 mg L, respectively. Both THMs and HAAs represented chlorinated and
brominated derivatives. Although the measured concentration of Br-in the ROC was approximately
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three orders of magnitude lower than Cl- (i.e. ~1.5 mg L' vs. ~1220 mg L), HBrO/BrO- is a more
reactive oxidant than HCIO/CIOr, particularly with phenolic compounds [90], and it will participate in
the bulk oxidation reactions. For example, among the tested anodes Ti/Pt-IrO, and Ti/SnO,-Sb
generated the highest MBAA and DBAA concentrations, i.e. ~0.01 mg L' and ~0.03 mg L"'. Higher
formation of DBAA than MBAA as well as TCAA than DCAA and MCAA indicates consecutive
attacks by active chlorine and/or bromine. CI, and Br, could be generated not only at the surface of
electrode but also by the bulk oxidation of CI- and Br by reactive oxygen species [91]. In addition,
chlorate was the only inorganic chloro-species detected in all the tested anodes, and was likely formed
through stepwise electrochemical oxidation of hypochlorite with chlorite as the intermediate [78]. The
Ti/SnO,-Sb anode yielded the highest concentration of chlorate, i.e. 70 mg L', followed by Ti/Pt-IrO,
and Ti/PbO,. The lowest concentration of chlorate was observed for Ti/RuO,-IrO, and Ti/IrO,-Ta,0s,
ie.<10mgL™.
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Figure 7. Overview of the total THMs, HAAs and chlorate observed for the electrode materials
investigated, formed after supplying Q =0.55 Ah L.

4.1.3. Conclusions

In electrochemical oxidation of ROC considerable differences were observed between so-called
“active” and ‘“non-active” materials, and within these groups. Ti/Pt-IrO, and Ti/SnO,—Sb
outperformed the other electrodes tested in our study in terms of COD, DOC, SUV A 54, colour, NH;—
N and DON removal. This higher removal of organics, nitrogen and colour appeared to be associated
with the high chlorine formation, and the highest formation of hazardous THMs and HAAs was noted
for the abovementioned anodes. Furthermore, EEMs of the oxidised ROC indicated that the main
oxidative transformation reactions involved humic and fulvic-like organic matter.

Since Ti/SnO,-Sb anode exhibited the highest £ and therefore the highest energy investment, i.e. 2.44
+ 0.07 kWh m?3, the Ti/Pt-IrO, electrode would be more attractive for full-scale applications if the
formation of halogenated by-products could be avoided. Very high concentration of free chlorine
determined at Ti/Pt-IrO, raised concerns about the increased toxicity of the electrochemically oxidised
ROC. In our next study, we investigated the performance of electrochemical oxidation in terms of the
removal of trace organic contaminants and toxicity as determined by the Microtox bioassay.
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4.2. Electrochemical Oxidation at RulrO.—coated Titanium
Electrode

4.21. Experimental Set-Up

The performance of electrochemical oxidation of ROC was estimated for the removal of target trace
organic contaminants, i.e. pharmaceuticals and pesticides. The target analytes were selected based on
their consumption data, ubiquity in treated sewage effluent and detected concentrations in the analysed
ROC from the AWTP Bundamba, and with the intention of enclosing the compounds with varying
physio-chemical properties and belonging to different therapeutic groups (Appendix A). The method
developed will be based on the simultaneous extraction of all analytes, thus simplifying considerably
sample preparation, and consecutive analysis in positive and negative ionisation mode by the LC/MS?
method described in the Appendix A. The target trace organic contaminants were 21 pharmaceuticals:
anti-inflammatory drugs ACTP, IBP and DCF, analgesic drug TML, stimulant drug CAFF, diuretic
HCT, antibiotics ENR, NFL, ROX, LNC, TMP and SDZ, anticonvulsant drugs PNT and CBZ,
antidepressants SRL, CTP and VNF, lipid regulator GMF, antihistamine drug RNT, X-ray agent [PM,
and B-blocker MTP; also, 7 frequently encountered pesticides were included in the method: DIU,
DZN, TPR, ATZ, 2,4-D, DEET and MET.

Target analytes were spiked in the ROC samples to final concentrations in the range of 7.8 (CBZ) to
37.4 ug L' (IPM) (Appendix C). The influence of operational mode, current density, and applied
electrical charge on the oxidation efficiency was investigated. The baseline toxicity of
electrochemically oxidised ROC was evaluated in the bioluminescence inhibition tests (Microtox)
using the marine bacterium Vibrio fischeri. When operating in continuous mode, two different ROC
samples were used, marked as ROC-1 and ROC-2, both from the AWTP Bundamba but originating
from different sample batches, in order to test the effect of ROC matrix on the removal of trace
organic contaminants.

4.2.2. Results and Discussion

Figure 8 illustrates the observed removal of DOC and SUV A 54, and measured free and total chlorine
during continuous oxidation of ROC-1 and ROC-2. Oxidative degradation of the organics in ROC was
achieved only when the current density was increased, i.e. /> 100 A m?. Removal of DOC was
observed to be more efficient for ROC-2 than ROC-1, 1.e. 8.9 £ 1.4% and 26.5 +2.3% removal at
J=250 A m™. Considering that the initial chloride ion concentrations as well as residual chlorine
concentrations measured for the ROC-1 and ROC-2 were similar, more efficient mineralisation in the
latter case is possibly a consequence of the higher initial specific aromaticity of ROC-2 as expressed
by its SUVA,s4 value (Appendix C). The enhanced formation of putative electron shuttles (e.g.
porphyrins, quinones) from the aromatic fraction could be responsible for the higher NPOC removal
observed for ROC-2, as these species accelerate the electron transfer between the organic matter and
oxidants [92]. The removal of SUV A5, was also enhanced with increasing the supplied charge, and
28.7 +1.8% and 42 £2.4% removal was observed J=250 A m~ for ROC-1 and ROC-2, respectively.

On the other hand, when oxidising the ROC in batch mode, more complete removal of DOC was
achieved for ROC-1,i.e.(30.7+£1.8%at250 A m>, and 1.45kA h m™ of supplied electrical charge)
(Figure 9). When comparing the oxidation of ROC-1 in the two operational modes tested, the same
values of Oy, (~770 Ah m>) and J (250 A m™) in batch and continuous and oxidation of ROC-1
rendered DOC removal of ~27 and 8.9 £ 1.4%, and SUVA,s, was >1 and 0.71 (i.e. 28.7 = 1.8% of
SUVA,s4 removal), respectively. Thus, the removal of organic carbon depended on the accumulation
of long lived oxidants (e.g. HCIO/CIO~, HOBr and H,0,) in the bulk liquid.
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Figure 8. Removal of DOC, SUVA24 and generation of free and total chlorine during anodic oxidation
in continuous mode of: A) ROC-1 and B) ROC-2 spiked with the trace organic contaminants, vs J (in
A m2),

For the final DOC removal achieved in continuous (8.9 £ 1.4%) and batch mode (30.7 = 1.8%)
oxidation of ROC-1 at250 A m2, energy consumption was 0.704 kWh gpoc ! and 0.350 kWh gpoc !,
respectively. Thus, more efficient removal of organic matter is achieved in batch mode, and the energy
input per mass unit of DOC removed is lower compared to the continuously operated reactor.
Nevertheless, lower throughput of batch mode compared to a continuous mode may increase
significantly the total cost of the treatment.
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Figure 9. DOC removal and SUVA24 vs specific electrical charge (Q) in anodic oxidation in batch
mode at 574 J =250 Am~2 of ROC-1 spiked with the trace organic contaminants.

At the lowest current densities applied, i.e. J=1 and 10 A m?, the concentrations of target
contaminants remained relatively constant, with more significant decreases observed for only three
compounds, i.e. RNT (30 and 60% removal, respectively), DZN (30% removal) and SRL (~70%
removal) (Appendix C). At these current densities, the anode potentials were very low, 0.95 and
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1.15 V vs Ag/AgCl, respectively. Thus, there was no chlorine production and very little molecular
oxygen production, and the most likely mechanism of removal of the abovementioned contaminants
was direct oxidation. In the case of positively charged RNT, and negatively charged DZN, it is
possible that these two compounds adsorbed onto the MMO anode surface using sulfur atom with two
and three lone electron pairs as a ligands, respectively. Considering the adsorption properties of
RuO,/IrO, anodes, very high removal of SRL even atJ=1 A m 2 can be explained by its hydrophobic
nature, as this compound has the highest log Kow value (5.29) among the selected analytes. For the
rest of the compounds, no direct oxidation was observed.

It is generally considered that direct anodic oxidation has a minor contribution to the overall oxidation
of organics at potentials higher than the threshold for water electrolysis, i.e. 1.23 vs SHE (pH=0) [69].
Above this potential, direct electron transfer between the adsorbed organic compound and the
electrode is less likely due to evolution of O,, as well as mass transfer limitations. Thus,
electrochemical oxidation will mainly rely on oxidation via the indirect mechanisms, e.g. reactive
oxygen species (ROS). In the presence of Cl ions indirect oxidation of organic contaminants via
Cl,/HCIO/CIO" will be promoted. HCIO/CIO" is a long-lived oxidant able to diffuse away into the bulk
liquid and react chemically with the organics [93].

The increase in current density to 30 and 50 A m led to a significant improvement in the removal of
ACTP (40% and 90%), DCF (40% and 88%), SDZ (44% and 88%), DZN (40% and 70%) and NFL
(65% and 90%), and led to a complete removal of RNT (100%) and LNC (>90% and 100%,
respectively) (Appendix C). AtJ =30 A m the concentration of combined chlorine was 3.0 mg L! ,
indicating that oxidation of chloride ions to chlorine had occurred and that chloride had already
reacted to form organic and inorganic chloramines. A previous study [94] identified that the activity of
RuO,/IrO; electrode increases at potentials higher than 1.3 V vs SHE, due to the evolution of Cl,.
Considering the activity of the abovementioned compounds towards chlorine [95-98], their removal
could be explained by the reaction with HOCI/CIO~. However, under the same conditions other
compounds known to have high affinity towards free chlorine were removed to a much less extent,
e.g. TMP (25% and 46%), GMF (11% and 43%), CAFF (14% and 26%), DIU (14% and 33%), MTP
(10% and 30%) atJ =30 and 50 A m2, respectively [95-97, 99-102].

Furthermore, at.J= 100 A m 2 only 60% of CAFF was oxidised in both ROC-1 and ROC-2, despite
its reported high reactivity with free chlorine in the pH range found in our experiments (Figure 10)
[102]. Atthe sametime, ENR completely disappeared although it is known to react very slowly with
chlorine [98]. Also, 100% removal of CBZ at 150 A m™? was probably achieved by oxidants other than
chlorine, since this compound is recalcitrant even towards the much stronger oxidant Cl1O, [103]. The
largely incomplete oxidation of chlorine-oxidisable compounds and unexpectedly rapid disappearance
of others known to react slowly with chlorine suggest that other oxidants in the bulk and/or surface
reactions may play an important role. Besides reacting in the bulk, chlorine can react
electrochemically at the anode forming adsorbed chloro- and oxychloro-radicals, which mediate the
degradation of adsorbed organics [94]. Also, in the presence of Fe** and Mn?* ions in ROC and
electrogenerated H,0,, contribution of Fenton reaction to bulk oxidation can be expected.

Compounds that were more recalcitrant during electrochemical oxidation were characterised by either
the absence of nucleophilic substituents that have an activating effect on the aromatic ring (e.g. IBU,
PNT, MET, DEET), or by the decreased electron density on the aromatic ring due to the presence of
electrophilic halogen groups (e.g. 2,4-D), ATZ, TPR and IPM). Further increasing the applied current
density up to 250 A m? (Q,, =769.2 A h m™) led to an enhanced oxidation of ATZ (92%), MET
(57% and 84%), IBU (46% and 67%) and PNT (61% and 67%) in the ROC-1 and ROC-2,
respectively. On the other hand, only around 30-40% of 2,4-D, TPR and IPM removal was observed
under these conditions, while DEET could not be oxidised. For most of the target contaminants,
similar removals of were observed in ROC-1 and ROC-2. For some compounds, e.g. CTP, VNF, HCT,
IBU, MTP and DIU significantly higher removals were observed in ROC-1.
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Figure 10. Removals of target analytes during anodic oxidation in continuous mode of: A) ROC-1, and
B) ROC-2 spiked with the trace organic contaminants, for the tested J in the range 100-250 Am™2,

When ROC was oxidised in batch mode at J =250 A m™, significantly faster removal of all target
contaminants was observed. Similar to continuous mode, TPR, 2,4-D, IBU, IPM, MET, PNT, ATZ,
and DEET were again more persistent than the other analysed compounds (Figure 11). The oxidation
of all target compounds was more efficient in batch mode due to the accumulation of oxidants in the
bulk liquid, and consequently more intense indirect oxidation. With triclopyr as exception, all
persistent trace compounds were completely oxidised in batch mode after applying 1.45 kA h m™.
Therefore, these compounds require considerably higher electrical charge supplied per anolyte unit
volume and longer residence times in order for indirect oxidation to occur.

W (.25 kAh M
B .44 KAh M3
BN 1 5KAh m"

3

Removal, %

DCF DZN ENR SDZ TMP NFL SRL GMF CTP VNF MTP DIU HCTCAFFROX TML CBZ I1BU PNT MET2,4-D ATZ TPR IPMDEET

Figure 11. Removals of target analytes during anodic oxidation in batch mode, J=250 Am~2

In the case of MMO electrodes, particularly active anodes such as Ti/RulrO, with low capability for
OH" generation, addition of CI" has been reported to enhance the removal of a range of organic
compounds, including dyes, pesticides, endocrine-disrupting compounds (EDCs) and other persistent
contaminants [104-110]. Several studies have indicated that the superiority of non-active MMO
electrodes (capable of generating OH") over active MMOs such as RuQ, practically vanishes in the
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presence of chloride ions due to the promotion of chlorine-mediated electrolysis [76, 111, 112].
However, most of these studies were performed with supporting electrolyte solutions, and concerns
have beenraised about the increase in toxicity in chlorine-mediated electrolysis of real waste streams
[113-116].

In order to investigate the toxicity of a mixture of trace organic contaminants and their oxidation
byproducts, Vibrio fischeri bioassays were performed on the extracted samples of ROC oxidised in
both batch and continuous mode. The majority of matrix components such as salts, particulates, and
generated oxidants were removed by the SPE sample pre-treatment. The baseline toxicity determined
in this bioassay provides an integrative measure of the combination of chemicals, whereas the
contribution of each chemical is weighted only by its hydrophobicity.
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Figure 12. Bioluminescence inhibition of ROC-1 spiked with target contaminants on Vibrio fischeri at
30 min expressed as baseline — TEQ in mg L' in: A) continuous experiment conducted at J =50, 100, 150,
200 and 250 Am™2 B) batch experiment conducted at J =250 A m~2 Each replicate of the sample was
tested in duplicates, at eight different concentrations. Results are expressed as average of
duplicates * standard deviation.

While the sample extracts of the untreated ROC-1 spiked with target analytes exhibited a TEQ value
of 3.7 +0.02 mgL"!, the toxicity of sample extracts of ROC-1 oxidised in continuous mode drastically
increased with increased current density (209.1 =14.4 mgL™" at J=250 A m?) (Figure 12).
Similarly, batch mode oxidation increased the toxic response of V. fischeri from the initial
43+0.1mgL'to151.0+4.9 mgL " after applying 1.45 kA h m™. It is important to note that the
Microtox bioassay cannot distinguish between the effects of the SPE enriched trace organic pollutants
and the co-extracted organic matter. The hydrophobic (i.e. peptides and protein fragments) and/or
aromatic fraction of the organic matter (fulvic- and humic-like substances) might have contributed to
the observed increase in the toxicity, although this fraction is only partially retained on the SPE
cartridge. Nevertheless, TEQ values determined for the ROC oxidised in batch and continuous mode
are significantly higher than the values that could be expected owing to any potential by-products of
the selected micropollutants.

4.2.3. Conclusions

In electrochemical of ROC spiked with a mixture of pharmaceuticals and pesticides at Ti/RulrO,
electrode, the removal of DOC depended on the accumulation of oxidants in the bulk liquid. Based on
the changes in specific aromaticity, expressed as SUVA,s4, it appears that the formation of chloro-,
bromo- and hydroxyl-substituted aromatic intermediates was enhanced due to the prolonged indirect
oxidation. Furthermore, the employed electrode was capable of oxidising most of the selected
compounds. The most persistent contaminants had electrophilic substituents at the aromatic ring (2,4-
D, ATZ, TPR, IPM), or an aromatic ring insufficiently activated towards nucleophilic attack (IBU,
PNT, MET, DEET). Nevertheless, the results of the bioluminescence bioassay imply the formation of
toxic by-products during both continuous and batch electrochemical oxidation of ROC. It seems that
the participation of oxidants such as active chlorine and bromine in indirect oxidation at active
Ti/RulrO, anode causes transformation of the organic compounds into their halogenated derivatives.
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4.3. Comparisonof Electrochemical Oxidation Pathways and By-
products at Ti/RulrO: and Ti/SnO2-Sb Electrodes

4.3.1. Experimental Set-Up

Electrochemical oxidation pathways of a model organic micropollutant, the B-blocker metoprolol
(MTP), were investigated in a real ROC matrix. MTP is used for the treatment of a range of cardiac
conditions such as hypertension, angina and arrhythmias, and it is commonly found in wastewater
effluents and surface water [117]. In the previous experiments, MTP exhibited medium removal
efficiency at Ti/RulrO, electrodes (e.g. 100% removal in continuous oxidation at 100 A m?2,
Figure 10). We investigated the electrochemical oxidation pathways of MTP using titanium anodes
coated with active layer Ru;Ir,30,, and non-active SnO,-Sb metal oxide layers. Two current densities
were investigated, /=100 and 250 A m™. The ability of a hybrid QqLIT-MS mass spectrometer to
establish fragmentation pathways in MS?® sequential product ion spectra experiments enabled
elucidation of electrochemical oxidation pathways and identification of metoprolol by -products. Given
that not all by-products can be readily quantified by chemical analysis, we additionally evaluated the
toxicity of the reaction mixture using the marine bacterium Vibrio fischeri, and a combined algae test
with Pseudokirchneriella subcapitata, respectively.

4.3.2. Results and Discussion

In total 25 by-products were identified in electrochemical oxidation of MTP. Some of the products
such as P253 and P237 were formed by the cleavage of bonds in the MTP molecule (e.g. methyl and
methoxy group, respectively), possibly by the action of radical and non-radical reactive oxygen
species (ROS). Most of these products were previously identified as products of MTP oxidation by
OH" formed in radiolytic oxidation [118, 119] and ozonation [120].

However, several chlorine- and bromine-containing by-products were recorded at both anodes and
current densities tested (Figure 13). For example, the parent compound underwent chlorination and
bromination of the benzene ring. Active oxidants HOCl/OCI- and HOBr/OBr are formed at the anodes
by the oxidation of Cl- and Br ions present in the ROC. In spite of occurring in much lower
concentrations than C1°, Br (1.48 mg L' in ROC) is an important scavenger of OH' [121], and HOBr
is usually more reactive than active chlorine, especially with phenolic compounds [122]. This is
especially concerning considering that brominated by-products are suspected to be more toxic,
carcinogenic and mutagenic to humans than their chlorinated analogues [123]. Here, MTP and its
primary oxidation by-products were further transformed into (poly)chlorinated and chloro-bromo
derivatives. For example, fast formation of MTP-CI1 (P301), MTP-Cl, (P335), MTP-Br (P345) and
MTP-BrCl (P379) was observed at the beginning of the experiment at both Ti/RulrO, and Ti/SnO,-Sb
anode.

Generally, the formation of chlorinated by -products in electrochemical oxidation is assigned to active
chlorine (i.e. HCIO/CIO") dissolved in the bulk liquid, although radical reactive halogen species
(RHS) formed in reactions of CI~ and Br™ ions with OH" (e.g. Br*, Br,™, CI', Cl,”, and CIBr™) are
likely play an important role [124]. Preferential chlorination of the benzene ring is likely a
consequence of protonated amine group, which is less reactive toward active chloro-species.
Nevertheless, differences between the electrochemical treatment in the presence of Cl™ and aqueous
chlorination could also be caused by surface electrochemical reactions, in particular adsorbed chloro
and oxychloro radicals [125]. As postulated by Comninellis [70], the type of anode coating is expected
to influence the electrochemical reaction pathways and by-products distribution due to different
formation rates of non-selective OH" formed by water discharge. When comparing the degradation of
phenol on Ti/SnO,-Sb and Ti/RuO, anodes, Li et al. [126] explained poor performance of the latter by
the shortened lifetime of OH" that hindered a more complete oxidation. On the other hand, Panizza and
Cerisola [88] demonstrated that in practice OH" accumulate only in the vicinity of a SnO,-coated
anode.
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Figure 14. The peak areas of MTP and its halogenated derivatives P301, P335, P345 and P379, formed
during electrochemical oxidation, normalised to the initial value of the peak area of MTP (t= 0) presented
vs.Q (A hL™): A) Ti/RulrO;, J=250 Am~2, and B) Ti/Sn02-Sb;0s, J =250 Am™—2,

Although a more significant contribution of OH" was expected for the Ti/SnO,-Sb anode, near
identical electrochemical oxidation pathways were observed for both anodes. When comparing
Ti/RulrO, and Ti/SnO,-Sb anodes under the same conditions of flow rate, pH and temperature, the
generation of both halogenated and non-halogenated by-products of MTP was enhanced on the active,
RulrO,-coated electrodes. The rate of formation and disappearance of by -products was observed to be
significantly faster for Ti/SnO,-Sb anode (Figure 14). Similar effect was observed with the increase in
current density for each anode, as illustrated for Ti/RulrO, in Figure 15. Similar results were obtained
forusing Ti/PbO, anodes. Panizza et al. [127] observed faster formation of oxidation intermediates
and in higher amounts, as well as their faster degradation with the increase in current density. Here,
increase in current density lowered the accumulation of intermediates at both electrodes.

As the Ti/SnO, anode provided the fastest degradation, an additional experiment was performed with
this anode at.J =250 A m 2 to test the toxicity of the ROC after treatment. The non-specific toxicity,
expressed as baseline-TEQ increased substantially in both ROC alone and ROC spiked with 50 uM
MTP for the tested toxicity endpoints. MTP at 50 uM did not contribute to the mixture toxicity at all.
Thus all increase in toxicity could be attributed to the transformation products, be it from MTP
degradation or from the oxidation of natural organic matter (NOM). Toxicity increased linearly with
the applied charge for both the spiked and unspiked samples (Figure 16). Baseline-TEQ are
concentration additive in mixtures, therefore it was possible to subtract the contribution of the
products formed during the electrochemical oxidation from the high background of increasing toxicity
in the non-spiked ROC sample.

Introduction of —Cl and —Br substituents in the organic molecule are expected to augment significantly
its biological activity and toxicological properties. While the transformation products were not
quantified due to lack of standards, the sum of the peak areas weighted by their relative
hydrophobicity relative to MTPL (tr/tx mrer) can be used as a proxy for the prediction of mixture
toxicity of the identified transformation products as is explained in more detail in the Appendix D.
This measure (sum(A/AqvrrL+tr/tr mteL)) correlates linearly with applied charge, and thus the formed
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by-products correlate linearly with the increase in mixture toxicity. Given the good agreement of the
experimental and calculated increase in toxicity, we can safely conclude that the formed products are
very problematic as they cause the toxicity to increase by a factor of 40—60 times depending on the
toxicity endpoint.

A) HO, B) 1.4
P281 —%—
o 1.2 .
P279 —o— Y.
T 10 ! Y
MTPL : P315 - -e(P281-Cl) PN
’ s "] p313 - o(p279-q) A .,
\ / < 06| p3ge —a(p2si-cl,) o~
041 P347 -.4-{P279-Cl,) PN
o wd o wL o, y
sz P(J ,, o by,
0.0 B BB O e
© ° 0 0.04 0.08 0.12 0.16 0.2 0.24 0.32 044 0.52 0.6 0.68
Q(AhLY)
P279 P281 C) 12
\ \‘ \ / 1.0 ot
3_. 0.8 '
Hocl/clo Hocl/clo £ Lt
\ ) / <?;o.e ( ‘
a <o / 5
% K Uy -
a\__/a 0.2 Y g‘ A
7 v VA
0.0 o AP e R S

0 0.050.1 0.150.2 0.250.3 0.350.4 0.450.5 0.550.6 0.7 0.8 0.9 1.051.2 14
Q(AhL")

Figure 15. The peak areas of by-products of MTP P279 and P281, and its halogenated derivatives P313,
P315, P347 and P349, formed during electrochemical oxidation, normalised to the initial value of the peak
area of MTP (t=0) presented vs. Q (A hL™"): A) scheme of the formation of P279 and P281, and further
electro-chlorination of their aromatic moieties, B) Ti/RulrO2, J =100 Am™2, and C) Ti/RulrO;, J =250 A m~2
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Figure 16. Increase in toxicity, expressed as baseline-TEQ of spiked ROC minus ROC, and sum of peak
areas of the identified products, scaled with the retention times in the HPLC to account for toxicity
differences due to hydrophobicity as a function of the applied charge during the electrochemical
oxidation experiment.
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4.3.3. Conclusions

The results of the LC-MS analysis indicated that irrespective of the electrode coating the same oxidant
species participated in electrochemical transformation of MTP in ROC. Although Ti/SnO,-Sb
exhibited higher oxidising power for the same applied specific electrical charge, detrimental effect of
CI” and Br™ and generation of large fractions of chloro-, chloro-bromo- and bromo derivatives was
observed for both electrode coatings. Degradation rates of MTP and its degradation products were
generally higher for the Ti/SnO,-Sb anode. Nevertheless, the formed polychlorinated and chloro-
bromo derivatives can be expected to be more persistent and might require impractical reactor
residence times to be further degraded. Furthermore, results of the bioluminescence inhibition test
with Vibrio fischeri and the combined algae test with Pseudokirchneriella subcapitata indicated a
substantial increase in non-specific toxicity of the reaction mixture due to the formed halogenated by -
products.

44. Reductive Electrochemical Post-Treatment of the Electro-
Oxidised Reverse Osmosis Concentrate

44.1. Experimental Set-Up

In the present work, we have investigated the efficiency of electrochemical reduction in
dehalogenating the chlorinated and brominated by -products formed during electrochemical oxidation
of ROC. The analysis of halogen-specific AOX was employed for evaluating the efficiency of electro-
reduction in dehalogenating the by-products formed during the electrochemical oxidation of ROC. In
addition, THMs and HAAs were also analysed, by-products which represent small fractions of AOX.
The toxicity of ROC at various points was determined using Vibrio fischeri bioassays (Microtox) [85].

The reduction experiments were performed galvanostatically in a divided electrolytic cell (Type B,
Figure 3) using a single pass recirculation of both catholyte and anolyte. Resin-impregnated graphite
supplied by Morgan AM&T (Revesby, Australia) wasused as a cathode at a fixed current of -240 mA,
which resultedin Ec,=(-2.1)«(-1.9) V vs. SHE. The carbon-based electrodes are robust, mechanically
stable, have a high surface area, low cost, and a reasonably high over-potential for H, evolution [128,
129].

44.2. Results and Discussion

Figure 17 depicts changes in the concentration of AOCI, AOBr and AOl and toxicity to Vibrio fischeri
expressed as TEQ of the initial ROC, electrochemically oxidised ROC (ROC,,), electrochemically
reduced ROC,, and recirculated ROC,, in open circuit. The obtained results showed partial removal of
low MW by-products THMs and HAAs. While all the concentration of THMs was substantially
decreased (i.e. the removal of tTHMs at 4.8 Ah L' was 92%), the degradation of polychlorinated
HAAs was accompanied by the formation of its monochlorinated derivatives, which seemed to be
persistent to further dechlorination and were accumulated throughout the experiments. However,
although the concentration of tHA As remained constant during the open circuit experiments (i.e. no
applied current), a decrease in the concentration of tTHMs was observed. After 72 h recirculation of
ROC,, the obtained removal was 81%. This suggests that another mechanism of loss of THMs was
their adsorption onto the cathode, besides volatilisation which occurred in both open circuit and
galvanostatic experiments. The decrease in the THMs and HAAs concentrations was clearly enhanced
by supplying the current to the cathode in the reduction experiments. However, it is uncertain whether
this enhancement was due to their reductive dehalogenation or changed adsorption properties of
cathodically polarised carbon.
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Figure 17. Concentration of halogen-specific AOX (i.e. AOCI, AOBr and AOI) and baseline non-specific
toxicity measured on four different sample conditions: A) initial untreated ROC, B) anodically pre-
oxidised ROC (ROC.x) as initial sample for reduction process, C) cathodically reduced ROCox (t=72 h, I=
240 mA), and D) recirculated ROC.x without applying current (=72 h).

The decrease of TEQ was then observed in both electrochemical cathodic reduction and open circuit
experiments. As shown in Figure 17, i.c. TEQ was decreased from 165 £23 mgL"to 12 +£1 mgL"!
and 90 =6 mg L' when cathodic current was -240 mA and 0 mA, respectively. On the other hand,
while in the reduction experiments the concentration of AOCI and AOBr was decreased, an increase of
both AOCI and AOBr was observed in the open circuit experiments. This was interpreted as a
consequence of the presence of residual chlorine and bromine in the electrochemically oxidised ROC
which, in the absence of reductive current, continued to react further in the bulk solution since the
samples were not quenched after oxidation. When current was applied to the cathode, active chlorine
and bromine are rapidly reduced and thus their bulk oxidation reactions with the organic matter are
significantly lowered. As increase in AOCI an AOBr can be expected to increase the baseline-TEQ
value, the discrepancy in the results for AOCI/AOBr and TEQ in the open circuit experiments could
be explained by the fact that TEQ decrease was caused by the adsorption of more hydrophobic fraction
of AOCI/AOBr. More hydrophobic halogenated organics formed during electrochemical oxidation of
ROC are likely to be well retained in the SPE cartridge during sample extraction, and they were likely
responsible for the elevated TEQ of the ROC,,. Consequently, adsorption of this more hydrophobic
AOCI and AOBr onto the carbon cathode in open circuit experiments may have been the reason for a
drastic reduction of TEQ. A slight increase in the AOCl and AOBr measured in the same open circuit
experiments may represent the remaining, more hydrophilic fraction, and halogenated organics that
were not contributing as much to the TEQ determined upon the SPE treatment of ROC samples. In the
case of AOI, a slight increase of its concentration observed in both reduction and open circuit
experiments. This could be explained by the faster reaction of residual HOI with the organic matter in
the bulk, even when the cathodic current was applied. Nevertheless, since the concentration of AOI
was lower than AOCI and AOBEH, their contribution to the overall AOX was negligible.

The efficiency of overall reductive dehalogenation, i.e. cleavage of C-X bonds in THMs, HAAs and
other halogenated organics, was estimated based on the release of CI-, Br  and I" ions. Increase in CI
ion concentrationto up to 375 mg L' at 4.8 Ah L' suggested partial dechlorination of the organics in
ROC,,. However, estimated release of chloride ions from the reduction of active chlorine determined
as FAC (FAC> 300 mg L', measured by the DPD method) was at least 600 mg L'. Thus, the
efficiency of C-Cl bond cleavage in the determined AOCI compounds was expected to be low. As for
bromide and iodide ions, their concentrations were only slightly increased, i.e. from 0.4 and
0.05 mg L' to 1.2 and 0.83 mg L', respectively, measured at 4.8 Ah L.
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44.3. Conclusions

Although a decrease in AOCI/AOBr and toxicity was observed during reductive electrochemical
treatment of the ROC,, this decrease seems to be a consequence of the adsorption of AOX onto the
carbon cathode, rather than its dehalogenation. The measured release of chloride ions seemed to
correspond to the reduction of active chlorine determined as FAC by the DPD method. Nevertheless,
the percentage of the measured increase in Cl- concentration assigned to FAC reduction, and to the
reduction of chlorinated organics could not be determined. Overall, considering the amount of
supplied electrical charge (4.8 Ah L') and concentration of remaining AOX, electrochemical
reduction at carbon cathode does not seem to be a promising option for the post-treatment of the
electrochemically oxidised ROC.

4.5. Electrochemical Oxidation at Boron Doped Diamond
Electrodes

In electrochemical oxidation, two reaction zones of an anode can be distinguished: i) electrochemical
reaction zone (i.e. anodic surface and diffusion layer) where direct oxidation by electron transfer
and/or OH" occurs; and ii) chemical reaction zone (i.e. bulk liquid) where compounds are oxidised by
electrogenerated oxidant species (i.e. indirect oxidation). It is very hard to distinguish between the
contribution of direct and indirect oxidation as they will be influenced by multiple factors (e.g. anode
coating, current density, flow dynamic regime, waste stream matrix, reactor design). It is generally
assumed that the contribution of direct electron transfer between organic matter and anode is
insignificant under the conditions of high current density [70, 130].

Among the existing materials, the highest formation of OH" has been reported for novel BDD
electrode, characterised by the high O, overpotential electrode. However, although BDD electrodes are
expected to generate more OH"than conventional MMO electrodes, competition between electro-
chlorination and advanced oxidation by OH" can be expected [131]. Generation of undesired
chlorinated by-products such as THMs and haloacetic acids HAAs has also been reported in
electrochemical oxidation of ROC at BDD electrodes [77]. The authors have concluded that at the
optimum current density of 100 A m2, their formation can be minimised to concentrations lower than
the standards for drinking water established in European and EPA regulations.

4.5.1. Experimental Set-Up

In this study, electrochemical oxidation at BDD electrode was evaluated for the removal of COD and
DOC, as well as the formation of THMs and HA As. Additionally, extent of electro-halogenation of the
organic matter was investigated by measuring the AOX. The experiments were performed at two pH
values, controlled pH 67 and at pH 1-2 (i.e. no pH adjustment). Details of the experimental set-up
are described in the Appendix E. To determine the potentials of OER and CI, evolution at the two pH
values investigated, linear sweep voltammetry (LSV) was performed. LSV is a technique where the
current at a working electrode (i.e. BDD anode) is measured while its p otential is swept linearly in
time, and oxidation (orreduction) of speciesis registered as a peak or trough in the current signal at
the potential at which the species begins to be oxidised or reduced.

4.5.2. Results and Discussion

The LSVs of Cl, and O, evolution obtained for ROC at acidic and neutral pH confirmed that these
two reactions are in competition at both pH values, with acidic pH increasing the difference between
their onset potentials from 0.1 V to 0.2 V. Lower pH is expected to favour the chlorine evolution
reaction [132]. High concentrations of active chlorine (i.e. HCIO/CIO™) were observed at both pH
values (Appendix E), although the increase in free and total chlorine concentrations was less
pronounced at pH 1-2 than at pH 6—7 due to Cl, stripping into the gas phase from the bulk water under
the acidic pH conditions [133].
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Under galvanostatic condition (/=510 mA), constant £,ywas observed (i.e. 3.4 - 3.7 V vs. SHE), and
thus electro-generation of OH" was ensured at both pH 2 and pH 6-7. Figure 18 depicts the profile of
COD and DOC removal during the electrochemical oxidation in both pH conditions. An enhanced
COD removal was observed at pH 2 compared to pH 6-7, resulting its faster complete removal, i.e.
after 5.2 Ah L. This was likely a consequence of more intense electro-chlorination and HOCI being
the dominant species at pH 2, since the chemical reactivity of chlorine species decreases with the pH
increase due to the dissociation of HOCI to less reactive OCI- [133]. However, although complete
removal was already observed at 5.2 and 6.6 Ah L', the corresponding DOC removal was only 48%
and 59% at acidic and circumneutral pH, respectively. At the final point (Q = 10.9 Ah L), the
remaining DOC was 15 and 13 mg L' which was not oxidisable by the dichromates (K,Cr,05) in the
COD test kit. While more intense electro-chlorination at acidic pH results in the enhanced overall
oxidation of organics, it does not improve the mineralisation of the organic matter. A complex
scenario of oxidation mechanisms can be expected since the participation of OH" in the oxidation of
organic matter is lowered, particularly at acidic pH. The formed HOCI/OCI- and halide ions (mostly
CI) present in the bulk act as efficient scavengers of OH" generated at the BDD anode, yielding Cl,"~
species with HOCI™ and CI' as intermediates [121, 134]. Therefore, the less reactive radical and non-
radical RHS were responsible for the higher COD removal, but were less capable of breaking the
organic bonds than OH". On the other hand, participation of other oxidants, e.g. S,0z?" can also be
expected to enhance DOC removal in circumneutral pH [135].
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Figure 18. Removal of: (ee) COD and (AA) DOC vs. supplied specific electrical charge (Q, Ah L")
during electrochemical oxidation of ROC at pH 2 (black) and pH 6-7 (red).

The formation of AOCl and AOBFr is shown in Figure 19. AOCI was a major species contributing 80%
to the AOX. AOCI was increased from the initial 0.9 mg L' to 30.7 and 28.7 mg L' at the end of
electrolysis at acidic and circumneutral pH, respectively. Considering the ratio between the remaining
DOC and formed AOCI, increased toxicity of organic matter can be expected by the presence of
(poly)chlorinated by-products. Further degradation is possible by prolonging the oxidation time until
no residual chlorine is present. Nevertheless, such operation would not be economically viable due to
the very high electrical charge applied. On the other hand, although [Br-] and [I'] in the initial ROC
were much lower than [C1] (i.e. 1.6 and 0.6 vs 1386 mg L, respectively), AOBr formation was still
observed since electro-generated HOBr/OBr~ or HOI/OI species are usually more reactive than
chlorine, especially with phenolic compounds [136]. However, brominated organics are more
susceptible to oxidation than their chlorinated analogues, and although AOBr was increased from the
initial 0.2 to 1.9-2 mg L' after 0.8 Ah L, it was further decreased to 1.2 mg L' at the end of
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oxidation (i.e. Q=10.9 Ah L"). In the case of AOI, their formation was only detected in the first two
samples, i.e. 0.3 mg L.
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Figure 19. Formation of: (mm) AOCI and (YV) AOBr vs. passed specific electrical charge (Q, Ah L)
during electrochemical oxidation of ROC at pH 2 (black) and pH 6-7 (red).

Figure 20 shows the formation of THMs and HA As with their corresponding individual species after
QO =52 and 10.9 Ah L' at acidic and circumneutral pH. In the untreated ROC, the measured
concentration of tTHMs and tHA As was already 0.13 and 0.16 mg L', respectively. At pH 2, their
concentrations were further increased to 0.4 and 3.2 mg L', respectively after 48 h, and then degraded
t0 0.14 and 1.8 mg ! after 96 h of electro-oxidation. Similarly, at pH 6-7, their concentrations were
measured at 1.6 and4.1 mg L' for THMs and HA As, respectively. The higher concentration of THMs
and HAAs at pH 6-7 is due to their increased formation by base-catalysed hydrolysis of other DBPs
which were not measured in this study, e.g. haloacetonitriles (HANs) and haloacetaldehydes (HAs)
[137].
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Figure 20. Formation of: A) THMs at pH 2, B) THMs at pH 6-7, C) HAAs at pH 2, D) HAAs at pH 6-7 vs.
passed specific electrical charge (Q, Ah L) during electrochemical oxidation of ROC.
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Further degradation of these by-products was observed, reaching 0.5 and 3.1 mg L' at the final point.
In all cases, TCM was a dominant species (> 70% of tTHMs), followed by BDCM, DBCM, and TBM.
Similarly, polychlorinated HAAs (i.e. TCAA and DCAA — comprising of 60-80% of tHAAs) were
prominent among the HAAs measured in this study, while brominated HAAs, i.e. BCAA, MBAA and
DBAA were detected in lower concentrations. Previously, a continued formation of THMs and HANSs
in electro-oxidation of ROC at BDD electrode was reported [116]. However, degradation of THMs
and HA As was eventually obtained in this study after 96 h (0 =10.9 Ah L") at both pH. The oxidative
degradation of brominated compounds will be faster than the chlorinated species [138]. Nevertheless,
the enhanced degradation by volatilisation is possible for both chlorine and bromine species,
particularly at acidic pH.

45.3. Conclusions

Complete decolourisation and COD removal during BDD oxidation of ROC were achieved at 5.2 and
6.6 Ah L' atpH 1-2 and pH 67, respectively, corresponding to the energy consumption of 43 and
50 kWh m™, respectively. In terms of energy invested per unit of COD removed, the values obtained
at pH 1-2 and pH 6-7, i.e. to 0.29 and 0.34 kWh g COD™), respectively, are similar to the ones
reported in previous studies for electro-oxidation of ROC [21, 49]. DOC removal seemed to be
initially faster at neutral pH, i.e. 48% and 59% of the initial DOC was degraded at the acidic and
circumneutral pH, respectively, at 6.6 Ah L.

Nevertheless, it is important to note that although the COD removal was complete, at the same time
points in the experiments the remaining organic fraction exhibited a DOC:AOCl ratio of 1.83:0.37 and
1.44:0.45 at acidic and neutral pH, respectively, suggesting an increased toxicity of the treated
effluent. Although the enhanced participation of Cl,/HCIO species led to a faster oxidation of organic
matter at acidic pH, it also led to further electrochlorination. Varying the pH had no significant impact
on the amount of AOCI formed. The formation of AOBr and AOI was limited by low initial
concentrations of Br and I' ions. On the other hand, THMs and HAAs were degraded at higher
specific electrical charge to final concentrations of 1 and4 uM (tTHMs), and 12 and 22 uM (tHA As),
atpH 1-2 and pH 6-7, respectively. Similar to the results obtained for active and non-active MMO
anodes, BDD was not capable of suppressing the action of free chlorine in the bulk liquid. The
removal of halide ions, particularly chloride, prior to electro-oxidation may overcome the issue of
halogenation by-products formation.

4.6. Electrochemical oxidation of Electrodialysed Reverse
Osmosis Concentrate

4.6.1. Experimental Set-Up

In order to study the performance of electro-oxidation of ROC at different electrode materials, and in
the presence of significantly lower concentration of chloride ions, two sets of experiments were
performed: (i) ED treatment of ROC to reduce the CI concentration, using a five-compartment reactor
at a fixed applied current of 60 mA (Type C, Figure 3); and (ii) anodic oxidation of electrodialysed
ROC (ROCgp) at Ti/Pt-IrO,, Ti/SnO,-Sb and Si/BDD anodes, [=510 mA, pH 7, with the addition of
0.05 M NaNO; or 0.05 M Na,SO,. In the control experiment, 0.05 M NaCl was re-added to ROCgp in
order to simulate the original concentration of Cl" in the ROC, having the same background matrix as
in the case of ROCgp with NaNOj; or Na,SO, electrolytes. Details of the experimental procedure are
described in Appendix F.

4.6.2. Results and Discussion
Besides Cl- ions, the concentration of other anions (e.g. SO,*, NO;’) was also decreased during
electrodialysis (Figure 21). After 8 days of electrodialysis of 10 L ROC (Q =1.15 Ah L), the initial

CI concentration (i.e. 1526 mg L") was lowered for 90%, reaching 142 mg L™ in the final ROCgp,
used in the following oxidation experiments. Furthermore, decrease in COD, DOC and colour of 17%,
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12% and 52%, respectively, was also observed due to the limited selectivity of the employed AEM for
CI, and thus electrodialysis of the charged organic compounds and other non-targeted ions. The
electrodialysed organics are likely of low MW, since molar mass plays an important role in the
transport of organic ions by the electrical field in ED [44]. Therefore, the concentration of COD, DOC
and colour in the ROCgp was 145 mg L', 46 mg L' and 132 mg Pt-Co L*!, respectively, while the
conductivity was decreased to 1.4 mS cm™'.
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Figure 21. Removal of COD, DOC, colour and chloride, nitrate and sulfate anions observed during
electrodialysis of ROC.

Table 6 summarises the results of the performance on electrochemical oxidation of 1 L ROCgp with
the addition of NaCl, NaNOj; or Na,SO, at Ti/Pt-IrO,, Ti/SnO,-Sb and Si/BDD anodes, after Q =
5.6 Ah L', In electrochemical oxidation of ROCgp+NaCl, the COD removal obtained by Ti/Pt-IrO,
was lower than in the case of non-active anodes, i.e. 87%, vs. 93% and 100% for Ti/SnO,-Sb and
Si/BDD, respectively. The CEop calculated for Ti/Pt-IrO,, Ti/SnO,-Sb and Si/BDD was 8.3, 8.9 and
9.5 %, respectively, at the end of electrolysis. However, the corresponding DOC removal achieved
was limited to only 40% for Si/BDD, while lower DOC removal was obtained for Ti/SnO,-Sb and
Ti/Pt-IrO,, i.e. 31% and 28%, respectively. The remaining organics measured as DOC could be
attributed to the oxidation by-products which could not be oxidised by the dichromates in the COD
analysis. These results support our earlier findings that electrochlorination plays an important role in
the overall oxidation of organics at all electrodes, while in the case of Ti/SnO,-Sb and Si/BDD,
enhanced participation of OH/ROS may be expected compared to Ti/Pt-IrO,.

In the presence of 142 mg L' of Cl- ions, Ti/Pt-IrO, exhibited the lowest COD and DOC removal in
the presence of either NO;y or SO4*, i.e. 6-22% and 9-12% at 0 =5.6 Ah L', respectively. This result
confirmed that electro-oxidation at active MMO electrodes mainly relies on the chlorine-mediated
electrolysis [88]. The CEcop calculated in oxidation of ROCgp+NaNOj; at Ti/Pt-IrO, was only 2.2%,
nearly four times lower than in the case of ROCgp+NaCl i.e. 8.3%.
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Table 6.

The removal of COD, DOC, colour and tTHMs and tHAAs byproducts in electrochemical

oxidation of ROCep on Ti/Pt-IrO2, Ti/SnO2-Sb and Si/BDD anodes in the presence of NaCl, NaNOs or
Na.SO4, observed after Q= 5.6 Ah L.

Measured ROCgp + NaCl ROCep + NaNO3 ROCep + Na;SO4

parameter TilPt-  Ti/SnO.- Si/BDD Ti/lPt-  Ti/SnO2.-  Si/BDD TilPt-  Ti/SnO2-  Si/BDD
Ir02 Sb Ir02 Sb |I'02 Sb

COD (% 87 93 100 22 37 60 6 44 74

removal)

DOC (% 28 31 40 12 23 41 9 21 51

removal)

Colour (% 98 96 98 92 98 97 88 93 97

removal)

tTHMs (uM) 5.6 8.9 9.1 3.3 5.9 0.2 5.1 6.0 1.9

tHAAs (UM) 274 34.2 62.4 8.9 15 1.1 12.4 21.8 13.6

In the case of non-active T1/SnO,-Sb anode, 37-44% of COD and 21-23% of DOC was removed in the
presence of NO; and SO,*. The SnO,-Sb coating exhibits lower adsorption of OH", leading to an
enhanced oxidative degradation of ROCgp. In the presence of low Cl concentration the
decolourisation seemed to be slower, although 88% removal was obtained at the end of electrolysis.
Furthermore, faster decolourisation was observed for ROCgp+NaNO; than for ROCgp+Na,SO, at the
beginning of electrooxidation, possibly due to the slower generation of active chlorine in the latter
case. Both SO,* and NO; ions compete with the remaining CI- in the ROCgy, for electroactive sites at
the anode surface. Higher molar conductivity and larger hydrated ionic radius of SO,** [45] may limit
more the oxidation of CI- than NOj~ ions. Therefore, lower production of chlorine in the presence of
Na,SO, than in the presence of NaNO; was likely a consequence of the faster adsorption of divalent
SO, than monovalent NO5"at the surface of the electrode. This, in turn, led to a lower colour and
COD removal in the presence for ROCgptNa,SO,. Similatly, in the case of Ti/Pt-IrO, electrode higher
COD removal was observed in the presence of NO;™ than in the presence of SO,>.

Si/BDD exhibited superior performances over the other two anodes, and for ROCgp+NaNO;, 60% of
COD and 41% of DOC removal was achieved at 5.6 Ah L. An inert NaNOj; allows a higher
participation of OH" and other ROS in electrochemical oxidation. Compared to Ti/SnO,-Sb where the
generated OH" will be partially adsorbed at the anode surface, BDD is capable of producing quasi free
OH"[10, 135]. Nevertheless, the highest COD and DOC removal, i.e. 74% and 51%, respectively, was
obtained in ROCgp+Na,SO, oxidation at Si/BDD. Previous studies have reported higher
mineralisation in anodic oxidation of model compounds on BDD in the chloride -free media, and
particularly in the presence of SO,>" [139, 140]. In the case of BDD/Na,SO, electro-oxidation, long-
lived S,04% oxidants are formed via direct electron transfer and/or via reaction with the generated
OH", forming SO, as intermediates [141-143]. Once strong oxidant SO, is formed at the anode
surface, it can rapidly attack oxidisable compounds present in the vicinity of the anode surface. The
organic matter can also be oxidised by S,05*, which is capable of diffusing away from the electrode
surface into the bulk liquid [135, 140]. Therefore, both S,O¢* and SO, were likely responsible for an
enhanced oxidation of ROCgp+Na,SO, at Si/BDD electrode.

The concentration of tTHMs and tHA As was higher for ROCgp+NaCl at all three anodes investigated,
consistent with the increasing concentration of chloride ions (Figure 22). In this case, the highest
formation of both tTHMs and tHA As were observed for Si/BDD, i.e. 9.1 and 62.4 pM, respectively at
Q=5.6 Ah L', although the most efficient anode for chlorine production was noted for Ti/Pt-IrO,.
This could be explained by the formation of radical RHS, e.g. C10" and Cl,~ [144, 145]. The formation
of THMs and HA As was successfully decreased as the concentration of chloride ions was lowered to
142 mg L' in ROCgp. In the presence of either NaNO; or Na,SO,, Ti/SnO,-Sb showed the highest
concentration of tTHMs and tHA As, followed by Ti/Pt-IrO, and Si/BDD anodes. At the latter anode,
the measured tTHMs and tHA As concentrations were 1.9 and 13.6 uM in ROCgp+Na,SOy, higher
than in the case of ROCgp+NaNOs, i.e. and 0.2 and 1.1 uM, respectively. The enhanced formation of
THMSs and HA As at BDD in the presence of SO,* than in the presence of inert NO;™ ions could be a
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consequence of the bulk oxidation of ClI- to reactive chloro-species by S,05? ions, and/or in the
vicinity of the electrode surface by SO, radicals [141, 146]. These additional pathways of formation
of chloro-species would enhance the electro-chlorination and thus the formation of THMs and HA As.
On the other hand, since Ti/SnO,-Sb and Ti/Pt-IrO, anodes are not capable of further oxidising SO,*,
an enhanced formation of THMs and HAAs for ROCyp+tNa,SO, was not observed.
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Figure 22. Concentration of THMs A) and HAAs B) species measured in the last sample, i.e. after Q =
5.6 Ah L of the electrochemical oxidation of electrodialysed ROC with the addition of NaCl, NaNO3 and
NazSO4. TBM and DBCM were detected at concentrations <0.01 yM, while brominated HAAs were detected
at concentrations <0.12 pM.

In the case of ROCgp+NaCl, high concentration of chloride ions lead to the generation of poly-
chlorinated by-products, i.e. TCM, TCAA and DCAA as the dominant THM and HAA species
measured for all three anodes tested. On the other hand DCAA and TCM were the dominant species
measured for both ROCgp+NaNO; and ROCgp+Na,SO,. For example, as represented in Figure 22, the
TCM concentration was 8.9 uM in ROCgp+NaCl, while in the case of ROCgp+NaNO; and
ROCgp+Na,S0,, it was 0.2 and 1.9 uM, respectively. Similarly, DCAA concentration for
ROCgp+NaCl was decreased from 25.8 uM to 0.6 and 11 pM in ROCgptNaNO; and ROCgp+Na, SOy,
respectively. Furthermore, brominated HAAs and THMs were detected at low concentrations of
maximum 0.12 and 0.01 uM, respectively, as the concentration of bromide ions was also lowered
during the ED.

4.6.3. Conclusions

The most efficient COD removal was achieved in the presence of a high chloride ions concentration.
When the concentration of the chloride ions was decreased and inert nitrate anions added to the
electrodialysed ROC, superior performance of Si/BDD was observed, capable of generating quasi-free
OH*/ROS, and leading to not only enhanced mineralisation (up to 51% DOC removal), but also a
minimised formation of HAAs and THMs (i.e. from 62.4to 1.1-13.6 uM of'total HAAs and from 9.1
to 0.2-1.9 uM of total THMSs). Although COD removal at BDD was worsened upon decreasing the CI-
concentration, this electrode was capable of achieving the same oxidative degradation (i.e. DOC
removal) of the organic matter as in the case of chlorine-mediated oxidation. In the presence of
sulphate ions, the performance of BDD anodes in terms of COD and DOC removal was enhanced
from 60% to 74%, and 41% to 51%, respectively, compared to nitrate electrolyte, due to the
participation of S,04* and SO,™ species in oxidation mechanisms. On the other hand, oxidation at
Ti/Pt-IrO, and Ti/SnO,-Sb appears to rely on HCIO/CIO- species.
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Considering the expected high energy demand of a combined electrodialysis and electrochemical
oxidation process, anion exchange membranes selective for monovalent anions should be used. Since
electrodialysed brine has a lowered conductivity, improved reactor design (e.g. column-type reactors,
bipolar BDD electrodes) is required in order to reduce the energy investment of electrooxidation at
high BDD anodic potentials.

4.7. Electrochemical oxidation in a Non-Divided Electrolytic Cell

4.71. Experimental Set-Up

In the beginning of the project, the preliminary experiments of the electrochemical oxidation of ROC
were performed in a non-divided electrolytic cell. However, fast passivation of the stainless steel
cathode surface occurred rapidly in all experiments, due to the local pH increase and precipitation of
Ca(OH),. The E. was then drastically increased due to the higher ohmic resistance in the system,
leading to the experiment failure. Thus, all experiments were performed in a divided electrolytic cell,
which allowed using different catholyte and anolyte solutions. In order to prevent the precipitation at
the cathode, 0.1 M HCI was used as a catholyte. Anolyte used was ROC sampled at the AWTP
Bundamba.

However, when operating the electrolytic cell using BDD electrode as both anode and cathode, the
formation of the precipitate seemed to be limited to the non-active (i.e. silicon surface) of the cathode,
whereas the coated side of the electrode was not fouled. Thus, experiments were performed in a non-
divided cell (Type D reactor, Figure 3) equipped with two BDD electrodes (inter-electrode gap 1 cm).
The process performance was estimated in terms of COD, DOC and colour removal, as well as free
chlorine production (determined by the DPD method).

4.7.2. Results and Discussion
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Figure 23. Removal of COD and DOC, and accumulation of free and total chlorine, during
electrochemical oxidation of ROC in a non-divided electrolytic cell (anode: BDD electrode, cathode: BDD

electrode).
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Figure 23 illustrates the removal of COD and DOC, as well as the determined active and total chlorine
in electrochemical oxidation of ROC using a non-divided cell. The results obtained are very similar to
the performance of electro-oxidation of ROC at BDD anode in a divided electrolytic cell (Figure 18).
COD and DOC removal was similar, e.g. ~40% of DOC removal was achieved after 10.5 Ah L' of
specific electrical charge applied. The accumulated active chlorine reached a maximum concentration
0f393.7mg L' (measured at 7.5 Ah L' of applied specific electrical charge), similar to the value
determined for a divided cell (i.e. 442.6 mg L' measured at 5.2 AhL"). This indicated that the extent
of electro-chlorination of the organic matter and formation of more toxic chlorinated by-products was
likely similar to the one observed in electro-oxidation at BDD using a divided electrolytic cell (results
presented in the section 4.5).

4.7.3. Conclusions

The preliminary results obtained for the non-divided electrolytic cell reveal similar process
performance in terms of COD and DOC removal as the one observed for a divided cell (section 4.5).
High accumulation of residual active chlorine suggests fast oxidation of chloride ions to chlorine at the
anode, and possible electro-chlorination of the organics. However, the toxicity of the oxidised ROC,
and/or the formation of AOX should be further studied for this configuration of electrolytic cell.
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APPENDIX A - Multi-Residue Method for the Analysis of Trace
Organic Contaminants

Target Trace Organic Contaminants

The target analytes were selected based on their consumption data, ubiquity in treated sewage effluent
and detected concentrations in the analysed ROC from the AWTP Bundamba, and with the intention
of enclosing the compounds with varying physio-chemical properties and belonging to different
therapeutic groups (Table A 1). The target trace organic contaminants were 21 pharmaceuticals: anti-
inflammatory drugs acetaminophen (ACTP), ibuprofen (IBP) and diclofenac (DCF), analgesic drug
tramadol (TML), stimulant drug caffeine (CAFF), diuretic hydrochlorothiazide (HCT), antibiotics
enrofloxacin (ENR), norfloxacin (NFL), roxythromycin (ROX), lincomycin (LNC), trimethoprim
(TMP) and sulfadiazine (SDZ), anticonvulsant drugs phenytoin (PNT) and carbamazepine (CBZ),
antidepressants sertraline (SRL), citalopram (CTP) and venlafaxine (VNF), lipid regulator
gemfibrozil (GMF), antihistamine drug ranitidine (RNT), X-ray agent iopromide (IPM), and f-blocker
metoprolol (MTP); also, 7 frequently encountered pesticides were included in the method: diuron
(DIU), diazinon (DZN), triclopyr (TPR), atrazin (ATZ), 2,4-dichlorophenoxyacetic acid (2,4-D), N,N-
diethyl-meta-toluamide (DEET) and metolachlor (MET).

Table A1. Target analytes with their molecular structures, molecular weights (MWs), acid dissociation
constants (pKas) and octanol-water partition coefficients (log KOWs).

Compound MW (g mol) pKa? log Kow?

H
N
Y 151.16 9.38 0.46
o
HO

Acetaminophen (ACTP)

206.23 4.91 3.97

Ibuprofen (IBU)

COOH

Cl
N
296.15 4.2b 4.6°
Cl

Diclofenac (DCF)

o
</ \]/ 194.20 10.40¢ 0.07°
Y
o

Caffeine (CAFF)

HO 263.38 9.44° 2.31°

Tramadol (TML)
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EN_<\N_ )

Sulfadiazine (SDZ)

Compound MW (g mol) pKa? log Kow?
OH \N/
277.40 9.4¢ 291"
OCH;
Venlafaxine (VNF)
o (0]
250.33 443 4.77
OH
Gemfibrozil (GMF)
H,CO
M )\ 267.36 9.68 1.88
O N
N
OH
Metoprolol (MTP)
o o
F
OH
359.40 5.94; 8.70! 0.70
B
N\) N
~ AN
Enrofloxacin (ENR)
(o] (o]
E
OH
319.34 6.34; 8.75* -1.03
)
HN\) HN
AN
Norfloxacin (NFL)
A
‘ o 306.24 9.5 5.29
Cl
Sertraline (SRL)
|
HN \840
250.28 1.8; 6.36 -0.09
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Lincomycin (LNC)

Compound MW (g mol) pKa? log Kow?
F
\N/
324.40 9.59" 3.74
o]
=
N
Citalopram (CTP)
/ O
236.27 1;13.9 2.45
N
7—NH2
[¢]
Carbamazepine (CBZ)
NH “
° S/\/ ~
\ / 314.41 27;82 0.27
_N\ NO,
Ranitidine (RNT)
\ s
:@i ) 207.74 7.9 -0.07
Hydrochlorothiazide (HCT)
290.32 32,71 0.91
o
~
Trimethoprim (TMP)
406.54 7.6 0.56
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Compound MW (g mol) pKa? log Kow?
(o]
r—(
o NH
252.28 8.33 2.47
Phenytoin (PNT)
Cl H IL
T ™~ 233.10 na 2.68
(o]
Cl
Diuron (DIU)
NN TN
837.07 8.8' 2.75
N / N S
M || 304.35 2.4™ 3.81
R—O
\ O/
B
Diazinon (DZN)
o
cl N o\)L
= ‘ OH 256.46 3.97" -0.45"
Cl \ Cl
Triclopyr (TPR)
)CI\
)\ )N|\\N 215.69 1.7 2.61
N N/ N/\
H H
Atrazin (ATZ)
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Compound MW (g mol) pKa? log Kow?

[e]
Qi oH 221.04 2.73 2.81
Cl Cl
2,4-D
o]
[\ 191.28 na 218
DEET

\K\OCHs
N
Cl
ﬁh 283.80 na 313
(0]

Metolachlor (MET)

(o] o
HO N N OH
/ﬁ/\ ’ H/Y\
o | | o 790.87 0 na
HN
D
[e]

~

lopromide (IPM)
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Multi-Residue Method Description

For the analysis in negative ionisation (NI) mode, eluent A was a mixture of acetonitrile/methanol
(1:1, v/v) and eluent B was HPLC grade water at a flow rate of 1 mL min!. The elution gradient
started with 5% eluent A, increasing to 90% of A in 7 min, held isocratically for 3 min, increased to
raising to 100% of A in 2 min and held at 100% of A for 3 min before returning to the initial
conditions. The column was re-equilibrated for 5 min before another injection with a total time for
chromatographic analysis of 21 min. The analysis in positive ionisation (PI) mode was performed
using acetonitrile with 0.1% formic acid as eluent A, and HPLC grade water with 0.1% formic acid as
eluent B. The elution gradient started with 5% eluent A, increasing to 60% in 5 min, raising to 90% in
the following 8 min, further increasing to 100% of A in the next 2 min. Next, the gradient was
isocratically held at 100% of A for 2 min before returning to the initial conditions and re-equilibrating
the column for 5 min. Chromatographic analysis lasted for 23 min.

The MS parameters were optimised for target pharmaceuticals and pesticides. In the analysis of
estrone, ethynyl estradiol and bisphenol A problems with sensitivity occurred, and further work needs
to be done on the inclusion of these three compounds in the multi-residue method. To the list of target
analytes two phammaceuticals were added, gabapentin and iopromide, in order to attempt the extraction
of these two very polar and persistent compounds.

Settings for source-dependent parameters, common in both NI and PI modes, were determined by
Flow Injection Analysis (FIA) and are as follows: curtain gas (CUR), 30V; nitrogen collision gas
(CAD) high; source temperature (TEM) was 700 °C, and ion source gases GS1 and GS2 were set at 62
and 55V in NI and PI modes, respectively. Conversely, the ion spray voltages in NI and PI modes
were set at -4500 and 5500V, respectively. To achieve higher sensitivity, resolution at the first
quadrupole (Q1) is fixed at low while the resolution at the third quadrupole (Q3) was set to unit.

The optimisation of compound dependent MS parameters (declustering potential (DP), entrance
potential (EP), collision energy (CE) and cell exit potential (CXP)) for each transition was performed
by infusing standards of each individual compound at 100 ug L' to the mass spectrometer. Optimum
parameters are summarised Table A 1 and Table A 2 for the analysis of target analytes in the NI and
PI mode, respectively.

Table A 2: Optimised QqLIT-MS parameters for the analysis of target analytes in the negative ion (NI)
mode. SRM-selected reaction monitoring transition. DP-declustering potential, CE-collision energy, CXP-
cell exit potential, tR-retention time.

Compound Precursor ion, SRM 1 DP-CE-CXP SRM 2 DP-CE-CXP | tg, min
m/z V) V)
Acetaminophen 150.0 106.9 60-26-7 107.8 60-22-5 6.07
Acetaminophen-d, 154.0 111.1 60-26-7 120.9 60-42-5 6.07
Hydrochlorothiazide 296.0 268.8 90-26-13 204.9 90-30-17 6.38
HydrochlorothiazideCs 299.0 269.9 90-28-5 78.0 90-50-3 6.35
Ibuprofen 205.0 161.0 52-11-10 - - 10.78
Ibuprofen-ds 208.0 163.9 45-10-11 161.3 45-10-5 10.78
Gemfibrozil 249.0 121.0 85-20-7 127.0 85-14-5 11.49
Gemfibrozil-de 255.1 121.0 60-28-7 133.0 60-14-9 11.45
Diclofenac 293.9 250.0 40-16-1 214.0 40-30-15 10.56
Diclofenac-d4 298.0 253.9 60-16-1 216.9 60-30-12 10.54
Diuron 230.9 185.8 65-26-15 149.9 65-36-9 9.69
2,4-D 218.8 160.9 45-18-5 124.9 45-40-9 9.73
Triclopyr 256.0 198.0 55-30-5 - - 9.93
Triclopyr 254.0 - - 196.0 55-30-5 9.93
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Table A 3: Optimised QqLIT-MS parameters for the analysis of target analytes in the positive ion (PI)
mode. SRM-selected reaction monitoring transition.

Compound Precursor SRM 1 DP-CE-CXP SRM 2 DP-CE-CXP (V) tr,
ion, m/z (V) min
DEET 192.2 119.1 61-25-8 91.2 61-45-6 10.15
DEET-ds 198.3 116.1 68-27-8 91.1 68-45-6 10.09
Caffeine 195.1 138.1 71-28-8 110.0 71-32-8 6.21
Caffeine'*C; 198.1 140.2 36-29-12 112.1 36-27-12 6.20
Carbamazepine 237.2 194.2 61-27-16 193.3 61-47-12 8.53
Carbamazepine-d1o 247.2 204.2 81-31-12 202.2 81-50-14 8.47
Atrazin 216.1 174.2 81-27-10 68.0 81-53-12 10.05
Atrazin-ds 221.1 179.3 71-27-12 101.2 71-35-6 10.0
Sulfadiazine 2511 92.1 66-39-6 65.1 66-63-4 6.33
Sulfadiazine-d4 255.0 160.1 71-23-12 96.2 71-39-6 6.29
Phenytoin 253.1 182.2 61-27-10 104.1 61-51-8 8.28
Diazinon 305.2 169.2 81-31-14 153.2 81-29-8 14.56
Metolachlor 285.1 253.2 61-25-16 177.3 61-37-16 13.02
Tramadol 264.4 58.1 45-44-8 42.2 45-125-3 6.32
Tramadol-ds 270.2 64.2 61-39-2 45.2 61-113-8 6.30
Metoprolol 268.2 116.2 76-27-8 121.1 76-35-8 6.26
Venlafaxine 278.2 58.1 61-41-10 260.3 61-19-6 6.63
Venlafaxine-ds 284.3 58.2 61-59-8 266.3 61-19-20 6.59
Trimethoprim 291.2 230.3 86-10-4 261.2 86-37-6 5.85
Trimethoprim'>Cs, 294.2 233.2 96-33-12 126.1 96-34-9 5.85
Sertraline 306.1 159.1 56-39-12 2751 56-19-18 7.59
Ranitidine 315.3 176.1 61-25-14 102.2 61-51-16 5.25
Ranitidine-de 321.3 176.2 51-25-16 102.2 51-47-8 5.25
Norfloxacin 320.2 276.2 70-26-14 233.2 70-35-14 5.82
Enrofloxacin 360.2 316.2 81-29-12 245.2 81-39-20 6.10
Enrofloxacin-ds 365.2 321.2 86-33-18 245.2 86-35-22 6.09
Citalopram 325.3 109.1 70-38-4 262.2 70-28-4 6.97
Lincomycin 407.3 126.2 91-39-10 359.3 91-27-10 5.55
Roxithromycin 837.6 679.5 96-31-12 158.0 96-49-12 7.50
lopromide 791.88 773.87 120-35-10 572.9 125-54-10 5.32

Optimisation of the Sample Pre-Treatment

In order to optimise a unique sample pre-treatment method for all target analytes, several extraction
methods were tested using two types of cartridges: Oasis HLB (200 mg) and Evolute ABN (200 mg), at
circumneutral pH (i.e. pH of the sample, ~7.7) and acidic pH (pH 3). Additionally, sequential extraction
using two cartridges was investigated, with Oasis HLB at neutral pH placed on top, and Evolute ABN at
pH 3 below. In all methods, cartridges were preconditioned with 10 mL of methanol and 20 mL of
Milli-Q water (acidified to pH 3 for the extraction at acidic pH). ROC sample volume used for the
extraction was 100 mL. Prior to sample concentration, aqueous solution of Na,EDTA was added to the
sample (5%) and left to react during 30 min, in order to improve the extraction efficiency of
fluoroquinolone antibiotics (soluble metals are bound to the chelating agent, increasing the extraction
efficiency of antibiotics) [147]. In the case of acidic extraction, sample was acidified with HCI1 (18%) to
pH 3. Next, the samples were spiked with a mixture of labelled standards in methanol to a final
concentration of 1 ug/L. For the solid phase extraction (SPE) a Baker vacuum system (J.T. Baker) was
used. After sample concentration, cartridges were rinsed with 5 mL of Milli-Q water and dried under
vacuum for 2 h to remove excess water. Elution was performed using 10 mL of methanol and 10 mL of
mixture of hexane/acetone (1/1, v/v). Extracts were evaporated to a very low volume under a gentle
nitrogen stream, reconstituted with 1 mL of methanol/water (25:75, v/v) and analysed at ultra fast liquid
chromatography (UFLC) coupled to quadrupole linear ion trap mass spectrometry (QqLIT-MS).

Electrochemical Treatment of Problematic Water Recycle Waste Streams Page 53



Recoveries of the method were determined as follows: ROC samples were spiked in triplicate with a
standard mixture of target analytes to a final concentration of 1 pg/L. These triplicates as well as blank
samples were also spiked with a mixture of labelled compounds (i.e. internal standards) to a final
concentration of 1 ug/L, in order to account for the possible losses during extraction and matrix
interferences. Spiked samples together with a blank sample were analysed at UFLC-QqLIT-MS, and
the recoveries were determined by substraction of the blank concentrations from the ones measured in
the samples, and comparison with the initial spiking level. Concentrations of target analytes were
determined using internal standards (i.e. labelled compounds spiked prior to the sample concentration)
and matrix-matched calibration curves for quantification.

Table A 4: Recoveries (R) expressed as mean values with their standard deviations (SDs), and method
quantification limits (MQLs) of the target analytes.

Compound R1 (ROC-1) *+ SD,% Rz (ROC-2) *+ SD,% MQL (ROC-1,2), ng L™
DEET 125.042.3 117.444.2 2.8
Caffeine 85.41+21.8 72.4+7.9 7.9
Carbamazepine 59.2+10.5 56.1+15.5 7.2
Atrazine 98.4+16.4 75.2+9.6 34.6
Sulfadiazine 49.1+4.9 52.2+1.0 4.8
Phenytoin 64.5+21.4 71.8+14.4 74.3
Diazinon 115.04£0.3 102.0+2.9 1.9
Metolachlor 68.5+25.1 61.5+17.0 3.8
Tramadol 119.247.2 92.3+2.7 2.2
Metoprolol 89.5+33.8 99.3+8.2 1.5
Venlafaxine 62.0+22.6 82.3+19.3 1.8
Trimethoprim 115.0+14.8 90.3+2.7 3.7
Sertraline 42.2+2.8 57.5+8.4 421
Ranitidine 68.6+21.2 70.0+£16.3 2.0
Norfloxacin 134.0+12.4 125.045.8 17.5
Enrofloxacin 164.445.9 142.6+11.3 19.1
Citalopram 71.9+23.1 66.0+20.9 34.1
Lincomycin 80.4+10.8 87.1+3.4 12.3
Roxithromycin 121.8+2.9 103.2+12.5 46.7
lopromide 123.1+38.3 102.1+13.0 31.0
Acetaminophen 72.116.2 52.0+7.8 32.0
Hydrochlorothiazide 78.9+3.2 68.5£10.4 7.2
Gemfibrozil 98.2+12.0 87.8+1.5 10.5
Diclofenac 40.1+0.6 50.614.1 43.7
Diuron 47.14£3.1 45.7+4.3 86.7
2,4-D 80.5+22.8 71.4+12.3 4.5
Triclopyr 61.4+3.3 72.8+9.1 8.6
Ibuprofen 77.8423.5 76.9+15.6 61.2

It was found that the performances of the two investigated SPE cartridges were quite similar. Overall,
Oasis HLB cartridges showed better performance at circumneutral pH, whereas Evolute ABN
cartridges were more efficient in extracting the target analytes at acidic pH. Gabapentin was extracted
only at acidic pH. For several compounds (i.e. B-blockers, sulfadiazine, carbamazepine) acceptable
recoveries (i.e. >50%) were obtained only at neutral pH. Sequential extraction showed an improved
performance and efficient extraction of all analytes. However, considering the increased cost of the
analysis per sample in sequential extraction, and the fact that, except in the case of diclofenac, no
significant increase in extraction recoveries of other compounds was noted by lowering the pH, the
extraction protocol at circumneutral pH using Oasis HLB was adopted for further analysis. The
recoveries of the target analytes determined for two sample batches of ROC from the AWTP
Bundamba, together with their method quantification limits (MQLs) are summarised in Table A 3.
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APPENDIX B - Supporting Information for Chapter 4.1.
Impact of Mixed Metal Oxide (MMO) Coating on the Performance of
Electrochemical Oxidation

Synthetic ROC matrix was synthetised using inorganic salts (i.e. NaCl, (NH,),SO,, NaHSO;, KH,PO,,
CaCO;, Mg(NOs),), humic acid, melanoidin (glucose, glycine), polysaccharides (cellulose,

carboxymethyl cellulose, and hydroxypropyl cellulose) and peptones. Characteristics of the synthetic
ROC and ROC samples at the AWTP Bundamba are summarised in Table B 1.

Table B1. Characteristics of synthetic ROC, and ROC from AWTP Bundamba

Parameter Unit Real ROC Synthetic ROC
pH 78402 75+0.3
coD mg O, L 166 + 3 213+19
Colour mg Pt-Co L 161+5 248 + 43
UVass cm’ 1.4+0.3 0.5%0.1

In electrochemical oxidation of synthetic ROC and AWTP Bundamba ROC using Ti/RulrO, anode,
the two samples showed significant differences in the oxidation performance (Table B 2).

Table B 2. Performance of electro-oxidation of synthetic vs AWTP Bundamba ROC using Ti/RulrO;
anode (supplied specific electrical charge, Q=0.67 A h L).

% Removal Real ROC Synthetic ROC
COD (%R) 17 10
Colour (%R) 98 84
UV2s4 (%R) 34 18

Difference observed between the initial UV ,s4 absorbance for the synthetic and real ROC, as well as
different performance of the electrochemical treatment observed led to the conclusion that the
composition of the existing synthetic ROC is not similar enough to the real ROC. All further
experiments were performed using batches of ROC sampled at the AWTP Bundamba.
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Figure B 1. Chronovoltammetric profiles of anodic, cathodic and cell potentials recorded during the
electrochemical oxidation of ROC at Ti/RulrO..
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Figure B 2. Decrease in pH observed at mixed metal oxide (MMO) anodes during electrochemical
oxidation of reverse osmosis concentrate (ROC).
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Figure B 3. Removal of DOC versus Q for the different electrode materials tested.
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Figure B 4. Evolution of: A) free Cl;, and B) total Cl;, as determined by the DPD method for each
electrode material tested, versus Q.
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Figure B 5. Identification of organics as indicated by EEM for: A) untreated ROC, and remaining
compounds after treatment (Q = 0.55 Ah L) by: B) TillrO.-Taz0s, C) Ti/RuO2-IrO., D) Ti/Pt-IrO;, E) Ti/PbOy,
and F) Ti/SnO2-Sb. The EEM in Ti/Pt-IrO2 and Ti/SnO2>-Sb was plotted in higher scale (ten times lower
fluorescence intensities than the others).
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APPENDIX C - Supporting Information for Chapter 4.2.
Electrochemical Oxidation at Ruiro2—-Coated Titanium Electrode

Experimental Set-Up

In the continuous experiments two different ROC samples were used, collected at the abovementioned
AWTP within a one month time span and marked as ROC-1 and ROC-2 (physico-chemical
characteristics of ROC-1 and ROC-2 are given in Table C1), while in batch experiments only ROC-1
was used.

Table C1. Main characteristics of the two ROC samples used in the experiments.

Measures ROC-1 ROC-2
pH 7.5 7.7
Conductivity, mS cm™ 4.25 3.97
Colour, mg Pt-Co L™ 104.6 174.9
SUVA, L mg”' m” 1.6 2.3
DOC, mg L™ 57.1 57.2
Cl,mglL” 1.5 1.2
Fe*,mgL" 0.22 0.35
Mn%, mg L" 227 234
S0.*, mg L" 241 239

The experiments were performed at constant liquid flow-rate at room temperature (25 = 1 °C), with
galvanostatic control in: 1) continuous mode, with step-wise increase in current density (/= 1, 10, 30,
50, 100, 150, 200 and 250 A m?) (Figure C 1), and samples taken after 75 min of operation at each
current density, and ii) batch mode at J =250 A m2, and samples taken after 2, 4, 7 and 23.5 h.
In the continuous mode experiments, the system was operated at a hydraulic retention time (HRT) of
8.8 min (i.e. flow-rate of 13 mL min'). In order to maintain well-mixed conditions and avoid
concentration gradients, both anolyte and catholyte were recirculated internally at a rate of
162 mL min~!. In order to avoid gas trapping inside the anodic and cathodic compartment and enable
stable potentials and ambient pressure, two degassers were installed as illustrated in Figure C 1. The
volume of ROC in the degassers was maintained at 100 mL, providing a ratio of active and total
volume, Vacr/Vror of 0.51 in the continuous mode.
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Figure C 1. Scheme of laboratory-scale electrochemical reactor operating in the continuous mode. 1-
anode feed tank, 2-magnetic stirrer, 3-feed pump, 4-anode cell, 5-cathode cell, 6-cathode feed tank, 7-
recycling pump, 8-holding vessel for gas release, 9-effluent sampling point, 12-gass collector (suction
tube).
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Preparative continuous oxidation experiments were carried out in order to establish the time required
to reach steady state. In the batch mode experiments, anolyte and catholyte were recirculated at a rate
of 162 mL min~'. The volume of ROC used in batch experiments was 10 L, hence the ratio of
Vact/Vior was 0.011. Theresults of each experimental condition are given as the means of triplicates,
with their corresponding standard deviations (SDs).

Table C 2. Concentrations of target analytes measured in the ROC samples after the spiking.

Compound c1 (ROC-1), c2 (ROC-b),
g L™ g L™
DEET 8.3 8.6
Caffeine (CAFF) 15.7 18.3
Carbamazepine (CBZ) 7.8 8.1
Atrazine (ATZ) 9.9 9.8
Sulfadiazine (SDZ) 18.6 225
Phenytoin (PNT) 19.9 20.2
Diazinon (DZN) 13.6 14.1
Metolachlor (MET) 13.3 15.4
Tramadol (TML) 13.5 14.0
Metoprolol (MTP) 18.2 14.6
Venlafaxine (VNF) 16.8 171
Trimethoprim (TMP) 25.6 26.3
Sertraline (SRL) 15.7 22.9
Ranitidine (RNT) 254 12.8
Norfloxacin (NFL) 10.5 12.6
Enrofloxacin (ENR) 14.7 15.4
Citalopram (CTP) 13.3 13.6
Lincomycin (LNC) 8.6 8.7
Roxithromycin (ROX) 14.5 14.4
lopromide (IPM) 374 33.7
Acetaminophen (ACTP) 141 14.7
Hydrochlorothiazide (HCT) 134 18.5
Gemfibrozil (GMF) 14.3 17.0
Diclofenac (DCF) 15.5 154
Diuron (DIU) 11.5 11.3
2,4-D 13.6 12.9
Triclopyr (TPR) 10.1 9.2
Ibuprofen (IBU) 20.7 21.2
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Figure C 2. Removals of target analytes during anodic oxidation in continuous mode, with stepwise
increase in current density (J=1-50 A m') of: a) ROC-1, and b) ROC-2, spiked with the trace organic
contaminants. Values are expressed as mean with their SDs.
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Figure C 3. Removal of target contaminants in electrochemical oxidation of ROC-1 and ROC-2 at
Ti/RulrO2 anode at J=100 Am™,
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APPENDIX D - Supporting Information for Chapter 4.3.
Comparison of Electrochemical Oxidation Pathways and By-
Products at Ti/Ruiro2 and Ti/Sno2-Sb Electrodes

Experimental Set-Up

To investigate the electrochemical oxidation pathways of metoprolol (MTP), 1 L of ROC collected
prior to the nitrification stage at AWTP Bundamba was amended with the target compound dissolved
in water to a final concentration of MTP of 50 pM. The spiked ROC was then recirculated over the
electrochemical cell over a period of 3 h, at current densities /=100 and 250 A m™? using
Ti/Ruyg 71ty 30, or a Ti/SnO,-Sb electrode. The system was operated in batch mode, with 1 mL samples
taken every 5—15 min during the 3 h experiment.

The measured anode potentials (E,y) of Ti/RulrO, and Ti/SnO,-Sb were 1.77+0.1 and 2.25+0.06 V
vs Ag/AgCl, respectively. No electrode passivation was observed in any of the experiments conducted.
The anolyte pH decreased from the initial pH 7.75 £0.1 to pH 3.4 £0.15 (/=100 A m?) and
2.4+0.1 (J=250 A m?)using Ti/RulrO, anode, and to pH 2.7 £ 0.2 (/=100 A m?) and 2.2 £ 0.1
(/=250 A m?) using Ti/SnO,—Sb anode.

To determine the toxicity of formed by-products relative to the parent compound, 10 L of the same
ROC matrix containing MTP (50 pM) was oxidised in batch mode using the same reactor and the
Ti/Sn0,-Sb anode, atJ =250 A m2. 100 mL samples were taken after 2, 4, 6, 8, 10 and 24 h and
extracted by a previously optimised SPE method. Analysis of sample extracts used in bioassays
enabled assignment of the observed ecotoxic effect to a mixture of specific, newly identified by -
products. All experiments were performed in duplicate under galvanostatic control, at room
temperature (25 £1 °C).

Qualitative Analysis of MTP By-Products

1. Identification of the molecularion of unknowns in the full- 2. MS? and MS3 fragmentation (precursor ion isolation (Q1),
scan of samples and analysis of its mass spectrum. fragmentation (Q2) and trapping (Q3)).
406.0 ah

-408.0

sdo
‘Asuadyu)

m/z, Da | °\ |

o1 ! !
Q2 Q3
3. Comparison of LC retention times (tg) of 4. Extraction of qualitative profiles.
products and MTPL. 10
8.67
P225 20.54 08 |
19.90 - mTP ——
5 10.10 = 1 —b—
z 725 P359 f__,357 £ 06 P345
z MTP o s
< P253 I 04
»n 0.2
0.0
2 4 6 8 10 12 14 16 18 20 22 24 26 0.0 0.05 0.1 0.15 0.2 025 03 0.35 0.4 045 0.5 055
Time, min Q(AhLY)

Figure D 1. The main steps in qualitative analysis of unknown by-products using QTRAP-MS.
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The main steps in qualitative analysis using QLIT-MS are: i) full-scan mode experiments with
optimised chromatographic conditions, in order to detect the peaks of unknown by-products, ii) MS?
fragmentation of the identified molecular ions of the unknown by-products, iii) MS® fragmentation of
the molecular ions of unknowns in order to confirm the proposed structure, iv) comparison of
chromatographic retention times (tz) obtained with ty of the parent compound, and v) extraction of
qualitative profiles of the postulated by-products and comparison with the profiled of parent
compound and other related by-products (Figure D 1). Figure D 2 illustrates MS? and MS? spectra of
two structurally similar by-products, P349 (hydroxylated form) and P347 (keto form), as well as the
MS spectra of the molecular ion, sodium and potassium adducts of product P347. The same approach
was applied for all other by-products (data can be found in the Supporting Information of [113]).
Extracted ion chromatograms of MTP and its by-products are illustrated in Figure D 3.
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Figure D 2. A) (+)ESI-QqLIT-MS2 spectrum of P349; insert: (+)ESI-QqLIT-MS3 spectrum: m/z 350—m/z

276, B) (+)ESI-QqLIT-MS2 spectrum of P347; insert: (+)ESI-QqLIT-MS spectrum of P347, [M+H]+ at m/z
348.1, [M+H+NH3]+ at m/z 365.1. [M+Na]+ at m/z 370.1 and [M+K]+ at 386.0.
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Extracted ion chromatograms of MTP and its identified electrochemical products, obtained
at UFLC-(+)ESI-QqLIT-MS.
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Table D 1. Identified electrochemical oxidation products of MTP in ROC.

Compound Molecular Mw tr (min) Proposed Structure
Formula
MTP C1sH25NO3 267.18 10.10 OH
O\)\/H\‘/
\o
P133 CsH1sNO2 133.11 2.80 OH
HO\)\/HY
P283-I C15H25NO4 283.18 6.15 OH
y o\)\/n\’/
s
\O \OH
P253 C14H23NO3 253.17 7.25 OH
O\)\/NY
HO/\/©/
P283-II C1sH25NO4 283.18 6.77 OH
O\)\/H\(
\O
OH
P237 C14H23NO> 23717 7.95 OH
O\/k/HY
P281-Il C1sH23NOy4 281.17 6.95 OH
O\/K/H\(
\0
o
P225 C12H19NO3 225.14 8.70 OH
O\)\/NHZ
\o
P271 C14H22CINO> 271.13 9.60 OH
H
o N
N \
cl
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Compound Molecular Mw tr (min) Proposed Structure
Formula
P317-ll C15H24CINO4 317.14 9.90 OH
/ O\)\/NHY
~o X
Cl
OH
P293 C12H17CI2NO3 293.06 11.90 OH
c/\éj/o\)\/'“”z
\O/\K\
Cl
P315-l C15H22CINO4 315.12 11.02 OH
Z O\)\/NHY
~ AN \
Cl
o
P301 C15H24CINO3 301.14 11.25 OH
F O\)\/”“\‘/
o N X
Cl
P345 C15H24BrNO3 345.10 13.15 OH
/ O\AVNHY
% X
Br
P335 Ci15H23CI2NO3 335.10 12.2 o
m\/ o\)\/NH\‘/
N
\o/\)/\/\
Cl
P379 C15H23CIBrNO3 14.35 379.05 OH
CI\/ o\/}\/NHY
N
\O/\)/\/\Br
P281 C1sH23NO4 281.16 15.16 oH
o NHY
(o}
\o/\/©/
P279 C1sH21NO4 279.15 16.37 o
o) NHY
(o}
\0/\)©/
P315 C15H22CINO4 315.12 17.57 OH
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Compound Molecular Mw tr (min) Proposed Structure
Formula
P313 C15H20CINO4 313.11 18.42 o
/ ’ © NHY
~. AN \C. ©
P349 C15H21CI2NO4 349.08 19.13 OH
c 0. NH
/\)i/j/ Y
~ AN \CI °©
P347 C15H19CI2NO4 347.07 19.62 0
c 0. NH
/\)//\//j/ Y
~ AN \CI °©
P359 C15H22BrNO4 359.07 19.90 OH
= ‘ o) NHY
\O \Br °
P357 Ci15H20BrNO4 357.06 20.54 o
0. NH
\O \Br °
P383 C15H20CI3sNO4 383.05 24.50 OH
//3/0 NH\(
o— ‘
\o/\/\/\u ©
P381 C15H1gCI3sNO4 381.03 25.46 a
/\/i/o NH\(
Cl—— ’
/\/\/ °
~ AN \m
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Due to the lack of analytical standards, the newly identified by-products could not be quantified.
Figure D 4 and Figure D 5 illustrate the qualitative profiles of MTP and its halogenated derivatives,
determined by the peak area in full-scan (+)ESI experiments with non-extracted samples, and
normalised to the initial peak area of MTP (#= 0 min), plotted versus specific electrical charge
consumed (Q, Ah L™).
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Figure D 4. The peak areas of products P225, P237, P271 and P293, formed during electrochemical
oxidation, normalised to the initial value of the peak area of MTP (t=0) presented vs. Q (A h L): A)
Ti/Ruozslro702 and Ti/Sn02-Sb20s, J=100 A m2and B) Ti/Ruozlre702, J=100 Am2,
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Figure D5. The peak areas of products P279, P281, P313, P315, P347 and P349, formed during
electrochemical oxidation, normalised to the initial value of the peak area of MTP (t=0) presented vs. Q (A
h L): a) Ti/Rugslre702, J=100 Am=2and b) Ti/lRugslre702, J=250 A m-2

In Figure D 6 are presented qualitative profiles of products that were detected in the sample extracts.
As illustrated in, 17 out of the 25 identified products were retained and detected in the SPE sample
extracts used for the bioassay analyses under these conditions. The toxicity experiment had to be
performed with a larger volume of the reaction mixture due to the need for larger sample volumes for
the bioassays. Since theratio of total (i.e. V=10 L) vs. active anolyte volume (i.e. V cr=114 mL) was
augmented relative to the first experiment performed (i.e. V=1 L), qualitative profiles of MTPL and
its products were shifted towards higher values of specific electrical charge, and rates of formation and
degradation of oxidation by -products were decreased. Thus, in the last sample taken, the concentration
of halogenated by-products was still significant, and the experiment would have to be run for
significantly longer time in order to observe a decrease in their concentration.
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Figure D 6. The peak areas of MTP and its electrochemical oxidation products generated at Ti/SnO2-Sb
anode (V=10 L, Vact=114 mL, J=250 A m?) normalised to the initial value of the peak area of MTP (t=0)
presented vs. Q (A h L"), determined for the sample extracts (i.e. SPE treated samples) used for bioassay
analyses. All peak areas were obtained from extracted ion chromatograms in full-scan experiments in
(+)ESI-QqLIT-MS. Because of very high concentration of MTPL and its products, 1:5 dilutions of sample

extracts were applied before scanning the samples.

The toxicity of the samples increased with ongoing electrochemical oxidation as the shift of the
concentration effect curves in the Microtox assay towards lower concentrations (expressed as relative
enrichment factors REF) demonstrates (Figure D 7). A logREF of 0 represents the original sample,
lower logREF refer to diluted, higher logREF to enriched samples. All endpoints in the combined
algae test showed the same pattern (data not shown).
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Figure D 7. Concentration-effect curves of A. ROC unspiked and B. ROC spiked with 50 uM MTPL in the
Microtox assay.

The 1/ECs, values (inverse value to associate a high number with a high toxicity and vice versa) were
then plotted as a function of the specific electrical charged consumed. Figure D 8 depicts 1/ECs,
values for all endpoints of the combined algae test. MTP shows highest sensitivity for 24h [PAM,
closely followed by 24h growth rate and 2h IPAM. For most baseline toxicants, the 24h IPAM and the
growth rate endpoint were very similar typically the growth rate exceeding slightly the toxicity of 24h
IPAM. Thus the pattern of MTP is the pattern of a baseline toxicant. At the beginning of the
electrochemical oxidation experiment the samples showed an endpoint pattern influenced by
herbicides, with 24h IPAM only slightly more toxic than 2h [IPAM and the growth endpoint was seven
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times less sensitive than direct inhibition of photosynthesis. This is an indication that the ROC
contained a significant portion of herbicides, which dominated the mixture toxicity. This picture
changes immediately with onset of the electrochemical oxidation - the ability to inhibit photosynthesis
after 2h of exposure decreased proportionally with increasing charge applied and the non-specific
toxicity detected by the 24h IPAM and growth endpoints dominated the picture. It is interesting to
note that MTP itself had no contribution to the mixture toxicity at 50 pM concentration but its
transformation products formed must contribute substantially as the toxicity increased more in the
spiked sample than in the raw ROC. Given that the ROC reaction mixture is dominated by non -
specific toxicity, we can compare the ECs, values directly with those of the Microtox assay
(Figure D 9). As is evident from Figure D 9, the ECs, values are lower in the Microtox assay, i.e. it is
the more sensitive assay for the same samples, presumably because of matrix interferences, which are
known to be more problematic for the Microtox assay, but the relative trends over the course of the
oxidation experiments are very similar, indicating that both assays respond in a similar fashion to the
transformation products.

1/EC5¢ samples (1/REF),
1/ECsq diuron (L/pg) and 1/ECsq MTPL (L/mg)

Figure D 8.
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Figure D 9. Baseline-TEQ derived from the ECs values of the Microtox assay and of the 24h growth
endpoint of the combined algae test.

As nonspecific toxicity dominates the algal 24h growth rate inhibition, it is justified to convert the
EC;, values of the 24h growth rate to baseline-TEQ. As baseline toxicity is concentration-additive in
mixtures, i.e. the baseline-TEQ are additive, we can subtract the baseline-TEQ of the ROC samples
from the baseline-TEQ of the ROC samples spiked with MTPL to obtain the contribution of the
transformation products to the mixture toxicity at any given Q. The resulting Abaseline-TEQ agree
well between Vibrio fischeri and algae and they show a linear relationship with the applied charge Q

(Figure D 10).
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Figure D 10. Contribution to the formed products from MTPL to the increase in toxicity, expressed as
baseline-TEQ of spiked ROC minus ROC, during electrochemical oxidation.
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While the transformation products were not quantified due to lack of standards but just their relative
peak area, the total sum of the peak area of the transformation products may provide a first measure of
the total amount of products formed. As we donot have the octanol-water partition coefficients K,
available for all transformation products, their baseline toxicity cannot be estimated. Since the K,,, is
proportional to the retention time of the reverse phase HPLC, we can at least weigh the peak areas by
their relative hydrophobicity relative to MTPL (tr/ tr mrp) to get an approximate measure of the
baseline-TEQ caused by the identified products. This measure (sum(A/Ag e *tr/tr mreL)) correlated
linearly with the experimental baseline-TEQ of ROC spiked with 50 uM MTPL minus baseline-TEQ

(mg/L) of ROC (Figure D 11), thus confirming the relevance of the toxicity of the transformation
products formed during electrochemical oxidation.
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Figure D 11. Relationship between baseline-TEQ of spiked ROC minus ROC, and sum of peak areas of
the identified products (see Figure S22), scaled with the retention times in the HPLC to account for
toxicity differences due to hydrophobicity.
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APPENDIX E - Supporting Information for Chapter 4.5.
Electrochemical Oxidation at Boron Doped Diamond Electrodes

Potential, E (V) vs. SHE
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Potential, E (V) vs. SHE

(B)
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Table E 1.

THMs and HAAs measured in electrochemical oxidation of ROC using BDD anode after Q =
5.2and 10.9 Ah L' in pH 1-2 and pH 6-7 (J =12.5 mA cm).

Concentration (uM) at Q (Ah L)

DBPs Compound
0 - initial 52 10.9 5.2 10.9
(pH = 7.66) (pH 1.62) (pH = 1.53) (pH 6.27) (pH = 6.44)
Monochloroacetic Acid 0.19 3.66 1.47 3.49 2.92
Dichloroacetic Acid 0.63 4.43 2.87 12.30 9.17
Trichloroacetic Acid 0.06 12.88 7.69 11.86 9.78
HAAs  Bromochloroacetic Acid 0.19 0.70 0.28 1.09 0.39
Monobromoacetic Acid 0.04 0.15 0.09 0.12 0.04
Dibromoacetic Acid 0.06 0.13 0.02 0.15 0.02
Total HAAs 1.17 21.96 12.42 29.00 22.32
Chloroform 0.65 2.62 0.91 1.1 3.85
Bromodichloromethane 0.16 0.33 0.09 1.49 0.51
THMs  Dibromochloromethane 0.07 0.12 0.04 0.27 0.09
Bromoform 0.03 0.02 0.01 0.03 0.01
Total THMs 0.92 3.10 1.05 12.91 4.47
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APPENDIX F - Supporting Information for Chapter 4.6.
Electrochemical Oxidation of Electrodialysed Reverse Osmosis
Concentrate

Experimental Set-Up

Electrodialysis was performed in Type C reactor (Figure 3). Electrochemical oxidation experiments
were performed in the cation exchange membrane (CEM) divided electrochemical cell, Type-A
reactor, in batch mode at a constant current of 510 mA (anodic current density, /= 12.5 mA cm™2). In
order to maintain well-mixed conditions and avoid concentration gradients, both anolyte (i.e. total
volume, Vior=5 L of ROC) and catholyte (i.e. 0.5 M H,SO, solution, 2 L) were continuously
recirculated through the anode and cathode half-cells, respectively, during 96 h at a rate of
120 mL min™!' with vigorous magnetic stirring in each electrolyte vessel. The experiments were
performed at two operating pH values: (i) acidic pH (i.e. pH 1-2) where no pH adjustment was applied
during electrolysis, and (ii) controlled, circumneutral pH, where aliquots of a 3 M NaOH solution were
automatically added by a dosing system to keep the pH in the range of pH 6—7 during electrolysis. The
pH and temperature values were monitored using a pH transmitter (CPM 223, Endress + Hauser) with
the probe placed in the holding vessel. In the case of controlled pH conditions, a peristaltic pump was
connected to the pH transmitter for the automatic dosing (flow rate: 4—5 mL h™!) into the anodic
compartment.

In order to determine the effect of pH on chlorine and oxygen evolution at the BDD electrode used in
this study, linear sweep voltammetry (LSV) experiments were performed in electrolyte solutions of the
same ionic strength (i.e. u=0.5)atpH 7 (0.5 M NaCl solution and 0.16 M Na,SO, solution) and at
pH <1 (0.5 M HCl solution +0.25 M NaNO; solution and 0.25 M H,SO, solution). 55 mL samples of
the oxidised ROC were taken after 0, 4, 8, 16, 24, 36, 48, 60, 72, 84 and 96 h of electrolysis and
filtered using a 0.22 um Millipore syringe unit prior to further analyses. After determining free and
available chlorine in the samples, the remaining amount of samples was then quenched by adding a
specific volume of 0.24, 0.48, or 0.71 M Na,SOj; solution in order to eliminate further reaction of
active chlorine. Quenching agent was added in 120% excess of the molar concentration of FAC, i.e.
1.2 mol of sulphite per mol of HCIO, assuming all chlorine was in HCIO form. The volume of the
quenching agent solution added was kept to a minimum of no more than 2 mL of Na,SOj; solutions.

0.05

0.04 -

000 |
1.0 1.2 1.4 1.6 1.8 2.0 2.2

E,y (V) vs SHE

Figure F 1. Linear sweep voltammograms (LSVs) of BDD anode in aqueous solution: A) 0.25 M H2S0O4
solution (pH 0.5), B) 0.5 M HCI + 0.25 M NaNO3 solutions (pH 0.5), and C) 0.16 M Na2S0O4 solution (pH 7)
and (d) 0.5 M NaCl solution (pH 7). Scanrate: 10 mV s-1.
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Figure F 2. Depletion of chloride ions and profile of formed chlorine species (chlorine and chloramines)
measured vs. Q during electrochemical oxidation of ROC at A) acidic pH, and B) circumneutral pH
conditions. Error value is the average deviation of duplicate analyses.
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