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Abstract: The focus of this study was to investigate the efficacy of applying boron-doped diamond
(BDD) electrodes in an electrochemical advanced oxidation process, for the removal of the target
compound diclofenac (DCF) in different water matrices. The reduction of DCF, and at the same
time the formation of transformation products (TPs) and inorganic by-products, was investigated
as a function of electrode settings and the duration of treatment. Kinetic assessments of DCF and
possible TPs derived from data from the literature were performed, based on a serial chromatographic
separation with reversed-phase liquid chromatographyfollowed by hydophilic interaction liquid
chromatography (RPLC-HILIC system) coupled to ESI-TOF mass spectrometry. The application
of the BDD electrode resulted in the complete removal of DCF in deionized water, drinking water
and wastewater effluents spiked with DCF. As a function of the applied current density, a variety
of TPs appeared, including early stage products, structures after ring opening and highly oxidized
small molecules. Both the complexity of the water matrix and the electrode settings had a noticeable
influence on the treatment process’s efficacy. In order to achieve effective removal of the target
compound under economic conditions, and at the same time minimize by-product formation, it is
recommended to operate the electrode at a moderate current density and reduce the extent of
the treatment.

Keywords: advanced water treatment; by-product formation; electrochemical oxidation; energy
demand; micropollutants; operation conditions; oxidation products

1. Introduction

The growing consumption of pharmaceuticals worldwide is resulting in an increasing threat to
human health and the aquatic environment, as many of these polar and semi-polar micropollutants
are not removed, or only incompletely removed, by traditional biological treatment technologies in
wastewater treatment plants [1]. Advances made in environmental analytical chemistry have made
it possible to monitor such persistent pollutants in water bodies, such as surface and groundwater,
in wastewater effluents, and in drinking water at very low levels [2–5].
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Among the large variety of pharmaceutical compounds present in the environment,
the non-steroidal anti-inflammatory drug diclofenac (DCF) is one of the most-consumed substances;
the annual intake worldwide is estimated to exceed 1000 tons [6]. The annual consumption of DCF per
capita varies between 195 and 940 mg [5]. DCF is known to be highly soluble in water. Its log Kow value
of 4.5–4.8 suggests a potential for adsorption into mixed liquor during wastewater treatment. However,
at a pH value above its pKa of 4.0–4.5, the carboxyl group of DCF dissociates and the molecule becomes
negatively charged, exhibiting a lower tendency to adsorb into sludge (Log kD: 1.2–2.1). Additionally,
DCF is only moderately biodegradable under suboxic and anoxic conditions (kbiol: ≤ 0.1 L/g·day) [5–7].
Thus, conventional wastewater treatment, as summarized by Lonappan et al., is limited due to these
properties [6]. Other technologies, such as ozonation, membrane filtration methods or adsorption in
activated carbon, are highly effective against DCF, but are also cost-intensive [3,8].

DCF has been detected in effluents of wastewater treatment plants (WWTPs) in concentrations
of up to 10 µg/L, in surface (up to 15 µg/L) and in groundwater (up to 0.15 µg/L), and in drinking
water in the low ng/L range [5,8–11]. In combination with other drugs present in the water, the toxicity
of DCF was reported to increase considerably [10–13]. Due to the demonstrated risk to the aquatic
environment, the European Union (EU) considered emerging contaminants, and put DCF on the first
watchlist for monitoring [14]. In addition, environmental quality standard values of 0.1 µg/L for inland
waters and 0.010 µg/L for coastal waters were proposed for DCF [14,15].

Nowadays, researchers are seeking new and efficient technologies to improve the situation,
resulting in innovative and low-cost alternatives for the treatment of drinking water and post-treatment
of wastewater efflue nts. In recent years, advanced oxidation processes (AOPs) have gained attention
as very effective technologies in the oxidation of numerous organic micropollutants [16–18]. AOPs are
based on the generation of free radicals, mainly the hydroxyl radical with high oxidizing power,
which can successfully attack most organic molecules with elevated reaction constants ranging
from 106 to 1010 M−1s−1 (e.g., [19,20]). Regarding the method for generating hydroxyl radicals,
AOPs are divided into four groups: chemically (e.g., O3/H2O2; H2O2/Fe2+/3+ (Fenton)), sono-chemically
(e.g., H2O2/ultrasonic), photo-chemically (e.g., H2O2/UV; H2O2/UV/ Fe2+/3+ (Photo-Fenton)) and
electrochemically [e.g., boron-doped diamond electrodes (BDD)] [18,21–24]. A variety of advanced
treatment methods, such as application of UV or UV/H2O2, radiation, ozonation, sonolysis and
electrochemical treatment, has been discussed by Schröder et al., regarding their efficiency in degrading
DCF in different water sources [5]. Most of these technologies require cost-intensive chemicals, have to
overcome environmental and safety issues, or have to apply energy-rich filtration or irradiation.
The advantages of electrochemical AOPs are based on their in situ generation of a variety of oxidants
under economically and environmentally friendly conditions [5].

The application of BDD in electrochemical AOP has been successful in the removal of a variety
of organic pollutants from water and wastewater. Several studies relate to the effectiveness of DCF
treatment using BDD electrodes [11,25–28]. Due to the inertness of the diamond, the chemical stability
and the high oxygen evolution overpotential, these electrodes show high treatment efficiencies compared
to other materials [17,19,25–32]. Depending on the water composition, various oxidative species,
such as hydroxyl radicals, hydrogen peroxide, ozone and eventually chlorine-based compounds, are
responsible for the transformation of the target compounds using BDD [28,32–35]. In general, there is
no mineralization during oxidative treatment under realistic conditions [36]. However, oxidants can
also carry out reactions with other organic water constituents, which result in the formation of
sometimes-toxic by-products, such as bromate and chlorate [37]. In addition, transformation products
with a higher toxicity than the parent compound can be generated during the oxidative treatment of
micropollutants, as observed in the photocatalytic degradation of DCF [38] as well as N-oxides via
treatment with ozone [9,39,40]. So far, the degradation of DCF and production of possible transformation
products (TPs), as well as of unwanted inorganic by-products, may be quite heterogeneous, due to
competitive reactions with organic and inorganic constituents at high concentrations in drinking water
and WWTP effluents [23,41].
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The aim of this study was to characterize the oxidative degradation process of DCF as a model
target, including assessment of the kinetics, the formation of organic TPs and inorganic by-products,
and the energy consumption in water matrices with increasing complexity. This approach allows
for the first time a comprehensive examination of DCF degradation, as an exemplary persistent
pollutant in electrochemical water treatment, linking DCF transformation with by-product formation
and energy expenditure. For this purpose, DCF was spiked into deionized water, synthetic hard
drinking water and a real wastewater effluent, and treated using a BDD electrode under varying
electrode settings. Based on the generated data, the extent of oxidation and possible optimization steps
of the process, with respect to minimizing potentially unwanted by-products and the specific energy
demand, are topics of discussion.

2. Materials and Methods

2.1. Chemicals

Sodium hydroxide (NaOH), sodium sulfite (Na2SO3), phosphoric acid (H3PO4), calcium chloride
(CaCl2), potassium bromide (KBr), potassium iodide (KI), magnesium sulphate heptahydrate (MgSO4

·7H2O), sodium hydrogen carbonate (NaHCO3) and sodium nitrate (NaNO3) were purchased from
Merck (Darmstadt, Germany). DCF was purchased from Sigma-Aldrich Chemie (Steinheim, Germany),
acetonitrile HiPerSolv Chromanorm from BDH Chemicals Limited (Poole, UK). Water LC-MS
Chromasolv (for liquid chromatography use) was bought from Fluka (Buchs, Switzerland). Ammonium
acetate (CH3COONH4) was purchased from Sigma-Aldrich (Seelze, Germany), fumaric acid, oxalic acid,
metha- and para-hydroxybenzoic acids from Sigma (Deisenhofen, Germany), and maleic acid from
SERVA (Heidelberg, Germany), and these were used as standard chemicals for LC-MS/MS analysis.
All chemicals were of analytical-reagent grade.

2.2. Water Matrices

Experiments were conducted in three water matrices: (a) deionized water (deionizer “Milli-Q
Plus 185”); (b) synthetic hard drinking water; and (c) a wastewater effluent collected from the
municipal WWTP Garching, Germany (31,000 population equivalents, two-step aerobic biological
treatment). Concentrations of organic and inorganic water constituents and other relevant parameters
are summarized in Table 1. Each water matrix was spiked with DCF to reach a final concentration of
50 µM.

Table 1. Concentrations of the water constituents and measured parameters in the water matrices.

Parameter Unit Deionized Water Hard Drinking Water Wastewater Effluent

chloride mg/L n.d. 250 180 ± 10
bromide mg/L n.d. 1.0 <0.5
nitrate mg/L n.d. 50.0 48.5
sulfate mg/L n.d. 200 45.4
iodide mg/L n.d. 0.1 n.d.
DOC mmol/L n.d. 3.6 12.0
pH - 5.5 8.9 8.0

el. conductivity µS/cm 0.06 1230 1170

DOC: dissolved organic carbon, n.d.: not detected.

2.3. Experimental Setup and Sampling

Experiments were conducted with a CONDIAPURE® test system (CONDIAS GmbH, Itzehoe,
Germany) using a DIACHEM® electrode stack (CONDIAS, Itzehoe, Germany). The stack consisted of
a single anode/cathode pair of niobium, coated with a 5- to 7-µm-thick boron-doped diamond layer
with an electrode surface of 24 × 50 mm2 per electrode. A nafion cation exchange membrane was
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placed in direct contact with the cathode and anode in order to create a gap-free sandwich structure
and thus enhance the current density locally, which promoted ozone formation [19]. The electrode
stack was integrated into an optically accessible glass reactor (Esau & Hueber GmbH, Schrobenhausen,
Germany). The experimental setup has been described elsewhere [31,42]. Three liters of DCF solution
of each water matrix were prepared in a glass vessel (tempered to 20 ◦C ± 1 ◦C), which was connected
to the operation unit with an inlet and outlet tube. The reaction solution was circulated through
the glass reactor by a centrifugal pump (PY-2071, Speck Pumpen, Hilpoltstein, Germany) at a flow
rate of 4 L/min. Electrolytic treatment was carried out for an overall time of 30 min for deionized
water, and 60 min for drinking water and wastewater, using current densities of j = 42, 167 and
292 mA/cm2, respectively. Electricity consumption was monitored using the Energy Monitor 3000
(Voltcraft, Hirschau, Germany).

Samples (2 mL each) were collected directly from the glass vessel after a period of 0, 1, 2, 3,
5, 7.5, 10, 15, 20, 30 and 60 min. The oxidation reaction in the samples was terminated by adding
20 µL of 10 mM Na2SO3 directly after sampling. Samples were subsequently filtered through 0.22 µm
polyvinylidene fluoride (PVDF) Pleomax filters before the analysis of DCF and TPs.

2.4. Analysis

DCF and TPs were analyzed with two-dimensional liquid chromatography (LC) by serial
coupling of reversed-phase liquid chromatography with hydrophilic interaction liquid chromatography
(RPLC-HILIC) and an electrospray ionization time-of-flight mass spectrometer (ESI-TOF-MS).

Oxidation mixtures were injected on a serial RPLC-HILIC-ESI-TOF-MS system containing two
Agilent HPLC systems series 1260 Infinity (Waldbronn, Germany) coupled to an Agilent TOF-MS
system series 6230 with Jet Stream ESI interface (Agilent Technologies, Santa Clara, CA, USA).
Chromatographic separation was performed by serial coupling of a Poroshell 120 EC-C18 column
(50.0 mm × 3.0 mm, 2.7 µm) (Agilent Technologies, Santa Clara, CA, USA) and a ZIC®-HILIC column
(150 mm × 2.1 mm, 5 µm, 200 Å) (Merck Sequant, Umeå, Sweden) based on a method described by
Greco et al. [43]. Injection volume was 10 µL. The RPLC mobile phase was a mixture of ammonium
acetate 10 mM/acetonitrile (90:10, v/v) and ammonium acetate 10 mM/acetonitrile (10:90, v/v) at a flow
rate of 0.1 mL/min. The HILIC mobile phase was a composition of acetonitrile, water and the solvent
from the RP column at a flow rate of 0.4 mL/min. The Jet Stream ESI source was used in negative
mode with the conditions described elsewhere [23]. The HPLC systems, the ESI interface and the mass
spectrometric detector were controlled and data were acquired and processed by MassHunter software
(Agilent Technologies, Waldbronn, Germany) using the extraction ion chromatogram (EIC) technique
within a maximum mass tolerance of 10 ppm. The accurate mass data of the TPs were processed as
previously described by Stadlmair et al. [44].

The pH value was controlled based on Standard Method 4500-H+ [45]. Ozone concentrations
were quantified as residual ozone by photometric measurement at 610 nm after decolourization of
indigo bisulfonate based on the descriptions given by Bader and Hoigné [46] with modifications
described before [47]. Instead of phosphate buffer, phosphoric acid was employed. Concentrations of
the inorganic ions chloride (Cl−) and bromide (Br−) as well as chlorate (ClO3

−) and perchlorate (ClO4
−)

were analyzed by ion chromatography with a DIONEX ICS-1000 device (Thermo Scientific Dionex,
Sunnyvale, CA, USA) according to Standard Method 4110 [45]. Detection limits for Br−, Cl− and ClO3

−

were 0.05 mg/L in deionized water, and 0.5 mg/L in drinking water and wastewater effluent, respectively.
ClO4

− could be detected to 0.1 mg/L in deionized water and 1 mg/L in drinking water and wastewater
effluent. Additionally, formation of ClO3

− and ClO4
− as well as the inorganic by-products bromate

(BrO3
−) and perbromate (BrO4

−) was analyzed semi-quantitatively with RPLC-HILIC-ESI-TOF-MS as
described above.
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3. Results and Discussion

3.1. Removal of Diclofenac

BDD electrodes generate hydroxyl radicals at the anode surface from water molecules.

H2O→ OH• + H+ + e− (1)

In subsequent reactions, other oxidants, such as ozone, hydrogen peroxide and further radical
species as well, are formed [48,49]:

OH• → O• + H+ +e− (2)

O• + O2→ O3 (3)

2OH• → H2O2 (4)

OH• + H2O2→ HO2• + H2O (5)

In complex water matrices, using chlorine-containing molecules, a variety of reactive molecules,
including active chlorine species, can also arise. At the BDD electrode, the amounts of oxidants increase
when applying higher current densities [49,50].

The electrochemical oxidation of DCF with a BDD electrode was investigated, following procedures
reported in a previous study [23]. For this purpose, DCF was spiked at a concentration of 50 µM
into the three different water matrices of deionized water, drinking water and wastewater effluent.
These water matrices were treated with different current densities j of 42, 167 and 292 mA/cm2,
respectively. Degradation of DCF over the applied cumulative current per volume, expressed as
%-variation of the peak area of the respective EIC, for the three water matrices is displayed in Figure 1.

The degradation of DCF in deionized water (Figure 1a) was almost identical for the three applied
current densities, with a relatively quick removal of the parent compound. Complete degradation of
DCF could be achieved within approximately 350 mAh/L (cumulative charge input at a certain reaction
time, depending on the respective reactor volume) at 167 mA/cm2, which corresponds to a treatment
time of 30 min. Applying 292 mA/cm2, or around 310 mAh/L, was required for complete elimination
of the target compound. At the lowest current density, the maximum removal level was around 40%,
as the cumulative current per volume (93 mAh/L) was not sufficient for complete elimination of DCF.
Thus, the degradation did not depend on the applied current density, and required a total current per
volume of approximately 310 mAh, which was not achieved for the lowest current density within the
applied treatment time.

In drinking water (Figure 1b), complete degradation could be observed after approximately
450 mAh/L for both higher current densities, whereas using 42 mA/cm2 resulted in a significantly
slower DCF degradation, with a maximum removal rate of 30% at 195 mAh/L. In wastewater effluent
(Figure 1c), application of 292 mA/cm2 resulted in the highest slope of all degradation experiments,
but the results did not vary much from using 167 mA/cm2. Complete removal of the compound
required approximately 670 mAh/L, which could be achieved at 292 mA/cm2. The variation between
both curves at 292 mA/cm2 and 167 mA/cm2, from 400 mAh/L onwards, might derive from the fact
that at different current densities, samples were not taken at the same Q/V values, as sampling was
time-dependent. Thus, the progress of the curves, from 400 mAh/L until complete degradation of DCF,
can only be estimated. Degradation experiments for the lowest current density in wastewater effluent
resulted in a significantly lower degradation rate of only up to 25%, compared to the higher current
densities. Therefore, the removal of DCF in wastewater effluents under 42 mA/cm2 is not feasible.

The observed variations in DCF removal between the different water matrices are most likely
caused by the presence of competing inorganic and organic compounds in the complex water matrices,
which generally reduce the availability of hydroxyl radicals and ozone, as those compounds scavenge
the oxidizing agents and therefore lower the degradation rates of the target compound [2,37,51].
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In the case of deionized water, there is no competition between target molecules and other inorganic
and organic components, leading to a maximum efficiency of DCF removal. The drinking water
contained inorganic ions in relatively high concentrations, which extended the overall treatment process.
The additional presence of organic compounds in the wastewater effluent (at lower concentration of
inorganic compounds compared to the drinking water) further prolonged the electrochemical oxidation
process until complete removal of DCF. Overall, the impact of inorganic constituents, in particular
chloride, nitrate and sulfate, on DCF transformation during BDD treatment was more noticeable than
the competition between the target compound and organic matter, which strongly depends on the
respective concentrations in the water matrix.
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Figure 1. Degradation of diclofenac (DCF) expressed as %-variation of the peak area (At/Amax) of the
respective EIC over the applied charge per volume (Q/V) in deionized water (a), drinking water (b),
and wastewater effluent (c), at three different current densities (j = 42, 167 and 292 mA/cm2).

DCF reacts with both ozone and hydroxyl radicals, as both can be formed by the BDD electrode
used in this study [31]. The reaction constants for the oxidation of DCF with non-selective hydroxyl
radicals (kOH 7.5± 1.5× 109 M−1s−1) are higher than those with ozone (kO3 around 1× 106 M−1s−1) [2,37].
As the compound is showing a good, selective reactivity towards ozone [41], it is possible to monitor the
matrix-driven depletion of oxidants through the measurement of dissolved ozone in the different water
matrices. The maximum ozone values in drinking water were 0.068 mg/L for 42 mA/cm2, 0.354 mg/L
for 167 mA/cm2, and 1.07 mg/L for 292 mA/cm2. In wastewater effluent, the highest values were
significantly lower, resulting in 0.022 mg/L at 42 mA/cm2, 0.185 mg/L at 167 mA/cm2 and 0.553 mg/L at
292 mA/cm2.
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Non-selective oxidation is present through hydroxyl radicals, and selective oxidation through
ozone and chlorine species (in complex water matrices). In complex water matrices containing chloride
ions, the formation of hypochlorite, chlorine dioxide and other chlorine-containing reactive oxygen
species is also possible. Since active chlorine species are highly reactive (but less effective compared
to ozone) towards DCF (reaction constant kClO2 = 1.05 × 104 M−1s−1, kCl2 = 3.89 ± 1.17 M−1s−1),
the electrochemical treatment of DCF can be highly effective in water with high chloride concentrations,
through the release of chlorine compounds resulting from the oxidation of DCF. Oxidant concentrations
increase with the applied current density. However, other critical inorganic by-products, such as
chlorate and perchlorate, arise during the process [2,51–53], which is discussed later in this study.

Since electro-oxidation with BDD electrodes produces a mixture of oxidants, including ozone and
hydroxyl radicals, it is possible to combine the selective and non-selective degradation of the parent
compound and generated TPs. For DCF with a high reactivity towards ozone, this combination seems
to be ideal for achieving a complete removal of the target compound. Vogna et al. [54] reported a
complete decomposition of DCF (initial concentration 1 mM) after 8 min of treatment, by introducing
an initial ozone concentration of 48 mg/L of ozone in the gas phase into deionized water. In the present
study, concentrations of residual dissolved ozone in deionized water were measured at a maximum
of 1.8 mg/L, using the highest current density of 292 mA/cm2. Initial ozone concentrations, however,
could not be examined during the experiment.

In the present study, residual ozone concentrations in the chloride-containing drinking water were
significantly lower than those in deionized water. DCF degradation, however, appeared comparable
within those two matrices. Initial degradation of DCF was faster in drinking water, most likely
caused by oxidants arising from high chlorine concentrations. In wastewater effluent, other organic
compounds could also react with active chlorine species, resulting in prolonged DCF degradation time.

Apparently, the effect of oxidant depletion through the high concentrations of the inorganic and
organic constituents of wastewater effluent is predominant at the lowest current density. In this
case, the formation of ozone can be neglected, and oxidation through hydroxyl radicals is instead
driven by mass transport [35], leading to competitive reactions between the target molecule and other
water constituents. This effect is represented by the low degradation rate at 42 mA/cm2, which differs
significantly from the higher current densities. In drinking water with a certain content of inorganic
constituents, the ratio of hydroxyl radicals and ozone depleted through water matrix components
was less noticeable. Thus, the organic matter fraction of wastewater effluent is likely to be the
major hydroxyl radical scavenger, which further represses ozone formation at low current densities.
Lee et al. [51] reported that hydroxyl radicals are likely to be consumed by any water component in the
wastewater matrix.

3.2. Formation and Fate of Transformation Products

DCF removal will also result in the simultaneous generation of DCF TPs. These compounds
can arise through chemical reactions between the parent compound and other TPs with oxidants,
or after chemical reactions such as de-chlorination, de-carboxylation and the cleavage of molecules.
During electrolysis in deionized water under the present electrode conditions, TPs from reactions with
the main oxidants’ hydroxyl radicals and ozone can be expected.

In more complex water matrices, other oxidative species formed during BDD treatment, such as
chlorine and hypochlorite, might play a major role in the generation of TPs. Thus, possible
TPs were derived from the literature’s data based on the oxidation reactions of DCF during
ozonation [9,12], as well as the degradation through hydroxyl radicals using photo-Fenton [13,54],
through photocatalysis/TiO2 [38], through BDD treatment [11,25,55] and through chlorination [53].
The list derived from this literature search included 47 known compounds (see [23]) with chemical
structures including two aromatic ring systems, one aromatic ring and linear structures. The formation
and degradation of these organic oxidation by-products was compared for the different water matrices.
Selected identified TPs are summarized in a degradation scheme in Figure 2.
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Figure 2. Degradation pathway of DCF and the occurrence of identified transformation products (TPs)
in the three water matrices: (a) deionized water, (b) drinking water, and (c) wastewater effluent.

Overall, five TPs were identified in all three water matrices at a current density of 292 mA/cm2.
These contain three structures with two aromatic rings, derived from hydroxylation or decarboxylation
of the original compound DCF. Further oxidation leads to the formation of 2,5-dihydroxybenzaldehyde
(TP_34), a one-ring molecule derived from cleavage of the carbon-nitrogen (C–N) bond. This TP
could be identified in deionized and drinking water, but not in the wastewater effluent. Two linear
structures were also found in all three water matrices: a mixture of maleic acid and fumaric acid
(TP_41), and one product identified as oxalic acid (TP_46). Thus, DCF was almost degraded to the
point of mineralization. For further details, see Supplementary Table S1.

Time courses of the formation and degradation of representative TPs are displayed in Figure 3,
as percentages of the peak areas in relation to the respective maximum peak area over the applied
charge per volume.

For all water matrices, early-stage TPs containing two aromatic rings appeared in the initial phase
of the treatment process. In deionized water, the primary TP 5-hydroxy-DCF (TP_4) was formed
directly after initiation of the oxidation with, a maximum yield after approximately 100 mAh/L, and a
complete degradation after 420 mAh/L (Figure 3a), whereas in drinking water and wastewater effluent
it took almost 200 mAh/L to reach the maximum yield (Figure 3b,c).

In wastewater effluent, small amounts of 5-hydroxy-DCF could still be detected even after
oxidation for 1400 mAh/L. For all water matrices, the increase and decline of the formation of the
two other two-ring TPs was slightly delayed compared to 5-hydroxy-DCF. This might be due to the
decarboxylation step additional to the hydroxylation.

The one-ring structure 2,5-dihydroxybenzaldehyde was detected at its maximum ratio at
200 mAh/L in deionized water, and was almost fully degraded at 640 mAh/L. In drinking water,
the maximum of the curve was reached after 637 mAh/L, and only slightly declined when the oxidation
was terminated after 1285 mAh/L. This TP could not be detected in the wastewater effluent. Thus,
in the more complex water matrix (wastewater effluent), under the applied conditions, the formation
of early-stage DCF TPs with two aromatic rings might be preferred.
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During extended oxidation, further ring opening resulted in the formation of the small and highly
oxidized molecules fumaric acid and maleic acid/oxalic acid (TP_41 and TP_46). In deionized water,
the linear TP oxalic acid appeared after 200 mAh/L, and increased in its signal even when the reactor
was turned off after 644 mAh/L. A similar behavior could be observed in the more complex water
matrices, where small amounts of oxalic acid were already noticed after brief oxidation, and a significant
and consistent increase was noticed after 200–300 mAh/L. Even after 1400 mAh/L, the maximum
yield was not reached for this molecule. Oxalic acid is reported to be the final product in ozone
oxidation, as its reaction with ozone is very slow, whereas the rate constant of the oxidation with
hydroxyl radicals is in the region of 107 m−1s−1 [56]. The presence of this compound even after a
longer treatment time indicates that the predominant oxidant present in the solution might be ozone
rather than hydroxyl radicals. Thus, under the applied electrode conditions, the target compound DCF
was almost mineralized. The second linear product, maleic acid/fumaric acid, could be successfully
degraded in all water matrices (for further details, see Supplementary Figure S1).
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Figure 3. Formation and degradation of DCF TPs expressed as %-variation of the peak area of the
respective EIC over the applied charge per volume (Q/V) in deionized water (a), drinking water (b),
and wastewater effluent (c) at 292 mA/cm2.
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Determination of the ozone values during the oxidation process supported these findings, since the
ozone values exponentially increased up to 1.81 mg/L in deionized water after the majority of the
TPs were degraded (after 400 mAh/L). After the electrode was turned off, still no plateau value,
and therefore no saturation, was reached for ozone.

The formation and degradation of the five DCF TPs common in the three water matrices was
further investigated by varying electrode settings (j = 42, 167 and 292 mA/cm2). Formation and
degradation of the detected TPs were comparable for the applied current densities, with a lower
maximum charge per volume input for 42 and 167 mA/cm2 compared to 292 mA/cm2. In general,
application of the lowest current density resulted in the detection of only a few TPs in each water matrix,
as a result of low oxidant production rates. In deionized water, the charge input during the oxidation
process generated three primary TPs with two-ring structures. By increasing the current density,
the overall number of detected structures, as well as the oxidation state, was enlarged, and degradation
of the TPs could also be observed.

As structures with greater oxidation states, such as small linear molecules, require a certain
charge input, such TPs were instead formed at higher current densities. In deionized water, fumaric
acid/maleic acid and oxalic acid could only be detected at 292 mA/cm2. Application of 42 mA/cm2 in
the wastewater effluent resulted in a single TP, whereas the same electrode condition in drinking water
generated four molecules, including hydrobenzoic acid and fumaric acid/maleic acid. In wastewater
effluent, high concentrations of hydrogen bicarbonate preferentially scavenged hydroxyl radicals,
whereas organic compounds also reacted with the radicals. Instead, oxalic acid could not be detected
at 42 and 167 mA/cm2 in any treated water matrices. As reported before, these short-chain organic
acids can be easily biodegraded, in contrast with the original compound [12].

3.3. Inorganic By-Product Formation

Another aspect of electrochemical water treatment is the formation of inorganic by-products,
resulting from oxidation reactions in the presence of chloride and bromide. These oxidation products,
such as bromate, perbromate, chlorate or perchlorate, carry a potential health risk [50,57–59].

The experiments focused on the time-dependent formation of the oxohalogenides bromate
and chlorate, as well as their peroxo-compounds, in the three water matrices containing varying
concentrations of chloride and bromide. Quantitative analysis of bromide and chloride, and the
oxidation products chlorate and perchlorate, was performed using ion chromatography analysis
(Table 2).

Table 2. Concentrations of chloride, bromide, chlorate and perchlorate, derived from IC analysis in
deionized water, drinking water and wastewater effluent.

Deionized
Water

Drinking
Water Wastewater Effluent

j Q/V Br− Cl− ClO3
− ClO4

− Q/V Br− Cl− ClO3
− ClO4

− Q/V Br− Cl− ClO3
− ClO4

−

(mA/cm2) (mAh/L) (mg/L) (mg/L) (mg/L) (mg/L) (mAh/L) (mg/L) (mg/L) (mg/L) (mg/L) (mAh/L) (mg/L) (mg/L) (mg/L) (mg/L)

42

0 0.989 233 <0.5 <1 0 <0.5 186 <0.5 <1
14.6 0.898 219 0.709 <1 29.9 <0.5 184 0.913 <1
29.9 0.841 215 1.12 1.26 95.3 <0.5 176 2.61 2.34
195 0.406 214 8.63 8.15 199 <0.5 175 5.95 4.96

167

0 1.05 234 <0.5 <1 0 <0.5 186 <0.5 <1
58.8 0.911 219 0.987 2.35 121 <0.5 176 1.25 2.50
120 0.825 221 1.79 4.59 380 <0.5 170 4.07 8.18
375 0.616 218 5.55 17.7 791 <0.5 167 9.40 19.6

292

0 <0.05 0.096 <0.05 <0.1 0 1.06 239 <0.5 <1 0 <0.5 186 <0.5 <1
101 <0.05 0.794 <0.05 0.115 102 0.818 222 1.08 4.07 214 <0.5 185 1.82 4.55
207 <0.05 1.50 <0.05 0.218 208 0.703 222 1.86 11.7 674 <0.5 177 5.59 16.9
644 <0.05 3.10 0.108 0.921 637 0.541 215 6.55 26.3 1403 <0.5 169 11.9 30.0

The detection limits for the inorganic by-products increased ten-fold when using deionized water
instead of the more complex water matrices containing high chloride concentrations. Bromate and
perbromate could not be detected with IC.
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In order to receive more robust data regarding those by-products, a semi-quantitative analysis on
the formation of bromate and perbromate, as well as chlorate and perchlorate, could be performed by
RPLC-HILIC-MS, and this could also be done in those cases where the respective concentrations for
chlorate and perchlorate were below the detection limit of the IC analysis. The formation of inorganic
by-products is presented in Figure 4, and the chromatograms of bromate, perbromate, chlorate and
perchlorate, obtained from the drinking water matrix, can be found in Supplementary Figure S2.
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Figure 4. Formation of inorganic by-products during DCF degradation as derived from RPLC-HILIC-MS
analysis in deionized water (a), drinking water (b), and wastewater effluent (c) at 292 mAh/cm2.

RPLC-HILIC-MS data revealed that chlorate was quickly formed in the initial phase,
whereas perchlorate increased only slightly (Figure 4a). After approximately 60 mAh/L,
chlorate formation reached an almost steady state, which was maintained until the complete degradation
of DCF. Perchlorate formation strongly increased after the initial phase, resulting in a higher formation
rate for perchlorate compared to chlorate. The highest concentrations were reached after 644 mAh/L,
with a maximum of 0.108 mg/L for chlorate and 0.921 mg/L for perchlorate, as derived from the IC data.
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Chlorate and perchlorate formation strongly depends on the presence of hydroxyl radicals [60,61].
Thus, compared to the more complex water matrices, relatively high amounts of perchlorate can
originate in a water matrix with less radical scavenging molecules. Similarly, in the absence of bromide,
formation of the oxidation products bromate and perbromate could not be observed in deionized water.

In drinking water, brominated by-products were also expected. However, these compounds
could not be detected quantitatively with IC analysis. As a result of the RPLC-HILIC-MS analysis,
those oxidation products could be identified as well, and the signal of chlorate and perchlorate was
about 1000-fold higher than that of bromate and perbromate (Figure S2). Initially, there was a strong
increase in the bromate curve, which flattened after approximately 60 mAh/L. Chlorate values increased
constantly, similar to perbromate, and were always lower than those of bromate and perchlorate
(Figure 4b).

A reduction of perchlorate was observed when the current density was decreased (Table 1). As the
stepwise oxidation of chloride to perchlorate is driven by hydroxyl radicals, this effect can be explained
via the increase of hydroxyl radicals in direct proximity to the electrode at higher current densities,
which favors the formation of perchlorate as the highest oxidation state of chloride [59–61]. Other data
from the literature also confirm these findings [50,57,62].

In wastewater effluent, the formation of chlorate was comparable to that in drinking water.
The ratio of perchlorate to chlorate was remarkably lower, probably resulting from the presence of
radical scavenging organic molecules in the wastewater effluent. Even though no bromide and no
brominated oxidation products could be detected in the IC analysis, as observed with RPLC-HILIC-MS,
bromate formed up to about 80% of its maximum amount immediately upon initiation of the treatment
(Figure 4c). Calculated from the peak areas, the estimated amount of bromate was about 1000 times
lower than that of chlorate. Perbromate could be detected in traces after 300 mAh/L, with a steady
increase afterwards. The formation of brominated oxidation products can occur in the presence of
ozone and chlorine in solution [59,63]. Another study reported an inhibition of the bromate formation
due to the high chloride concentrations in water [64]. This tendency can be reproduced by comparing
the results of the drinking water with the highest chloride content with those of the other water
matrices. Overall, the concentrations of the oxidants in wastewater effluent were not sufficient to fully
oxidize bromide to perbromate, especially under the condition of high chloride concentrations in the
water matrix.

In wastewater effluent, the maximum amounts of chlorate and perchlorate, derived from the
IC data, are lower than those in drinking water, considering their concentrations in relation to the
treatment time. The measured maximum values are indeed extremely high; however, they result from
the long treatment times after the complete removal of DCF and the majority of the early-stage TPs.

Due to their carcinogenic potential, oxidation by-products, such as perchlorate and bromate,
must definitely be kept at minimum levels. By legislation, bromate concentrations are limited to a
threshold value of 10 µg/L in drinking water according to WHO recommendations [57,63]. Perchlorate
discharge is limited to 15 µg/L, according to the US Environmental Protect Agency [65]. In addition,
it has to be stressed that in the present study, by adding high concentrations of DCF to the water
matrices, the scenario is made to represent the conditions of industrial water treatment.

3.4. Recommended Operating Conditions

The aim of the present study was to investigate the efficiency of BDD in a worst-case scenario
(highly contaminated water matrices with increasing complexity), in order to highlight the effects
of varied electrode conditions and water composition on the degradation of DCF, and at the same
time the formation of TPs as well as inorganic by-products. For this purpose, the concentration of
50 µM DCF was selected based on a comparison with data from the literature [11,66]. The successful
removal of persistent pollutants potentially contributes to the elimination of critical molecules from
the aquatic environment. However, toxicological and economical aspects have to be considered as well
in order to meet the requirements. Thus, the findings may give indications for the optimization of
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operating conditions when using BDD electrodes for the removal of persistent chemicals, such as DCF,
from a certain water matrix. As a consequence, electrode settings and the extent of treatment should
be discussed to achieve optimum conditions.

Through the formation of TPs and oxidation byproducts, an increase in the overall toxicity can
certainly not be excluded, and might limit the application of BDD itself. Based on data from the
literature, it was reported that metabolites of the initial stage seem to be even more toxic than DCF.
Continued oxidation of those compounds quickly reduced this toxicity even further, especially after the
complete degradation of the original compound [11,66–68]. Thus, electrochemical treatment should be
performed, at least to an extent, where less toxic products and more biodegradable compounds are
formed [69], provided no excessive amounts of oxidation by-products are formed. In this instance,
the treatment could be executed until the point where about 70% of DCF are degraded. At this stage,
the parent compound is removed to a high degree, and at the same time the degradation of early-stage
TPs is already in progress. Cleavage of the aromatic ring clearly enhances the biodegradability; some
studies even report a positive effect of hydroxylated compounds, as compared to their unsubstituted
molecules [70].

On the other hand, at this stage, the amount of inorganic by-products in all water matrices is still
very high. Thus, the conducting of the degradation of DCF is recommended only under conditions
where by-product formation can be kept at low levels, which requires short treatment times and,
at the same time, low current densities. In order to meet the requirements for sufficient DCF removal
conditions, the recommendation can be given of operating the electrode using moderate current
densities (j = 167 mA/cm2), which has sufficient DCF removal efficiency. This is in accordance with data
from the literature, which show a clear reduction in bromate, chlorate and perchlorate concentrations
when using lower current densities during oxidative water treatment with BDD electrodes [52,57,58,62].

In order to link the data derived from oxidative degradation with economic considerations, the
energy expenditure was monitored over the entire treatment process. The total energy demand E was
calculated based on the following Equation (6):

E
(kWh

m3

)
=

Ecell × I × T
V

(6)

Ecell is cell voltage (V); I is applied current (A); T is treatment time (h); and V is volume of the treated
water (m3).

The total energy demand of the oxidation reactions during treatment with the BDD electrode in
the different water matrices is displayed in Figure 5.

The highest energy consumption in all three water matrices appeared at 42 mA/cm2, as the highest
energy demand for the process resulted from the pumping and the control unit. In deionized water,
the most advantageous electrode settings appeared at 167 mA/cm2 (Figure 5a), whereas in drinking
water (Figure 5b) and wastewater effluent (Figure 5c), the highest current density resulted in the lowest
energy demand for the treatment process, when considering the total energy.

An explanation can be given by the high content of organic and inorganic compounds in the
complex water matrices, resulting in a greater energy demand for the successful oxidation of the target
molecule. In this case, the application of lower current densities requires prolonged treatment times
and high energetic input. Only a fractional amount of the total energy was consumed by the electrode
alone [62]. Thus, electrochemical oxidation using the diamond electrode has the quality of taking
place in a competitive range, even for complex water matrices. Decreasing the current densities would
also allow the reduction of the overall energy input for the process. However, the applied conditions,
and their impact on the process, strongly depend on the water matrix.

An optimization of the reactor geometry and the electrode surface can also contribute to a
significant reduction of undesired side effects [31]. It also has to be mentioned that the experiments
were performed in batch flow, in a small, laboratory-scale reactor. The results of flow-through
experiments in a reactor with a higher throughput will certainly differ considerably from the present
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data, particularly with regard to the formation of undesired by-products. Further, different cell types
for BDD electrodes have been shown to influence the overall performance, and thus also by-product
formation [61].Water 2020, 12, x FOR PEER REVIEW  14 of 19 
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Figure 5. Energy demand for oxidation of DCF using different current densities in deionized water (a),
drinking water (b) and wastewater effluent (c).

Furthermore, it has to be mentioned that the BDD electrode should rather be considered as an
additional treatment step, instead of a stand-alone technology for oxidative water treatment. In this
context, it is sufficient to use the electrode up until the initial toxicity is decreased, and the amount of
non-degradable compounds is reduced. In subsequent treatment steps, such as bioreactors, sand filters,
etc., residual TPs are more accessible to biodegradation, compared to the original compound with
relatively low biodegradability [71].
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4. Conclusions

Results from the present study revealed that the application of the BDD electrode is effective in
the removal of DCF from water matrices of different compositions. As the efficiency of the process
depends on the presence of oxidative species, such as ozone and hydroxyl radicals, scavengers for
those oxidants present in more complex water matrices, including inorganic and organic constituents,
reduce the degradation efficiency. Independent of the water matrix, some early-stage TPs were formed
and later degraded again during the treatment process. In addition, the subsequent formation of
TPs resulting from cleavage of the aromatic ring systems, as well as small highly oxidized structures,
could be identified.

Based on the present data, the aim of this study was to highlight the effects of various electrode
settings and the influence of water composition on the degradation process of DCF. Both factors
had a major impact on the removal of the original compound, but also on the appearance of TPs,
as well as inorganic by-products. Thus, it is necessary to find a balance between successful treatment
and toxicological and economic aspects, and to optimize the process in a manner dependent on the
composition of the water. Especially in less complex water matrices, the application of relatively
low current densities can be sufficient for effective removal of DCF and its TPs. Thereby, by-product
formation can clearly be reduced, and at the same time the energy demand can be kept relatively low.
Besides the investigation of inorganic by-products and the energy demand, toxicological considerations
of the oxidative treatment should also be carried out in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/6/1686/s1,
Figure S1: Formation and degradation curves of DCF TPs expressed as %-variation of the peak area of the
respective EIC over the applied charge per volume (Q/V) in deionized water (a), drinking water (b) and wastewater
effluent (c) at 292 mA/cm2. Figure S2: Extracted ion chromatograms of bromate (m/z 127.9) and perbromate
(m/z 143.9) [in (a)]; and chlorate (m/z 83.5) and perchlorate (m/z 99.5) [in (b)], resulting from RPLC-HILIC-MS
analysis of drinking water at 292 mA/cm2. Table S1: MS data of DCF and six suspected TPs in deionized water (a),
drinking water (b) and wastewater effluent (c) after oxidation with 292 mA/cm2.
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