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Highlights

e Treatment of dimetridazole, a biorecalcitrant antibiotic, by a coupling process

e Improved selectivity for the electroreduction of dimetridazole into its amino derivative
e Enhancement of the biodegradability by catalytic reduction with titanocene

e Efficiency of the coupling process with high mineralization yields

ABSTRACT

Two different electrochemical reduction processes for the removal of dimetridazole, a
nitroimidazole-based antibiotic, were examined in this work. A direct electrochemical
reduction was first carried out in a home-made flow cell in acidic medium at potentials chosen
to minimize the formation of amino derivatives and then the formation of azo dimer. Analysis
of the electrolyzed solution showed a total degradation of dimetridazole and the BODs/COD
ratio increased from 0.13 to 0.24. An indirect electrochemical reduction in the presence of
titanocene dichloride ((CsHs)2TiCl2), which is used to reduce selectively nitro compounds, was
then investigated to favour the formation of amino compounds over hydroxylamines and then
to prevent the formation of azo and azoxy dimers. UPLC-MS/MS analyses showed a higher
selectivity towards the formation of the amino compound for indirect electrolyses performed at

pH 2. To confirm the effectiveness of the electrochemical reduction, a biological treatment



involving activated sludge was then carried out after direct and indirect electrolyses at different
pH. The enhancement of the biodegradability was clearly shown since mineralization yields of
all electrolyzed solutions increased significantly.

Keywords: Dimetridazole; Electrochemical reduction; Titanium complex; Biological

treatment; coupling process
1. Introduction

Pharmaceuticals constitute a large group of bioactive chemicals used in humans and animals
for disease treatment, prevention and growth promotion. Over the last twenty years, the
occurrence of pharmaceuticals in water resources has been considered as a worrying
environmental issue. These pseudo-persistent compounds can cause ecotoxicological risk due
to their potential long-term negative effects in living organism even at trace concentrations [1].
Pharmaceuticals end up in the aquatic system from various sources including municipal [2],
hospital [3], agriculture [4] and industrial effluents [5]. Conventional wastewater treatment
plants (WWTPs) are source of contamination because they are not directed to remove polar and
soluble compounds [6]. Pharmaceuticals have been detected in different aquatic matrices:
ground and surface water [7, 8] and drinking water [9]. In several developed countries they
have been detected in tap water at levels of usually < 100 ng/L. These large polluted volumes
are difficult to treat. One solution would be therefore to treat this pollution at source, namely to
treat specific industrial (chemical and pharmaceutical) effluents, which can contain
concentrations and COD (Chemical Oxygen Demand) higher than 1 and 10 g L respectively

for instance [10] or hospital effluents after concentration by membrane process[11].

Due to their non-biodegradability and high solubility in water [12], a wide variety of processes
have been investigated for the removal of pharmaceuticals from water systems. Physical
techniques such as adsorption [13] and membrane technologies [14] have been applied. These
techniques require posttreatment processes because the pollutant is only transferred to another
phase [15]. Advanced Oxidation Processes (AOPs), based on the generation of hydroxyl
radicals OH’, a very reactive, non-selective and powerful oxidizing agent, have proved to be
efficient for the elimination of most organic molecules [1]. Due to a relatively high operating
cost of AOPs, combining chemical pretreatment and a biological process was previously
investigated. Thus anodic oxidation [16], electro-Fenton [10, 17, 18], photo-Fenton [19] and

photo-catalysis [20] were reported as possible pretreatments. Although complete mineralisation



of the pollutant can be achieved, AOPs can produce by-products of higher toxicity at the

beginning of treatment due to the non-selectivity of the processes.

Nitroimidazoles are antibiotics widely used to treat infections caused by anaerobic and
protozoan bacteria (e.g. Trichomonas vaginalis and Giardia lamblia) in human and animals.
They are added to chow for fish and fowl leading to their accumulation in animals, fish farm

waters and meat industry effluents [21].

Dimetridazole 1 (DMZ, 1, 2- dimethyl-5-nitroimidazole) belongs to nitroimidazole drugs
(Table 1). Because DMZ is now believed to possess genotoxic, carcinogenic and mutagenic
side effects, many countries, including European Union (Commission Regulation (EC) No.
1798/95, 1995), United States (Animal Medicinal Drug Use Clarification Act of, 1994), and
China (The circular of the Chinese Ministry of Agriculture, 2002), has banned its use in food
producing animals. However, residual concentration of DMZ has been detected in surface and
tap water in some regions (median—-maximum, 6.9-14.7 ng/L) [22]. DMZ removal has been
studied through different methods including photo-degradation [21], adsorption and biosorption
on activated carbon [23]. Fungal treatment of non-sterile veterinary hospital effluent was also

investigated in which no significant removal of dimetridazole was reported [24].

2.1.1 Electrochemical analysis

Electrochemical analysis of DMZ and electrolyzed solutions were performed using a
conventional three-electrode cell with a glassy carbon electrode (7 mm?) as working electrode,
a platinum wire as counter electrode and a saturated calomel electrode (SCE) as reference
electrode. Experiments were performed at room temperature under argon atmosphere.
Voltammograms were obtained using a potentiostat (Princeton Applied Research, EG&G 362).
The glassy carbon electrode was thoroughly polished with Struers Waterproof silicon carbide

paper before each experiment.

2.1.2 Ultra performance liquid chromatography - tandem mass spectrometer (UPLC-MS/MS)
method
DMZ and its by-products were separated using a Waters Acquity UPLC system (Waters,
Manchester, UK) composed of an Acquity UPLC binary solvent manager, an Acquity UPLC
sample manager and an Acquity UPLC column heater equipped with a Waters Acquity UPLC
BEH C-18 column (2.1 mm x 100 mm; 1.7 um) (Milford, MA, USA). Gradient LC elution was
performed in acetonitrile with 0.1% formic acid as mobile phase A and acetonitrile/ultra-pure
water (10/90, v/v) with 0.1% formic acid as mobile phase B. Separation of the analytes on the



column was performed with a gradient of phase A/phase B at 400 pl/ mint. The starting eluent
composition consisted of 0% A / 100% B for 1 min then the proportion of solvent A increased
linearly to reach 100% in 8 min and then returned to the initial conditions in 3 min.

A Quattro Premier triple-quadripole mass spectrometer (Manchester, UK) was used for by-
products detection. It was operated with an electrospray source in positive ionisation mode with
a cone potential of 25 V. Source conditions were capillary voltage 3kv, source temperature
120°C and desolvation temperature 350°C. The cone and desolvation gas flow (N2) were 50
and 750 L h, respectively. Analyses were performed in full scan mode and spectra were
acquired between 90 and 500 m/z. The acquisitions were made in SIR mode for the following
m/z: 112, 142, 219, 235 and data were treated with Micromass MassLynx 4.1 software.

2.1.3 High pressure liquid chromatography (HPLC)

DMZ concentration was measured by HPLC using a Waters 996 system equipped with Waters
996 Photodiode Array Detector and Waters 600 LCD Pump. The separation was achieved on
Waters C-18 (4.6 mm x 250 mm; 5 um) reversed-phase. The mobile phase consisted of a
mixture of acetonitrile/ultra-pure water (5/95, v/v) + 0.1% formic acid. The flow rate was set at
1 ml min"tand 20 pL injections were considered. The detection of DMZ was carried out at 320
nm and the retention time was approximately 1.4 min.

2.1.4 Total organic carbon (TOC)

TOC was measured by means of TOC-Vcpricen Total Organic Analyzer Schimadzu as
previously reported [27].

2.1.5 Chemical Oxygen Demand (COD) measurements

COD was measured by means of a Nanocolor® Test CSB 160 from Macherey- Nagel (Diiren,
Germany). The amount of oxygen required for the oxidation of the organic and mineral matter
at 148°C for 2 hours was quantified after oxidation with K>Cr.O7 at acidic pH and heating.
Measurements were carried out at 436 nm. For each sample, each measurement was duplicated.

2.1.6 Biological Oxygen Demand (BODs) measurements

BODs was carried by the Test Nanocolor® BODs—TT Test 8-25 from Macherey- Nagel (Diiren,
Germany). This test allows a simplified determination of biological oxygen demand of diluted
samples. Activated sludge provided by a local wastewater treatment plant (Rennes Beaurade,
France) was used to inoculate the test tubes. The microbial concentration was 0.05 g L. Tests

tubes were always duplicated. Measurements of dissolved oxygen were carried out after 5 days



of incubation at 20 + 1°C in the dark according to the method of Winkler EN25813 - G21 by

photometric evaluation of iodine colour [33].

3. Results and discussion

3.1 Cyclic voltammetry analysis of dimetridazole

3.1.1 Electrochemical behaviour of dimetridazole in 0.5 M H2SO4

Cyclic voltammetry was used to investigate the electrochemical behaviour of DMZ (100 mg L~
1Y on a glassy carbon electrode in acidic medium (0.5 M H2SOs). As presented in Fig. 1, the
voltammogram showed a single reduction peak of DMZ at -0.35 V/SCE. This peak was
attributed to the four-electron reduction of nitro group of the heteroaromatic nitro compound to
the corresponding hydroxylamine derivative according to the following equation (Eq. (3)) [34].

N
N / \
OzN/[,N>\ +4e- +4 HY —_— HOHN/[[;)\ *H0 3)
\ |

Whereas the reduction of hydroxylamine into amine is known to happen in strong
acidic medium, no peak corresponding to this reduction process (Eg. (4)) was observed on the
voltammogram, probably hidden by hydrogen evolution occurring at low negative potentials
on glassy carbon electrode in acidic medium [35].
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3.1.2 Electroreduction of DMZ at different pH

Electrochemical reduction of DMZ is a complex process; indeed, the mechanism of nitro group
reduction depends on the nature of the electrode and the medium (solvents, supporting
electrolyte and pH) [36]. Cyclic voltammetry was used to investigate the effect of pH on the
electrochemical reduction of DMZ (100 mg L) on a glassy carbon electrode. As presented in
Fig. 2, when the initial pH increased from 0.3 (0.5 M H2SQO4) to 3 by adding NaOH solution,
the reduction potential of DMZ decreased from -0.35 to -0.55 V/SCE. This is consistent with
the mechanism of reduction of the nitro group into hydroxylamine (Eqg. (3)) involving four
protons and four electrons (-60 mV/pH). However, a decrease of the peak was observed at pH
3, which can be attributed to a poor solubility of DMZ in this medium [37].

3.2 Direct electrolysis of DMZ



Direct electrolysis of DMZ (100 mg L) was carried out in acidic medium H2SO4 (0.5 M) in a
flow electrochemical cell, at a flow rate of 1 mL minL. The media was constantly saturated with
argon to avoid any influence of the dissolved oxygen. To minimize the formation of amine (and
then the formation of azo dimer) usually occurring at the potential of hydrogen evolution, a low

negative potential (-0.45 V/SCE) was considered.

3.2.1 DMZ degradation

After a single pass through the flow cell, electrolyzed solution was analyzed by UPLC to
measure the residual concentration of DMZ. UPLC analysis showed a disappearance of DMZ
(conversion yield = 99.5%). To examine by-products formation, the electrolyzed solution was
also analyzed by UPLC-MS/MS, showing the presence of five main by-products. Two of them
could not be identified, at 0.77 min (MH* 172) and at 1.1 min (MH* 100); while the three others,
namely at 0.63 min (MH* 112), 1.36 min (MH* 219), and 0.87 (MH* 235) were identified. The
first one corresponded to the protonated amine 2 and the two others to azo (MH* 219) and azoxy
(MH™ 235) dimers 3 and 4, as shown in Scheme 2.
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Scheme 2. Chemical structures of identified degradation by-products

Thus, a potential of -0.45 V/SCE for the reduction of DMZ did not totally prevent at pH = 0.3

the formation of the amine and so of the azo dimer 3.

Direct electrolysis of DMZ (100 mg L) was also investigated in acidic medium H2SO4 (0.5
M) at less negative potential (-0.3 V/SCE). Analysis by UPLC showed a low conversion yield
(76.09%) and UPLC-MS/MS indicate that the formation of amine 2 and azo dimer 3 still

occurred.

3.2.2 Biodegradability evaluation

In order to assess the biodegradability of both DMZ (100 mg L) and its electrolyzed solutions,
BODs and COD values were measured. An effluent can be considered as easily biodegradable
if its BODs/COD ratio exceeds 0.4 [36]. As presented in Table 2, this ratio increased from 0.13
before electrolysis to 0.24 after electrolysis, showing an increase of the effluent’s
biodegradability. Even if the limit of biodegradability was not reached, its increase indicated

that a biological treatment after the electrochemical reduction could be envisaged.



3.3 Indirect electroreduction of dimetridazole

Indirect electroreduction of dimetridazole was performed with a titanocene complex used as
catalyst. Indeed, titanocene dichloride is known to undergo spontaneous hydrolysis in acidic
medium giving rise to the oxidized form of the catalyst (CsHs),Ti(OH.)2?* [38, 39]. It can then

be electrochemically reduced into its active form (CsHs).Ti(OH2)2" (Eq. (5)).

(CsHs)oTi(OH,)2" + &= (5)

(CsHs)2Ti(OHo),™

(CsHs)2Ti(OHy).2* is able to perform a six-electron reduction of nitro compounds without the

formation of a hydroxylamine intermediate as occurring in direct cathodic reduction (Eqg. (6)).

6(CsH5),Ti(OH,)," + RNO, +7HY  — > 6(CsH5),Ti(OH,),2" +RNH5* +2H,0 (6)

3.3.1 Catalytic activity of titanium complex at different pH

In the presence of the titanocene complex, a competition between direct and indirect reduction
of DMZ occurred as it can be clearly seen by cyclic voltammetry. Indeed, as presented in Fig.
3a, voltammograms showed a reversible system corresponding to Ti"V""" at -0.45 V/SCE and a
reduction peak of DMZ at -0.3 V/SCE, corresponding to the formation of hydroxylamine. The
catalytic activity of titanocene complex was evidenced by addition of increasing concentrations
of DMZ enhancing the reduction peak while the reverse anodic peak decreased. To check if it
is possible to favour the catalytic reduction over the direct process and so to decrease the amount
of hydroxylamine formed at the electrode, the influence of pH on both reduction processes was
studied. Cyclic voltammetry of titanocene complex in the presence of DMZ was carried out at
increasing pH until 3, since the complex is known to be stable in strong acidic medium (pH <
4), whereas it loses a cyclopentadienyl group at neutral pH [38]. The increase of pH strongly
influenced the reduction potential of DMZ as seen in Fig. 2, but not those of titanocene (Eq.
(5)). Thus, the DMZ reduction peak was shifted in negative potentials close or lower to the
reduction potential of titanocene (Fig. 3 b, ¢, d). Thus, indirect reduction of DMZ should be

favoured at less acidic pH.

3.3.2 Degradation of DMZ by indirect electrolysis
Indirect electrolysis of DMZ (100 mg L) in the presence of titanocene (20 mg L) was carried

out at -0.45 V/SCE in the flow electrochemical cell at pH = 2 to assure a good solubility of



DMZ in the medium and limit direct electrolysis leading to the formation of hydroxylamine
intermediates. A comparison was made with the same experiment performed at pH = 0.3. Flow
rate was fixed at 1 mL min™ and the media was constantly saturated with argon to avoid any
influence of the dissolved oxygen. UPLC analyses showed a total degradation of DMZ after a
single pass through the flow cell for both pH (conversion yield > 99.9%). UPLC-MS/MS
analyses were performed to compare electrolyses performed at pH = 0.3 and 2 and showed the
presence of the same five by-products previously observed for direct electrolysis (Fig. 4). Thus,

a competition reaction with direct electrolysis occurred at both pH.
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However, the selectivity of the reduction of DMZ in the presence of titanocene dichloride at
pH = 2 was clearly highlighted by comparison of the peak intensity corresponding to the
protonated amine (MH" 112) (Fig. 4 a). Indeed, the high intensity of the peak at pH = 2
evidenced the effect of pH on the selectivity of the reaction favouring indirect electrolysis over
direct reduction.

However, a competition with direct electrolysis still occurred at pH=2, as shown by the presence
of azo (MH* 219) and azoxy (MH* 235) derivatives. Comparison with indirect electrolysis
performed at pH 0.3 seems to show a slight decrease of the amount of azoxy compounds (Fig.
4 ¢), due to less hydroxylamine intermediate in the solution (Eq. (2)) and a slight increase of
the amount of azo derivative (Fig. 4 b), probably due to the high amount of amine in the medium
(Ea. (1))

3.3.3 Biological treatment
In order to confirm the effectiveness of the electrochemical reduction prior a biological
treatment, activated sludge culture of pure DMZ (100 mg L) and electrolyzed solutions in the

absence and in the presence of titanocene (20 mg L) at pH 0.3 and 2 were performed.



The first step of a biological treatment consists to check for possible biosorption on activated
sludge. Since biosorption is a rapid phenomenon, it can be observed during few hours. Thus,
measurements of the residual concentration of DMZ were monitored during the first 4 hours of

activated sludge culture.

As displayed in Fig. 5, the disappearance of DMZ remained low (it did not exceed

10% removal), showing that DMZ was only slightly biosorbed on activated sludge.

Biological treatment was then carried out by means of activated sludge in which TOC were
monitored during 19 days. Evolution of TOC values of non-pre-treated and pre-treated solution
is displayed in Fig. 6. For DMZ solution, a low mineralization yield in the first days of culture
was observed until day 13 (around 10 %), due probably to biosorption. During this steady phase,
an acclimation period of microorganisms to DMZ occurs, since DMZ is the only available
carbon source. From day 13 to the end of culture, 20% of organic carbon was mineralized,

showing an assimilation of a part of the pollutant.

In contrast to non-pre-treated DMZ, an improvement of the mineralization yields
was clearly observed during the biological treatment of the electrolyzed solutions, confirming

the relevance of the electroreduction pretreatment of dimetridazole prior to a biological process
(Fig. 6).

Evolution of mineralization showed an important increase until day 5 for direct electrolysis
(41.5% = 0.5 mineralization yield) and indirect electrolysis; this illustrated a readily
assimilation of some of the degradation by-products. No significant increase was observed from
day 5 until day 13; this period seems to correspond to an acclimation of microorganisms to the
most refractory DMZ by-products as in the case of pure DMZ. From day 13 to the end of culture
an important increase in mineralization yields was observed. Thus, 75.8 £ 0.1% and 77.1 £
0.4% decrease of the TOC were recorded for indirect electrolysis at pH = 2 and pH = 0.3,
respectively and 81.2 + 0.1% for direct electrolysis, showing a good assimilation of the reduced
by-products by microorganisms. Thus, whereas indirect electrolysis performed at pH 2 was
more selective to the formation of the amino derivative than at pH 0.3, the biodegradability of
both electrolyzed solutions was similar. Mineralization yields of indirect and direct electrolysis
after 19 days were also analogous. However, if the contribution of titanocene (carbon content:
48.2%), which was most likely biorecalcitrant, was not taken into account in the TOC amount,

mineralization yields for indirect electrolysis would be most certainly significantly higher. The



biorecalcitrance of titanocene, even after 20 days of activated sludge culture, should be checked

to confirm this assumption and hence to determine the actual mineralization yields.

4. Conclusions

In this work, the feasibility of coupling an electroreduction pretreatment prior to a biological
process for the removal of dimetridazole was investigated. Direct electrolysis was first carried
out at low potential to minimize the formation of amino derivatives and then the formation of
azo dimer. A total degradation of dimetridazole was obtained (conversion yield = 99.5%) and
the BODs/COD ratio increased from 0.13 to 0.24. Indirect electrolysis was then investigated at
various pH to favour the formation of amino compounds over hydroxylamines and then to
prevent the formation of azo and azoxy dimers. Although UPLC-MS/MS analyses showed the
presence of dimers for all electrolyzed solutions, a higher selectivity to the formation of the
amino compound was clearly evidenced for indirect electrolyses performed at pH 2. The
enhancement of the biodegradability was clearly shown during the biological treatment, since
mineralization yields of all electrolyzed solutions increased significantly. 81% of the total
organic carbon TOC was removed in direct electrolysis, and indirect electrolyses led to 75.8%
and 77.1% mineralization yields at pH = 2 and pH = 0.3, respectively. However, the actual
mineralization yields should be most certainly significantly higher if the contribution of
titanocene, which is probably biorecalcitrant, is not taken into account in the TOC amount.
Thus, the immobilization of the catalyst on the surface will be considered in further work to

avoid this bias and hence to improve the total mineralization yield.
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Fig. 2. Voltammograms of a DMZ solution (100 mg L) in H,SO4 at pH=0.3, 1, 2, 3 on a glassy carbon electrode

(7 mm?), under argon atmosphere. Scan rate: 100 mV s™.
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Fig. 5. Time-course of degradation during biosorption on activated sludge (0.5 g L) of DMZ solution
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Table 1
Physico-chemical properties of dimetridazole (DMZ).
Structure
R
O2N™ N
1 |
Molecular Formula CsH7N3O;
Mw (g mol?) 141.13
Sw(mol L) 0.062
PK 2.81

In recent years, electrochemical oxidation/reduction of recalcitrant pollutants coupled to
biological treatment has been considered as an alternative process. These former techniques
rarely lead to a total mineralisation, which is particularly interesting for a coupling with a
biological treatment. Several studies reported the efficiency of these electrochemical pre-
treatment for the removal of recalcitrant molecules such as phosmet an organophosphorous
insecticide [25], a chlorinated phenoxy herbicide 2,4-dichlorophenoxyacetic acid [26] and

extensively used antibiotics such as sulfamethazine [27] and tetracycline [28].



More recently, the coupling of an electrochemical reduction process (direct/indirect) with a
biological treatment has been reported for the removal of metronidazole, a nitroimidazole
antibiotic of the same family as dimetridazole [29]. These compounds contain nitro groups,
which are known to reduce the biodegradability of the molecule [30]. The reduction of nitro
groups into amino compounds should increase the biodegradability allowing a rapid and
efficient biological treatment. However, direct electrochemical reduction of NO2 is known to
go through hydroxylamine intermediates responsible for the formation of azo and azoxy dimers
by reaction with their amino (Scheme 1, Equation 1) and nitroso (Scheme 1, Equation 2)

derivatives, respectively [29].

RNH, + RNHOH —— RN=NR' (1)
02 L}
RNHOH —2»> RNO

+
RNO + RNHOH ——= RI=NR 0 @)
I8

Scheme 1. Formation of azo and azoxy dimers

Indirect electrochemical reduction of metronidazole [31] has been investigated in the presence
of titanocene dichloride ((CsHs)2TiCl2), known as catalyst for the selective reduction of nitro
groups into amino compounds. Titanium complex allowed a reduction process at less cathodic
potential and could offer higher selectivity than direct electrolysis, decreasing the amount of
by-products due to the formation of hydroxylamine intermediates. Thus indirect electrolysis
coupled with a biological treatment led to an improvement of biodegradability, since 85% of
the total organic carbon was removed, underlining the interest of the NO2 reduction to improve
biodegradability [29]. However, the formation of dimers due to a competition reaction with

direct electrolysis still occurred that prevented total mineralization.

In this work, the method was extended to dimetridazole with the aim to reduce the nitro
derivative into more biodegradable by-products before implementing a biological process. The
intention was to reduce the formation of azo and/or azoxy dimers and evaluate the
biodegradability of such electrolyzed solutions. For this purpose, two different ways were
investigated i) A direct electrochemical reduction carried out at low potentials to avoid the
formation of amino derivatives and then the formation of azo dimer. ii) An indirect
electrochemical reduction performed at different pH to favour the formation of amino

compounds over hydroxylamines in order to prevent the formation of azo and azoxy dimers.



For both direct and indirect electrolyses, by-products were identified and biodegradability was

determined.

2. Materials and methods

2.2 Chemicals and materials

Dimetridazole (DMZ - purity > 97%) and titanocene dichloride (CsHs).TiCl, were obtained
from TCI (Tokyo Chemical Industry). H2SO4 (purity 95%) was purchased from VWR (Van
Water & Rogers). Graphite felt (Recycled Vein Graphite RVG 4000) was supplied by Mersen
(France). Its specific area measured by the BET (Brunauer, Emett and Teller) method, its

volume density and its carbon content were 0.7 m? g, 0.088 g cm= and 99.9%, respectively.

2.3 Materials for electrochemical pretreatment

Electrochemical pretreatment, in continuous system, was performed in a home-made flow cell
[32]. Two PAPYEX carbon papers supplied by Mersen (France) were interconnected and used
as counter electrode (85 mm x 85 mm). Compartments were separated by cationic exchange
membranes (lonac 3470 — Lanxess SAS, Courbevoie, France). The reference electrode
(saturated calomel electrode — SCE) was positioned in the middle of the graphite felt (48 mm
diameter and 12 mm width) used as working electrode. VersaSTAT3 AMETEK Model
(Princeton Applied Research) potentiostat/galvanostat was used for the potential control. The
solution (100 mg L't DMZ in aqueous acidic medium H,SOa) percolated the porous electrode
at 1 mL min monitored by a Gilson minipuls 3 peristaltic pump (Middleton, W1, USA).

2.4 Biological treatment

Activated sludge used in this study was obtained from a local wastewater treatment plant
(Rennes Beaurade, France). To remove any residual carbon and mineral source, the sludge was
washed five times with tap water and distilled water and centrifuged at 3000 rpm for 10 min.
Cultures were carried out at least in duplicates at 25°C in 500 mL Erlenmeyer flasks containing
250 mL of medium with 0.5 g L™ of activated sludge. The following mineral basis was used
for all experiments (mg L™1): NasHPO4-2H,O, 154.4; KH:PO4, 85, KyHPO4 208,
MgSOQs-7H20, 22.6; CaCls, 27.6; NH4Cl, 75 and FeClz 6H20, 0.26. The pH was then adjusted
to 7.0 with NaOH solution. Samples (3.5 mL) were taken regularly for TOC and HPLC
measurements and filtered on 0.45 um. pH measurements were carried out using a Hanna pH

metre with a combined micro-electrode probe (thermo Spectronic, Rochester, USA).

2.5 Analytical procedure



Table 2.
COD, BODs and biodegradability of DMZ (100 mg L) and electrolyzed solution (E = -0.45 V/SCE, 1 mL min'1)

Sample COD (mg O, L% BODs (mg O, L) BODs/COD

DMZ solution 935 + 21 12.0 = 0.0 0.13 + 0.00
Electrolyzed solution 158.0 = 2.8 385+ 0.7 0.24 = 0.01






