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Abstract

The inefficiency of conventional water treatment methods in the treatment of
recalcitrant herbicides has led to the search for new, efficient and eco-friendly
mechanisms for degrading these organic pollutants. Electrochemical advanced oxidation
processes (EAOP) have emerged as a promising alternative due to their high degree of
efficiency in degrading organic pollutants. This work investigates the removal of
Tebuthiuron (TBH) in synthetic and real wastewater using different EAOPs in a flow-
by reactor. The degradation/mineralization experiments were performed using boron-
doped diamond electrode as anode and gas-diffusion electrode (GDE) as cathode for the
in situ electrogeneration of hydrogen peroxide (H2O2). For the analysis conducted in
synthetic medium, TBH degradation was found to fit well in a pseudo-first-order kinetic
reaction with increasing ki values according to the following order of efficiency: anodic
oxidation (AO, 3.1x10®° s1) < AO with H,0O, generation (AO-H20,, 4.8x10° s?) <
electro-Fenton (EF, 5.9x10° s) < AO-H20,/UVC (2.6x10* s) < photoelectro-Fenton
(PEF, 3.2x10* s1). AO-H,02/UVC and PEF processes presented the highest rates of
mineralization and similar energy consumption per order (~ 45 kwh m= order?). The
degradation experiment conducted using real urban wastewater yielded a 1.7-fold
decrease in TBH degradation kinetics compared to the synthetic medium; this difference
was attributed to the presence of inorganic ions and natural organic matter in real
wastewater which tended to affect the electrochemical system efficiency. The findings
of this study are of great interest and confirm the viability of electrochemical techniques

for treating complex effluents contaminated by herbicides.

Keywords: H20: electrogeneration, electrochemical advanced oxidation processes,

Tebuthiuron, real wastewater treatment, flow-by reactor.
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1 Introduction

Between 1990 and 2018, Brazil was ranked third (~221 tons per year) among the
highest consumers of pesticides in the world [1]. A recent survey revealed that
herbicides account for more than 60% of Brazil’s total pesticides consumption [2]. The
huge consumption of pesticides in the country is primarily related to the fact that Brazil
is one of the leading producers of coffee, orange, corn, sugarcane and soybean in the
world. Sugarcane and soybean cultivations are widely known to be seriously affected by
weeds; and one of the efficient ways of tackling this problem involves the application of
a broad spectrum herbicide such as the 1-(5-tert-butyl-1,3,4-thiadiazol-2-yl)-1,3-
dimethylurea, commercially known as Tebuthiuron (TBH), which belongs to the class
of phenyl urea [3-6]. However, studies published in the literature have shown that TBH
has low absorption rate in the soil and it is extremely persistent in water bodies, in
addition to exhibiting high degree of resistance to chemical and biological degradation
techniques and high rate of toxicity to the aquatic biota [3-7]. These findings have
raised serious concerns among researchers regarding the widespread use of TBH for
weed control and its rampant disposal in the environment and have boosted the search
for efficient degradation mechanisms for the treatment of TBH in wastewater. In this
context, traditional treatment methods have been applied in an effort to degrade TBH in
wastewater and in other water bodies. Owing to its recalcitrant characteristics, other
alternative processes, such as electrochemical advanced oxidation processes (EAOP),
which are mainly employed for the treatment of persistent compounds in environmental
effluents, have also been successfully tested aiming at the degradation of TBH [8-14].

EAOPs are based on in-situ generation of reactive oxygen species such as
hydroxyl radical (*OH); this radical is a strong oxidant (E°(*OH/H20) = 2.8 V/SHE at

pH 0) which has been shown to be capable of degrading and mineralizing a wide range
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of toxic and persistent organic pollutants[15,16]. Among the EAOPs, anodic oxidation
(AO) has been widely employed for the treatment of pollutants because of its simplicity
and high efficiency [17,18]. The efficiency of AO largely depends on the type of anodic
material employed. The underlying fundamentals and principles regarding AO and its
application have been extensively described in the literature [19-23]. The AO process
can be conducted in the presence of electrogenerated hydrogen peroxide (H2O2); this
approach, denoted here by AO-H20», allows the removal of contaminants mainly by the
attack of heterogeneous *OH on the anode surface after water electrolysis (Eq. 1) [24—
26]. Under the AO-H>0; process, H202 can be continuously generated from the two-
electron reduction of injected oxygen gas on carbonaceous cathodes (Eg.2) such as
graphite, carbon sponge, carbon felt, carbon black, carbon nanotubes, and carbon-
poly(tetrafluoroethylene) composite (PTFE) [27-33]. The efficiency of the AO-H,0,
process can be enhanced via the activation of the electrogenerated H.0, by Fe?
(electro-Fenton) (Eq. 3) and/or in the presence of UV-C radiation (Eg. 4), leading to the

generation of homogeneous *OH [34-36].

H,O — *OH + H* + e~ (Eq. 1)
Oz + 2H" + 26~ — H,0 (Eq. 2)
Fe*? + H,0; — Fe™+ OH + «OH (Eq. 3)
H20; + hv — 2 *OH (Eq. 4)

Most of the works that have been published in the literature regarding TBH
removal by EAOPs [8,37-40] were conducted using an electrochemical lab-scale
apparatus with ultrapure water. The treatment of pollutants present in real effluents in
scaled-up systems is a major challenge since the coexistence of different species in real
water matrices can affect the electrochemical treatment technique [41,42]. In the present

work, the treatment of TBH was conducted by mimicking a water sample containing a
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known amount of commercial TBH using different EAOPs in a flow-by reactor. Studies
were conducted to assess the performance of the system in terms of H.O>
electrogeneration, pollutant removal, and electrical energy per order. Inorganic by-
products, such as sulfate, nitrite and chloro-oxyanions present in the real water matrix
and from degradation of THB were quantified. Finally, the viability of the
electrochemical techniques was put to test by depurating real urban wastewater

containing TBH.

2 Experimental
2.1 Chemicals

TBH (CgH16N4sOS MW = 228.31 g mol™?) with 99% purity, acquired from
Supelco (Sigma-Aldrich), was used for constructing the analytical curve for HPLC and
the commercial TBH (Combine 500 SC - Dow AgroSciences Industrial Ltda., Brazil)
was used for conducting the degradation experiments. The following compounds were
used for performing the experiments: iron (1) sulfate heptahydrate (FeSO4.7H.0),
sulfate potassium (K2SOs), sulfuric acid (H2SO4), ammonium molybdate
((NH4)sM07024), acetonitrile (CH3CN) (all with high purity, purchased from Vetec).
Poly(tetrafluoroethylene) (PTFE) hydrophobic binder (60% aqueous dispersion) -
purchased from Dupont (USA), was used in the experiments. Ultrapure water obtained
from a Milli-Q system (resistivity >18 MQ cm) was used for preparing all the solutions.
All other reagents used for the experimental analyses were of analytical or HPLC grade

(the reagents were acquired from Sigma-Aldrich).

2.2 Electrochemical assays
The experiments were carried out in a flow-by reactor, operating as shown in

Figure 1. The analytical solutions flowed through the reaction system, starting from the
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tank (with a capacity of ~2.0 L) and moving to the electrochemical cell, then to the UV-
C light system, and moving back to the tank. The hydraulic pump supplied a flow of 50
L h, which was controlled by a flow meter. The flow rate operated in a laminar flow
(Reynolds number of ~600) [43]. A boron-doped diamond (BDD) material and gas
diffusion electrode (GDE) were used as anode and cathode, respectively; the electrodes
covered a geometric area of 20 cm?, with inter-electrode gap of 0.8 cm. The GDE was
prepared as described in refs. [43,44]. The catalytic mass used in the electrodes was
prepared by mixing carbon black (Printex L6 carbon from Evonik), which was
previously thermally activated for 24 h at 120 °C, with 40 % (w/w) of PTFE aqueous
dispersion. Before the electrolysis, the electrodes were polarized in 0.1 mol L™ K2SO4
at current density of 75 mA cm2 for 30 min in order to remove impurities from the
BDD surface and to activate the GDE.

The electrolysis was performed using a DC power supply FA-2030 coupled to
an ampere meter ITMDB 100 ampere and a voltmeter MDB-450 (all acquired from
Instrutherm). Different current densities (j, 10 to 125 mA cm?) were employed in order
to evaluate the accumulation of H,O> in the reactor. Degradation experiments were
conducted using different EAOPs aiming at degrading 100 mg L TBH in both
synthetic wastewater and real urban wastewater. The urban wastewater was collected
after aerobic / anaerobic bacterial treatment from a wastewater treatment plant (WWTP)
in the city of Bariri, S&o Paulo State (Brazil), and kept refrigerated at 4 °C. The main
characteristics of the effluent were summarized in table 1.

Photo-assisted experiments were carried out under ultraviolet irradiation using a
UV-C Hg lamp from PHILIPS (model: TUV 15/G15 T8) that provided 64 Wm™ of
irradiance. For the EF and photo EF (PEF) processes, different concentrations of Fe?*

(0.1, 0.25 and 1.0 mmol L) were tested to determine the ideal quantity of this catalyst.
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Table 1. Characteristics of the real urban wastewater.

pH 7.70
Conductivity 2.10 mS cm™
Total organic carbon 10.32mg C L*
Ammonia 5.81mgL*
Calcium 30.94 mg L*
Magnesium 6.07mg L*
Potassium 15.54 mg L1
Sodium 90.68 mg L*
Chloride 53.62mg L
Nitrate 8.67 mg L*
Nitrite 0.98 mg L
Sulfate 20.43mg L*

2.3 Analytical techniques

The pH of the solutions was adjusted to ~ 3.0 using a pH-meter ION pHB500.
The electrogenerated H2O> was quantified by UV-Vis spectrophotometry (Shimadzu
UV-1900), where 0.5 mL of the sample was placed in 4 mL of ammonium molybdate
solution (2.4x10° mol L). This approach was adopted due to the ability of molybdate
to form a colored complex with H20. (which presents absorption band in the UV-Vis
region at 350 nm) [45]. The percentage of current efficiency (CE) and the electric
energy consumption (EC) were calculated using the H2O> values and based on

equations 5 and 6 below:

CE,0, (%) = 120275 5 10 (Eq. 5)
EC (kWhkg™!) = 2202EL (Eq. 6)
Vs Chz02

where 2 corresponds to the number of electrons needed for the reduction of Oz to

H20,, F is the Faraday constant (96,487 C mol™), Chz02 is the H20, concentration (mol
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L for CE and mg L* for EC), Vs is the volume cell in L, 1 is the applied current in A, t
is the electrolysis time (s for CE and h for EC), and E is the cell potential in \V [46,47].
Degradation  reactions were monitored by High Performance Liquid
Chromatography (HPLC) using Shimadzu Prominence HPLC model LC-20 AT coupled
to an SPD-20A UV detector at 249 nm. The separation was performed using a Varian
C18 column (250 x 4.6 mm i.d., 5um) and an isocratic mobile phase, which consisted of
ultrapure water: acetonitrile (in the ratio 70:30%), with flow rate of 0.8 mL min* and
retention time of 11.3 minutes for TBH. The oven temperature of 40 °C and injection
volume of 20 puL were employed. The mineralization rate was monitored by total
organic carbon (TOC) using Shimadzu TOC analyzer (model TOC-VCPN). All samples
collected were filtered with a Chromafil Xtra PET 25 mm (diameter) x 0.45 pum (pore
size) syringe filter before using them for the HPLC and TOC analyses. The percentages

of TBH removal and TOC removal were calculated based on equations 7 and 8 below:

TBHy—TBH

TBH removal (%) = — g X100 (Eq. 7)
0

TOC removal (%) = ~-2—= x 100 (Eq. 8)
0

where TBHo and TOC, represent the concentration values of TBH and TOC at time
0, and TBH and TOC stand for the concentration values of TBH and TOC at a specific
time t.

Inorganic species were detected with the aid of an lon Chromatography system
model 850 Professional IC ion chromatograph coupled to a 940 Professional IC module
(Metrohm) with a 580 IC Conductimetric Detector. A sample of 20 puLL was injected via
an 863 Compact Autosampler. A Metrosep C4 column (150 mm/4.0 mm) and Metrosep
C4 Guardian/4.0 pre-column were used for the determination of cations, while a
Metrosep A Supp 5 column (150 mm/4.0 mm) and Metrosep A Supp 5 Guardian/4.0

pre-column were used for anions determination. The mobile phases employed were 1.7
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mmol L't HNO3/0.7 mmol L dipicolinic acid solution and 3.2 mmol L™ Na,C0Os3/1.0
mmol L* NaHCOs, both applied at 0.90 and 0.70 mL min for the analyses of cations

and anions, respectively.

Spacer GDE

x

Flow Out «—

BDD « —— - :l;_of |
S 0.2 kgt enmr

Flow In —

Figure 1. Illustrative scheme of the electrochemical flow-by reactor. The scheme shows
the following: presence of ~ 2.0 L capacity tank (1), hydraulic pump (2), flow meter (3),

electrochemical cell (4), and UV light compartment (5).

3 Results and discussion
3.1 H202 accumulation in the flow-by reactor

Different current densities (j) were tested in order to evaluate the ability of the
reactor to generate and accumulate H,O,. To conduct this analysis, 0.1mol L™! K>SO
(with pH 3.0) was used as supporting electrolyte and the reactor temperature was kept
constant at 25 °C. As can be seen in Fig. 2, after 120 min of electrolysis, there was a

gradual increase in H2O> concentration over time with maximum concentrations of 87.8,



196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

249.2, 484.4, 540.8 mg L recorded for 10, 25, 50 and 75 mA cm current densities,
respectively. However, between 100 and 125 mA cm?, there was a decrease in the

accumulation of the H.O2 from 327.5 and 187.2 mg L.
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Figure 2. Quantity of H2O. accumulated over time in a flow-by reactor at pH 3.0, with

temperature of 25 °C, based on the application of 0.1 mol L! K2SO4 under the following
current densities: (M) 10 mA cm™, (A) 25 mA cm2, (M) 50 mA cm?, (®) 75 mA cm?,

(¥) 100 mA cm? and (®) 125 mA cm,

In general, a greater H2O. accumulation is expected as the current density (j)
increases once a greater number of electrons will be available in the system. However,
the progressive increase of j leads to a higher rate of parasitic reactions in the system.
H20: is not inert in solution; it can be decomposed by oxidation on the surface of the
BDD material (Eg. 9) and reduced to H20 at the cathode (Eqg. 10) [28,31].

BDD+ H,0; — BDD(HO2*) + H" + e~ (Eq. 9)

H202 + 2H* + 2¢" — 2H20 (Eq. 10)

10
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This behavior has been reported by other authors in studies involving the use of lab
scale and pre-pilot plant setup [48-50]. The current efficiency data obtained corroborate
this observation. As can be seen in Fig 3, the CE exhibited a quite constant behavior (62
- 70%) up to the current density of 50 mA cm2; however, after the current density of 75
mA cm?, the CE began to fall dramatically, recording the lowest value (of 10.67%) at
125 mA cm. In contrast, the data related to energy consumption recorded a smooth rise
to 34.7 kWh kg H20, up to the current density of 100 mA cm and an intense rise to
190.3 kW h at the current density of 125 mA cm.

Despite the best current efficiency of H,O, was observed at 50 mA cm, the
current density of 75 mA cm? was selected to be tested for TBH treatment, since it
presented the best result in terms of H2O> electrogeneration. It is worth noting that the
current density (j) is an electrokinetic factor which controls the number of electrons
available in the reactor; and even though a decrease in current efficiency is observed
when this factor (j) increases from 50 to 75 mA cm (see Fig 3), the presence of a
greater number of oxidants at the anode (mostly heterogenous *OH) helps enhance the

synergistic effect related to the pollutant removal.

11
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Figure 3. Current efficiency and energy consumption vs. different current densities for
electrogeneration of H>O».

3.2 TBH degradation and mineralization using EAOPs

For purposes of comparison, synthetic effluent containing 100 mg L™ (48 mg L™
TOC) of commercial TBH was subjected to treatment using different EAOPs with BDD
anode and GDE cathode at 25 °C and pH 3.0 in a flow-by reactor. Figure 4a depicts the
percentage of TBH removed over time; as can be noted in the figure, the pollutant was
degraded in all the treatment processes employed. After 120 min of treatment, AO, AO-
H.O. and EF processes promoted 22.4%, 27.6% and 32.7% of TBH removal,
respectively. Photo-assisted processes (AO-H.0./UVC and PEF) presented almost total
degradation under identical operating conditions. The removal of TBH fitted well in a
pseudo-first-order kinetic model. The efficiency of the EAOPs investigated was
compared in terms of TBH kinetics, TOC removal and energy consumption per order
(Fig, 5a and 5b). Fig. 5a shows that the processes with lower TBH degradation kinetic
constants also recorded lower TOC removal rates. The values related to k; and TOC

removal increased in the following order: AO (3.1x10° s — R?=0.987, 11.4%), AO-

12
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H,02 (4.8x10°s? — R?=0.996, 12.3%), EF (5.9x10°s — R?=0.989, 14.7%), AO-
H,02/UV (2.6x10* s — R?=0.993, 21.8%) and PEF (3.2x10™* s — R?=0.991, 30.1%).
An 8.1-fold increase was observed from the process with the lowest TBH removal to the
highest. This behavior was found to be dependent on the oxidative power of each
process. In the AO process (using BDD anode), water electrolysis promoted the
generation of large amounts of physisorbed *OH (Eqg. 1), and this paved the way for
TBH degradation. The application of the AO-H20> process led to the removal of the
pollutant mainly by the attack of BDD(®*OH) radicals, and to a lesser extent, by the
action of H202 and hydroperoxyl radical (Eq. 9, HO2¢), which are considered relatively
weak oxidants [46].

The efficiency of the AO-H,O> process was slightly improved by the
incorporation of the homogeneous Fe?* catalyst in the medium; this is attributed to the
fact that the catalyst promotes the generation of homogeneous *OH radicals from
Fenton reaction (Eq. 3) and the continuous regeneration of Fe?* by Fe®" reduction at the
cathode [24,51]. It is noteworthy, however, that this last reaction may be limited since
the Fe** may form complexes with TBH, leading to a slight increase in the pollutant
removal, as already noted by Gozzi et al. (2017) [8]. On the other hand a greater amount
of catalyst does not mean an increase in reaction 3, in many cases of Fe?* in the solution
can become a scavenger of *OH [15, 46], indeed the best amount of catalyst found was

0.1 mmol Lt of Fe?* (data not shown).

13
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Figure 4. (a) TBH removal and (b) kinetic analysis based on pseudo-first order reaction
over time under different EAOPs using 0.1 mol L™ K;SO4 at pH = 3.0. EAOPs: (V)

AO, (%) AO-H20,0, (V) EF, (l) AO-H,02/UVC and (®) PEF.

Herbicides are commonly regarded as photo-stable compounds. The high
degradation kinetics of TBH observed in the AO-H20,/UVC and PEF processes can be
attributed to the synergistic effect of UV-C light which promotes the extra generation of
*OH in the bulk solution through the photolysis of H2O. (Eqg. 11). As can be noted in

Fig. 4a, when applied solely, the UVC light does not have great potential for TBH

14
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removal (~5.3%); the effect of UVC light is boosted by the addition of H>O> to the
system (with 87.9% and 94.5%, for AO-H.02/UVC and PEF processes, respectively).

H20; + hv — 2 *OH (Eq.11)

Apart from the analyses involving the determination of TBH and TOC removal,

the figures of merit, including the electrical energy per order (E/EO) (Eq. 12) and

mineralization current efficiency (MCE) (Eq. 13), were determined in order to have a

better understanding of the viability of the different processes investigated in this study.

See equations 12 and 13 below:

_ 6.39xX107*(Pcoy+ Pramp)

E/EO(kWhm™3order™1) T
sht1

(Eq.12)

where 6.39x10* is a conversion factor (1 h/3600 s/0.4343), Pcenn and Piamp are
the average power of the electrochemical cell and UVC lamp (this is calculated only for
the photo-assisted processes), respectively, and ki is the pseudo-first order rate constant

() [46,52].

NFVSA(TOC) exp
4.32x107 mlIt

MCE (%) = X 100 (Eq.13)

where F is faraday constant (96,487 C mol?), 4.32x107 is the conversion factor
(3,600 s h™! x 12,000 mg C mol™), Vs corresponds to the treated volume of the solution
(L), m is the number of carbon atoms of TBH molecule (m = 9), n is the number of
theoretical electrons transferred considering the total mineralization of TBH by equation
14 (see below), I is the current (A), and t is the electrolysis time (h) [8].
CoH16N40S + 33 H20 — 9CO2 + 4NO3™ + SO2 + 82 H* + 76 &~ (Eq.14)
As can be observed in Figure 5b, there is a reverse trend between TOC removal and
E/EO; higher TOC removal corresponded to lower E/EO. The AO, AO-H.O and EF
processes recorded E/EO values of 143.9, 121.5 and 106.8 kWh m™ order?,

respectively, with current efficiencies ranging from 4.2 to 5.3%. The photo-assisted

15



300 processes recorded E/EO values of approximately 45 kwWh m= order?, with current
301 efficiencies ranging from 16.5% to 17.9% for AO-H202/UVC and PEF, respectively.
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Based on these results, the AO-H202/UVC and PEF processes were found to be
the most suitable techniques for the treatment of solutions containing TBH.
Nevertheless, PEF was found to have some non-negligible shortcomings; the process
requires the strict application of pH 3.0 and may lead to the formation of Fe(lll)-TBH
complex. In this sense, AO-H.0>/UVC is found to be remarkably outstanding in the
sense that it can be used under a wide pH range. Thus, the AO-H20./UVC process was
evaluated under a treatment period of 360 min (Fig. 6); the process resulted in an almost
total mineralization (~95%) of TBH. The CE of mineralization (MCE) varied from 30%
to 16%; this decrease in MCE (from 30% to 16%) can be justified by the appearance of
recalcitrant substances throughout the process which were found to be more difficult to

eliminate than the initial compound [53].

100

(o]
o
\

o2}
o
\

TOC removal (%)
N
o

N
o
I

1 1 1 I 1 1
0 80 120 180 240 300 380 420
‘ timF (min)

|
60 120 180 240 300 360 420
time (min)

Figure 6. TOC removal vs. electrolysis time for the treatment of 100 mg L™ of TBH in
a flow-by reactor at pH 3.0, with temperature of 25 °C, using 0.1 mol L K2SO4 and
current density (j) of 75 mA c¢cm under AO-H,02/UVC. Inset: Current efficiency over

time.

17



322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

An investigation was also conducted regarding the conversion of initial S and N
present in the TBH molecule to inorganic species, such as SOs% and NOs~. The
conversion process yielded SO4* concentration of 37.5 mg L; this concentration was
related to the almost complete conversion of the initial S (14.1 mg L) to SO4*. With
regard to the nitrogenated species (N), a final concentration of 43.3 mg L™* NOs~ ions
(~10.5 mg L N-NO3") was obtained; this amount corresponded to 42.7 % of the initial
N content (24.6 mg L™). Other nitrogenated species like NOz~ and NH4* were not
detected; this shows that about 57.3 % of the initial N was lost from the solution in the

form of N-volatile species, such as N2 and NOx [8,18].

3.3 TBH treatment in real urban wastewater

The water matrix plays an influential role on the efficiency of electrochemical
technologies. To further investigate the feasibility of EAOPs, real wastewater
containing 100 mg L™* TBH was subjected to treatment in a flow-by reactor using the
AO-H202/UVC technique. Fig 7a shows total TBH removal after 240 min of
electrolysis under the application of pH 3.0 and current density of 75 mA cm2. Under
the treatment with real wastewater, the ki value recorded a 1.7-fold decrease compared
to the treatment with synthetic wastewater (2.60x10* st — 1.55x10* s) and E/EO of
54 kWh m= order. It is worth noting that the actual effluent had approximately 10 mg
L of natural organic matter (NOM) in its initial composition due to the presence of
some acids such as humic and fulvic acids. Reports in the literature have shown that
NOM may act as scavenger of *OH radicals [48]. Apart from NOM, the CI- present in
the water matrix can affect the performance of the system, since the species can be
oxidized into active chlorine species (HCIO (E° = 1.49 V|SHE) is the predominant
oxidant at pH 3.0) on the BDD surface based on the reactions in equations 15 and 16

[54-56]. Thus, one needs to bear in mind that in real matrices the *OH radicals are not

18



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

the only oxidants responsible for the removal of TBH, active chlorine species also play

a role in the treatment process.

2CI- — Cly + 2 (Eq.15)

Cl, + H,O0 5 HCIO + CI- + H* (Eq.16)

When it comes to complex water matrices, one cannot consider the rate of
degradation as the only parameter for evaluating the effectiveness of electrochemical
techniques. TOC can be useful for analyzing the mineralization of recalcitrant
compounds. Fig 7b shows that approximately 78% of the initial organic matter (58 mg
Lt TOC, including NOM and TBH) was mineralized at the end of 360 min of
treatment. This result points to a relatively lower rate of mineralization and MCE
compared to the result obtained from the experiment conducted using synthetic
wastewater. The presence of chloride species can improve the efficiency of the system
by increasing the number of oxidants in the medium — active chlorine. However, an
excess of chloride in the system may act as a scavenger of hydroxyl radicals or promote

the formation of hazardous organochlorine compounds.

The chloro oxyanions and inorganic nitrogenous compounds were also monitored
in this study; the results are shown in Fig 7c. A complete ammonium removal was
observed at the end of the treatment process. Indeed, NH4" can react with active
chlorine species, leading to the formation of N2 gas [54]. For the NO3z~, a maximum
accumulation of 21.3 mg L™ was observed; and part of this compound was reduced to
NO~ - with concentration of approximately 1.20 mg L [57]. Active chlorine species
can be oxidized to chlorite (ClO2"), chlorate (ClOs") and perchlorate (ClO47) [19]. Final

concentrations of 7.30 mg L' and 3.60 mg L we detect for ClIO2~ and ClOs,
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urban real wastewater using a flow-by reactor at pH 3.0, with temperature of 25 °C and
current density (j) of 75 mA cm via AO-H202/UVC. (a) TBH removal. Inset: Kinetic
analysis based on pseudo-first order reaction. (b) TOC removal. Inset: Percentage

current efficiency. (c) Inorganic species identified at the end of the process.

4 Conclusions

The present work studied the degradation of TBH in both synthetic and real
urban wastewater using EAOPs-H.O. with a flow-by reactor. Based on the results
obtained, the maximum amount of H,O> electrogenerated was 540.8 mg L at 75 mA
cm?; these conditions were applied in the degradation tests. AO and AO-H.0:
processes demonstrated low efficiency in terms of TBH removal (22.4-27.5%).
Electrochemical Fenton-based processes presented some non-negligible shortcomings
related to the formation of Fe(ll1)-TBH complexes. The AO-H20./UVC process was
found to be the most effective technique for TBH removal; this technique presented fast
kinetic degradation, high mineralization rate (~95%) and a great degree of versatility
once it can be applied under a wide pH range. Furthermore, the application of the AO-
H20./UVC process promoted a 100% satisfactory removal of TBH from real urban
wastewater; nonetheless, the formation of organochlorine compounds in this process
undermined the overall mineralization process. Based on the findings of this study, the
electrochemical treatment processes tested here can be considered highly competitive
for application toward the treatment of compounds of interest in real matrices in the

near future.
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