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a  b  s  t  r  a  c  t

A  hybrid  electrochemical  and  photochemical  (HEP)  process  was  used  to oxidize  and  mineralize  the  her-
bicide  tebuthiuron  (TBT),  which  is a potential  contaminant  of  ground  water,  using a  DSA® anode  and
UVC  light.  The  electrochemical  and  photochemical  experiments  were  carried  out  in flow  reactors  and
the  investigated  variables  were:  i) power  of  the  Hg  lamp  (5,  9, 80,  and  125  W),  ii)  solution  pH  (3,  7,  11,
and  no  control),  iii) NaCl  concentration  (0, 1, 2, and  4 g L−1), and  iv) electric  current  density (10,  20,  and
30  mA  cm−2).  The  performance  of the  oxidation  and  mineralization  process  of  TBT  and  its  intermedi-
ates  was  assessed  by  high  performance  liquid  chromatography  coupled  to  mass  spectrometry  and  total
organic  carbon  analyses.  The  use  of  a 9 W  Hg  lamp  led to complete  oxidation  and  mineralization  of  TBT,
and  its  intermediate  compounds,  from  acidic  to neutral  solutions,  independently  of  the  applied  electric
current  density,  and  with increasing  NaCl  concentration.  High  CO2 conversions  were  obtained  using  the
HEP  process,  as the  generated  intermediates  (including  an  organochlorine)  were  completely  eliminated.

TBT  removal  rates  similar  to  those  of an  electrochemical  experiment  using  a  boron-doped  diamond  anode
were  attained  using  the  HEP  process,  but with  higher  energy  consumption;  however,  chlorinated  car-
boxylic  acids  were  no  longer  present  in  the  final  treatment  stages.  The  HEP  process  could  be regarded  as
an advanced  oxidation  process,  being  an  interesting  option  to  treat  effluents  contaminated  with  organics
if  a proper  optimization  of  the UVC  lamp  is  done.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Surface water contamination by distinct synthetic organic com-
ounds (SOC) has become one of the most important problems

n this century, because of the SOC recalcitrance towards removal
y microorganisms and the increasing scarcity of easily available
urface water [1]. A large number of papers have reported on the
etection, through liquid chromatography coupled to mass spec-
rometry [2], of many different classes of SOC in surface water [3],
ven after treatment at municipal wastewater treatment plants,
uch as: herbicides, antibiotics, personal care products, and so on
4,5]. In the environment, such compounds can cause severe dam-
ge to aquatic and human lives [6], and thus their effects need
urther investigation. Consequently, there is the necessity to ade-

uately treat effluents, using distinct methods or their combination
7], before disposal in the environment.

∗ Corresponding author.
E-mail address: jmaquino@ufscar.br (J.M. Aquino).

ttp://dx.doi.org/10.1016/j.apcatb.2016.07.003
926-3373/© 2016 Elsevier B.V. All rights reserved.
A large number of methods to treat effluents containing organic
compounds have been described in the literature [8]. The choice
of a certain treatment method usually depends on the physical
chemical characteristics of the effluent that will be treated [7].
Among those methods, the electrochemical one is the choice when
adequate levels of dissolved organic load [9] and conductivity are
present in the effluent. The main drawback of electrochemical
technology is the use of electrical energy; however, the efficiency
of organic compound removal to the electrical energy consumed
can be optimized by the choice of adequate electrode materials
[10], as well as the combination with another treatment method
[11]. Among the available electrode materials, boron-doped dia-
mond has been extensively used to detect many different kinds
of organic compounds [12] and treat effluents contaminated with
SOC [13], due to the quasi free hydroxyl radicals (HO•) produced
from water discharge [14]; however, there are some operational
problems associated with this anode, such as the BDD film stabil-

−
ity during electrooxidation in the presence of chloride ions (Cl )
[15,16]. On the other hand, dimensionally stable anodes (DSA®)
are electrochemically stable and commercially available [17]. These
anodes are mainly used in the presence of Cl− (with an interest-

dx.doi.org/10.1016/j.apcatb.2016.07.003
http://www.sciencedirect.com/science/journal/09263373
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ng exception [18]) to produce active chlorine oxidants (Cl2, HOCl,
nd OCl−), as the overpotential value for this reaction is low, to
xidize and partially mineralize SOC [19]. Moreover, as the oxida-
ion power of these oxidants is weak in comparison to that of HO•,
t is common to irradiate the DSA® surface with ultraviolet (UV)
ight (generally using high pressure mercury lamps with the most
ntense line at 254 nm − UVC) to generate electron/hole pairs, with
ubsequent HO• generation through the oxidation of water by the
ole [20,21]. In parallel, UVC radiation can also promote the homol-
sis of active chlorine species to generate HO• and Cl• [22], leading
o significant removal of organic compounds [23,24]. The photolysis
f these compounds by UVC radiation is also possible [25] through
he decomposition of previously excited organic molecules, or reac-
ion with reactive oxygen species [26,27], to its intermediates or to
O2. The main negative points of this combined process, which is
ommonly denominated as “photo-assisted electrochemical pro-
ess”, are the high electrical energy consumption caused by the
se of high pressure UV lamps [28], low fluency rate, low ratio of
natase to rutile crystalline phases in the DSA® anode (leading to
oor efficiency in the electron/hole pair formation), and possible
ormation of organochlorine compounds (aromatic or short chain
arboxylic acids) [29,30]. All these features have led to uncertain-
ies regarding the electrical energy efficiency of the process and its
nvironmental safety.

Thus, the aim of the present work is to use a combined
lectrochemical and photochemical process (also called a hybrid
lectrochemical and photochemical process), without direct UV
rradiation of the DSA® surface, to mineralize a synthetic solution
ontaining the herbicide tebuthiuron (TBT), with concomitant iden-
ification of the main organic intermediate compounds formed in
he process. TBT is largely used in the cultivation of sugar cane, thus
eing a potential contaminant of soil [31] and surface [32] water. As
ar as we know, no work in the literature describes the degradation
f TBT and the detection of its degradation byproducts using the
ybrid system proposed in this work; only electrochemical [33,34]
nd photo-Fenton [35–38] technologies have been used. The main
dea is to use a commercial DSA® anode to electrogenerate active
hlorine species (as the Cl− ion has a higher diffusion coefficient
han SOC), which subsequently will undergo homolytic cleavage in
he bulk of the solution mediated by UVC radiation emitted by a low
ower Hg lamp; we intend to prove that this hybrid electrochemical
nd photochemical process (using a DSA®) is economically feasi-
le and could be described as a hybrid advanced oxidation process.
ccordingly, a simple electrochemical flow reactor (without quartz
indows) coupled to a photochemical flow reactor will be used and

he effect of the following process parameters will be assessed:
ower of the UV lamp used, current density, solution pH and NaCl
oncentration. The optimized results in terms of these parameters,
s well as the mineralization current efficiency, electrical energy
onsumption, and extent of total electrochemical combustion (con-
ersion to CO2) will be compared to those attained using solely
he electrochemical method with a BDD anode. In addition, the
inetic parameters of both processes will be compared with those
f a theoretical model purely based on a mass transport controlled
rocess.

. Experimental

.1. Chemicals

All chemicals, including tebuthiuron (500 g L−1 commercial

olution, Adama Brasil), Na2SO4 (a.r., Qhemis), NaCl (a.r., Qhemis),
a2S2O3 (a.r., Qhemis), KI (a.r., Synth), H3PO4 (85%, Mallinck-

odt), Na2S2O8 (a.r., Sigma Aldrich), formic acid (a.r., JT Baker) and
cetonitrile (HPLC grade, JT Baker), were used as received. All car-
vironmental 200 (2017) 237–245

boxylic acids were purchased from Sigma Aldrich. Deionized water
(Millipore Milli-Q system, resistivity ≥18.2 M� cm)  was used for
the preparation of all solutions.

2.2. Electrochemical and photochemical degradation experiments

A schematic representation of the hybrid electrochemical and
photochemical flow system can be seen in Fig. SM 1a, in the Sup-
plementary material file. The electrochemical experiments were
carried out in a one-compartment filter-press flow reactor con-
taining a DSA® (Ti/Ru0.3Ti0.7O2 - nominal composition) and two
AISI 304 stainless steel plates as anode and cathodes, respectively
(see details in Fig. SM 1b in the Supplementary material file).
The exposed area of the DSA® anode was 4.16 cm × 2.75 cm (each
face), respectively, and the distance between electrodes was around
5 mm.  The photochemical process was carried out by irradiation of
the electrolyzed solution in the system’s reservoir using low and
high pressure Hg lamps. The investigated variables and their ranges
in the degradation of 100 mg  L−1 of tebuthiuron (TBT) solutions in
aqueous 0.1 M Na2SO4 were: i) power of commercial Hg lamps (5,
9, 80, and 125 W),  ii) solution pH (3, 7, 10, and with no control),
iii)  added NaCl concentration (0, 1, 2, and 4 g L−1), and iv) current
density (10, 20, and 30 mA cm−2). The fluency rate of the Hg lamps
was measured with a FieldMaxII radiometer and the obtained val-
ues can be seen in Table SM 1, in the Supplementary material
file. The solution pH was continuously monitored and kept con-
stant at the desired values by addition of concentrated solutions of
H2SO4 or NaOH. The flow rate, flow velocity, electrolysis time, and
treated solution volume were fixed: 420 L h−1, 0.29 m s−1, 360 min,
and 1.0 L, respectively. Before any electrochemical and photochem-
ical experiment and in order to eliminate any adsorbed organic
compound on the DSA® surface, this electrode was electrochem-
ically pretreated in 0.1 mol  L−1 Na2SO4 by applying 20 mA cm−2

for 15 min. After the optimization of the hybrid electrochemical
and photochemical process, its attained dissolved organic matter
removal efficiency and electrical energy efficiency were compared
to those of an additional solely electrochemical experiment car-
ried out using a boron-doped diamond (BDD) anode. This electrode
(boron content of 500 ppm in the BDD film, deposited on a Si sub-
strate) was  purchased from NeoCoat SA (Switzerland).

2.3. Analyses

The evolution of the concentration of TBT was monitored by
high performance liquid chromatography (HPLC) using a core shell
C-18 reversed phase as the stationary phase (150 mm × 4.6 mm,
5 �m particle size, from Phenomenex®) and a mixture of H2O and
acetonitrile (75:25 V/V) in an isocratic elution mode as the mobile
phase, at 1 mL min−1. TBT was  detected at 254 nm.  The injection
volume and temperature of the column were 25 �L and 23 ◦C,
respectively.

Analyses of the intermediate compounds were made every 1 h
until 8 h of electrolysis. The 2 mL  extracted samples were first
frozen and then dried in a lyophilization system (CHRIST alpha 2-4
LD Plus) for 24 h. After this period, the samples were resuspended in
1 mL  of acetonitrile and filtered using a 0.22 �m cartridge coupled
to a glass syringe. The intermediates formed during the TBT degra-
dation process were determined by liquid chromatography coupled
to a mass spectrometer (LC–MS/MS) analyses in a 1200 Agilent
Technologies HPLC coupled to a 3200 QTRAP mass spectrometer
(QqLIT - Linear Ion Trap Quadrupole LC–MS/MS Mass Spectrom-
eter), AB SCIEX Instruments, operating in a positive mode, and

TurboIonSpray ionization. A special software Lightsight® 2.3 (Nomi-
nal Mass Metabolite ID Software, AB SCIEX) was used to investigate
all byproduct possibilities. The application of the software was
performed after optimization of the ionization and fragmenta-
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Fig. 1. Relative percentage decay of a) TBT (100 [TBT]rel) and b) TOC  (100 [TOC]rel)
as  a function of treatment time for the (�) electrochemical process (using a DSA®
I.J.S. Montes et al. / Applied Catalys

ion parameters for the initial compound. The parameters were
btained using a direct infusion of 10 �L min−1 of a solution con-
aining TBT (t = 0 h) in acetonitrile. The MS/MS  conditions were:
urtain gas at 20 psi, ion spray at 5200 V, gas 1 and gas 2 at 50 psi,
emperature of 600 ◦C, declustering potential of 41 V, entrance
otential of 8 V and with interface heater on. Selected reaction
onitoring (SRM) optimized and fullscan experiments were auto-
atically performed using LightSight®. Different kinds of reactions
ere investigated, such as oxidation, hydroxylation, reduction, C C

ond cleavage, chlorination, and others. During MS/MS  experi-
ents, the HPLC analyses were performed as described earlier;

owever, formic acid was added in the H2O component of the
obile phase to attain a final concentration of 0.1% (V/V). The injec-

ion volume was 20 �L and the samples collected at 0, 1, 2, and 3 h
ere diluted to one third before the MS/MS  analyses.

Short chain carboxylic acids were also determined throughout
he electrolysis process by HPLC, using a Rezek ROA-HTM column
rom Phenomenex® as the stationary phase and 2.5 mM H2SO4 as
he mobile phase at 0.5 mL  min−1. The carboxylic acids (detected
t 210 nm)  were identified by the comparison of their retention
imes with those of previously analyzed standards. The injection
olume and column temperature were maintained at 25 �L and
3 ◦C, respectively.

The amount of electrogenerated active chlorine (measured as
l2, HOCl, and OCl−, depending on the solution pH [39]) was mon-

tored by iodometric titration using a standard method [40].
The extent of mineralization (i.e. conversion to CO2) was  moni-

ored by total organic carbon concentration ([TOC]) measurements
sing a GE Sievers Innovox analyzer. For such, the treated solution
as sampled (5 mL)  every 1 h. The [TOC] determination was  carried

ut after mixing a diluted volume of the treated sample with H3PO4
6 mol  L−1) and Na2S2O8 (30% m/V) solutions. The oxidation was
ccomplished after the temperature and pressure corresponding to
he supercritical point of water was reached. The TOC content was
nalyzed by subtraction of the measured values of inorganic and
otal carbon, in terms of generated CO2, and after comparison with

 previously determined calibration curve, using a non-dispersive
nfrared detector.

The mineralization current efficiency (MCE) was  calculated
ccording to the following equation [41]:

CE  = �[TOC]tnFV

4.32 × 107mIt
× 100 (1)

here �[TOC]t is the measured [TOC] removal (mg  L−1) after a cer-
ain treatment time, t (h), n the number of exchanged electrons
see Eq. (2)) considering that the applied electric charge was con-
umed solely by the mineralization process, F the Faraday constant
96,485 C mol−1), V the solution volume (L), 4.32 × 107 is a com-
ounded conversion factor (3600 s h−1 × 12,000 mg  mol−1), m the
umber of carbon atoms of the TBT molecule, and I the applied
lectrical current (A).

C9H16N4OS(aq) + 33H2O(l) → 9CO2(g) + 4NO3
−(aq) + SO4

2−(aq) + 82H+(aq) + 76 e− (2)

The extent of total electrochemical combustion (ϕ) [42] was cal-
ulated through the ratio between the removal percentages of TBT
nd TOC each 1 h of treatment for the optimized conditions:

 = %[TOC]removed
%[TBT]removed

(3)
The value of ϕ gives an indication of the extent of conversion of
BT to CO2 or to other intermediate compounds. Then, this parame-
er can assume values between 0 (no combustion) and 1 (complete
ombustion).
anode) and the photochemical process using UVC Hg lamps of distinct power: (©)
125  W,  (�) 80 W,  (�) 9 W,  and (♦) 5 W.  Conditions: 20 mA cm−2, pH 3, 2 g L−1 NaCl,
and  at 25 ◦C.

The energy consumption per unit TBT mass (w) for the electro-
chemical and photochemical process was calculated according to
[28]:

w =
(

UIt + Pt

� [X] V

)
(4)

where U is the cell voltage (V), I the applied electrical current (A),
t the reaction time (h), P the nominal power of the Hg lamp (W),
�[X] the concentration variation of TBT (mg L−1) or TOC (mg  L−1)
after a certain treatment time, and V the solution volume (L).

3. Results and discussion

3.1. Effect of operational variables

Fig. 1 shows the relative percentage decay of [TBT] (100[TBT]rel)
and [TOC] (100[TOC]rel) as a function of treatment time for the
electrochemical (Hg lamp turned off) and photochemical flow
processes (using distinct Hg lamps). Clearly the TBT molecule is
significantly oxidized by both the electrochemical and photochem-
ical (80 and 125 W Hg lamps) methods. The use of the low pressure
Hg lamps (5 and 9 W)  led to poor oxidation performances due to
their lower fluency rate compared to those of the high pressure Hg
lamps. The oxidation of TBT during the photolysis process might
be due to the formation of singlet oxygen (1O2) [26,27] or HO• to a
lesser extent, under UVC irradiation. In addition, the oxidation pro-
cess mediated separately by the electrochemical or photochemical
methods did not result in significant levels of conversion to CO2,
as can be seen in Fig. 1b, but rather to other intermediates that
are more persistent. On the other hand, when those processes are
combined, leading to a hybrid electrochemical and photochemical
process (HEP process), the oxidation and mineralization rate per-
formances are significantly improved, as can be seen in Fig. 2. The
obtained values of the rate constants for the oxidation and miner-
alization of TBT when distinct UVC lamps were used can be seen
in Tables SM 2 and SM 3, in the Supplementary material file. The
TBT oxidation rate remained very close for all the Hg lamps used
(k1st ≈ 3 × 10−2 min−1) in comparison to the separate electrochem-
ical (43.0 L mol−1 min−1) and photochemical processes. A change

in the reaction order was  observed when only the electrochemical
process was used. This might indicate that the TBT oxidation mech-
anism is different when the HEP process is used, as high oxidizing
power radicals are generated. During the electrochemical process,
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Fig. 2. Relative percentage decay of a) TBT (100 [TBT]rel) and b) TOC (100 [TOC]rel)
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Fig. 3. Experimental and theoretical relative percentage decay of a) TBT (100
[TBT]rel) and b) TOC (100 [TOC]rel) as a function of treatment time for the hybrid
electrochemical and photochemical process using (© and ×) 125 W and (� and +)
9  W power Hg lamps. The theoretical decays (× and +) of TBT and TOC  were obtained
as  a summation of the relative decays of the electrochemical and photochemical pro-
s  a function of treatment time for the hybrid electrochemical and photochemical
rocess, using UVC Hg lamps of distinct power: (©) 125 W,  (�) 80 W,  (�) 9 W,  and
♦)  5 W.  Conditions: DSA® anode at 20 mA cm−2, pH 3, 2 g L−1 NaCl, and at 25 ◦C.

l− ions diffuse towards the surface of the anode and are oxidized,
enerating Cl2:

l−(aq) → Cl(ads) + e− (5)

Cl(ads) → Cl2(aq) (6)

The electrogenerated Cl2 diffuses away from the surface of the
node and might undergo a disproportionation reaction (Eq. (7))
eading to HClO or even OCl−, depending on the solution pH [43].
he speciation diagram of these species [39,43,44] is dependent on
any conditions, such as Cl− ion concentration, temperature, and

onic strength [45].

l2(aq) + H2O(l) → HClO(aq) + Cl−(aq) + H+(aq) (7)

The HClO species can lead to HO• and Cl• by a homolytic homo-
eneous reaction [22] mediated by UVC radiation (especially at
54 nm)  in the bulk of the solution, i.e. without mass transport lim-

tations. Those radicals are responsible for the improvement in the
xidation and mineralization rates of the combined HEP process in
omparison to the ones used separately.

In order to confirm whether that improvement is a synergistic
ffect, i.e. whether other high oxidant species are being produced,
he experimental curves for [TBT] and [TOC] decay as a function of
reatment time using Hg lamps of 125 W and 9 W were compared
ith the theoretical ones (obtained by summation of the experi-
ental relative decays of the electrochemical and photochemical

rocesses separately used) as shown in Fig. 3. All the experimen-
al and theoretical curves for [TBT] and [TOC] decay as a function
f treatment time for each Hg lamp used in this work can be seen
n Figs. SM 2 and SM 3, respectively. It is interesting to note that
he experimental and theoretical lines for the relative [TBT] decay
re almost equal when using a 125 W Hg lamp, but they are signifi-
antly different when using a 9 W Hg lamp. Hence, for the latter case
t is possible to confirm the synergistic effect of the combined pro-
ess, as the experimental line for the HEP process displays superior
TBT] removals than that for the theoretical process. In addition,
hen the experimental and theoretical lines for the relative [TOC]
ecay are compared for the distinct Hg lamps used, the beneficial
ffect of the HEP process on the conversion of organics to CO2 is

arkedly impressive. In all situations, the experimental removal

evels and rates were higher in comparison to the theoretical ones
the experimental values of the TOC removal rates can be seen in
able SM 3, in the Supplementary material file).
cesses separately used (see Figs. SM 2 and SM 3 in the Supplementary material file).
Conditions: DSA® anode at 20 mA cm−2, pH 3, 2 g L−1 NaCl at 25 ◦C.

The synergistic effect associated to the hybrid process was also
investigated with respect to the concentration of electrogenerated
active chlorine (calculated as Cl2) in the presence and absence of
Hg lamps (see Fig. SM 4 in the Supplementary material file). As
expected, the amount of Cl2 produced during the electrochemical
process (electrolysis without coupled UVC irradiation) was more
than two times higher in comparison to the HEP processes; the
maximum faradaic efficiency obtained for the electrochemical pro-
cess was 29%. Moreover, the Cl2 concentration decreased as the
power of the Hg lamp increased. It is interesting to note that the
[Cl2] evolution was  very similar for the HEP processes using Hg
lamps of 80 W and 9 W.  This might explain the similar removal lev-
els and rates of the HEP processes when these Hg lamps were used,
whereas it could also be used to optimize the energy consump-
tion of that process. In this sense, the energy consumption per unit
mass (w) as a function of the removal percentage of TBT and TOC
for the HEP process using distinct Hg lamps should be compared.
As can be seen in Fig. SM 5 in the Supplementary material file, the
w values for the removal percentage of TBT and TOC, when using
low pressure Hg lamps (5 and 9 W),  remained close and around 3
and 10 kW h g−1, respectively, while for the high pressure Hg lamps
(80 and 125 W)  those values were higher than 10 and 200 kW h g−1

for similar levels of TBT and TOC removal, respectively. Clearly, the
use of high pressure Hg lamps is not recommended, mainly for TOC
removal, because significant excess electric energy is wasted. Sichel
et al. [46] already reported on the energy saving potential of the
UV/chlorine process when using low pressure Hg lamps of vary-
ing power capacities (40 W,  80 W,  and 200 W)  in comparison to the
conventional UV/H2O2 advanced oxidation process. Further anal-
yses involve the mineralization current efficiency (MCE) and the
electrochemical combustion (ϕ) for the HEP process as a function
of the applied charge per unit volume of treated solution (Qap). Once
again, as can be seen in Fig. SM 6 in the Supplementary material file,
the use of a 9 W Hg lamp led to similar MCE (∼25%) and ϕ (∼0.7) val-
ues in comparison to those for a 80 W Hg lamp, which were slightly
lower than the ones for a 125 W Hg lamp (MCE  ∼ 27% and ϕ ∼ 1). It
is interesting to point out that this hybrid process exhibited initial

MCE values that are comparable to that of Fenton-based advanced
oxidation technologies [47–49]. In addition, the conversion to CO2
was also very high for all tested conditions, which means that one
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Fig. 4. Relative percentage decay of a) TBT (100 [TBT]rel) and b) TOC (100 [TOC]rel)
as  a function of treatment time for the hybrid electrochemical and photochemical
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Fig. 5. Relative percentage decay of a) TBT (100 [TBT]rel) and b) TOC (100 [TOC]rel) as
a  function of treatment time for the hybrid electrochemical and photochemical pro-
rocess using a 9 W Hg lamp, for distinct pH values: (�) pH 3, (©) pH 7, (�) pH 11,

nd (♦) no pH control. (– – –) Theoretical line based on a purely mass transport
ontrolled process. Conditions: DSA® anode at 20 mA cm−2, 2 g L−1 NaCl at 25 ◦C.

an expect low concentrations of intermediate compounds being
enerated. Therefore, the investigation of the remaining effects of
perational variables was carried out using a 9 W Hg lamp.

Fig. 4 shows the relative percentage decay of TBT and TOC as a
unction of treatment time for the HEP process at distinct pH values,
sing a 9 W Hg lamp. As discussed above and taking into account
he chlorine species diagram developed in a previous work [39], the
redominant active chlorine species in the pH range of 3–7 is HClO.
atts and Linden [50] have already reported on the importance of

he different chlorine species being irradiated (particularly HOCl
nd OCl−) with UV radiation, as they have different absorbance
rofiles. As the HOCl species is readily decomposed to HO• and
l• under UV irradiation in an extended wavelength range (around
54 nm)  [50], high TBT oxidation rates (k1st > 2 × 10−2 min−1) were
ttained in the solution bulk (see Table SM 4 in the Supplementary
aterial file) in the pH range of 3–7 (including the condition with-

ut control: pH from 6.5 to 3). The data for the mineralization rate
xhibited a better fit for zero-order kinetics than for first-or second-
rder kinetics (see Table SM 5 in the Supplementary material file);

 zero-order kinetic process could mean that the conversion to CO2
s only dependent on the generation of oxidant radicals (HO• and
l•) in the bulk of the solution mediated by UVC radiation (the rate
etermining step), and not on the organic load concentration (this

ast situation would lead to a mass transport controlled process).
s reported by Feng et al. [22], the quantum yield (the ratio of
oles of active chlorine decomposed per mole of absorbed pho-

ons) of the HOCl decomposition is low; thus the rate equation of
he mineralization process (rmin) could be approximated as:

min = kmin[OL][Ox] = k′
min (8)

here kmin and k’min are second- and zero-order kinetic constants
f the mineralization process, respectively, [OL] is the concentra-
ion of the organic load, and [Ox] the oxidant concentration, which
s dependent on the amount of NaCl used. The low TBT and TOC
emoval rates in alkaline solutions might be due to the combina-
ion of low quantum yield and concentration of the predominant
Cl− species, as discussed by Feng et al. [22], as well as the medium

cavenging effect [51] towards HO•. When all these experimental

ata are compared with a theoretical line purely based on a mass
ransport process, in which the organic compound needs to dif-
use to the electrode surface to be oxidized or mineralized, it is
lear that only the data for the TBT oxidation process at pH 11
cess using a 9 W Hg lamp, for distinct NaCl concentrations: (�) 0.0, (©) 1.0, (�) 2.0,
and  (�) 4.0 g L−1. (– – –) Theoretical line based on a purely mass transport controlled
process. Conditions: DSA® anode at 20 mA  cm−2, no pH control at 25 ◦C.

are similar to the theoretical line (see dashed line in Fig. 4). It is
important to highlight that the theoretical and experimental data
are related to different oxidation processes, i.e. electrochemical and
hybrid processes, respectively. Their comparison is here made only
to highlight the importance of the chemical oxidation processes in
the bulk of the solution, with no mass transport limitations, com-
pared to a diffusion controlled process (typical of electrochemical
systems). Moreover, in the case of TOC removal, it is clear that
the experimental points do not show the exponential decay typ-
ical of a pseudo-first order kinetic process. The theoretical line was
obtained after calculation of the mass transport coefficient (km) of
the flow reactor used in the experiments, as shown in the work
of Coledam et al. [52]. The km value was  calculated after determi-
nation of the thickness of the diffusion layer (2.22 × 10−5 m) by a
simple electrochemical assay [53] and determination of the diffu-
sion coefficient of the TBT molecule (8.49 × 10−10 m2 s−1) using a
calibrated diaphragm cell [54].

Fig. 5 shows the relative percentage decay of TBT and TOC as a
function of treatment time for the HEP process with a 9 W Hg lamp
using distinct [NaCl] values. Clearly, the concentration of Cl− ions
has a significant effect on the TBT and TOC removal rates and levels,
because the concentration of active chlorine, and of its decompo-
sition products under UVC irradiation, increase during electrolysis.
The oxidation rates of TBT showed a direct relationship with [NaCl],
as can be seen in Table SM 6 and Fig. SM 7 in the Supplementary
material file. These data confirm that the chemical oxidation pro-
cess of TBT (kCOP) occurring in the bulk of the solution is much faster
than the purely electrochemical oxidation of TBT (with no Cl− ions
− see Fig. 5a), the same being true with respect to the theoreti-
cal mass transport controlled process. As discussed elsewhere [55],
the relationship between the oxidation rate (rOx) and kCOP could be
defined as:

rOx = kOx[Ox][TBT] = kCOP[TBT] (9)

where kOx is the kinetic constant for oxidant generation and
kCOP is the kinetic constant for the chemical oxidation process
(kCOP = kOx[Ox]). In the case of TOC removal, significant removal
levels were attained only in the presence of Cl− ions (see Fig. 5b),

leading to higher conversions to CO2 as [NaCl] increased, i.e. lower
amounts of intermediate compounds are expected to be generated.
As discussed earlier, the TOC removal rates for distinct values of
[NaCl] exhibited a good fit for a zero-order mineralization reaction
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Fig. 6. Relative percentage decay of a) TBT (100 [TBT]rel) and b) TOC (100 [TOC]rel)
as  a function of the applied charge per unit volume of treated solution (Qap) for the
hybrid electrochemical and photochemical process using a 9 W Hg lamp, for distinct
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Fig. 7. Relative percentage decay of a) TBT (100 [TBT]rel) and b) TOC (100 [TOC]rel)
as  a function of the applied charge per unit volume of treated solution (Qap) for
the  (�) hybrid electrochemical and photochemical process (using a DSA® anode)
and (©) for the electrochemical process (using a BDD anode). (– – –) Theoretical
line based on a purely mass transport controlled process. Conditions: 20 mA cm−2,
2.0 g L−1 NaCl, and no pH control at 25 ◦C.

Fig. 8. a) Mineralization current efficiency (MCE) as a function of the applied charge
per  unit volume of treated solution (Qap) and b) energy consumption per unit mass
(w) as a function of the removal percentage of TOC (100 (1–TOCrel)) for the (�)
lectric current density values: (�) 10, (©) 20, and (�) 30 mA  cm . Theoretical lines
ased on a purely mass transport controlled process using (—)10, (– – –) 20, and (•

 •) 30 mA cm−2. Conditions: DSA® anode, 2.0 g L−1 NaCl, and no pH control at 25 ◦C.

see Table SM 7 in the Supplementary material file). Once again,
he experimental and theoretical data for the oxidation reaction
[TBT] decay) were very different because this is a much faster pro-
ess, with only small structural modifications on the TBT molecule
esulting in a decrease of its chromatographic signal. On the other
and, those data for the mineralization reaction ([TOC] decay),
hich is a slower process that must undergo several oxidation

teps [55], showed a distinct kinetic behavior, most probably due
o the generation of oxidant radicals in the bulk of the solution, as
iscussed above.

Fig. 6 shows the relative percentage decay of TBT and TOC as a
unction of the applied charge per unit volume of treated solution
Qap) for the HEP process with a 9 W Hg lamp using distinct values
f current density. Clearly, the oxidation of TBT and the mineral-
zation of TBT and its intermediate compounds do not depend on
he applied electrical current. A typical exponential decay behavior
as obtained for TBT oxidation, characteristic of a mass transport

ontrolled process. The TBT removal rates higher than the theo-
etical ones (which exhibited an expected dependence with the
pplied charge) are due to the increasing generation of active chlo-
ine species and, consequently, to the contribution of the chemical
xidation reaction in the bulk of the solution. This could be con-
rmed by the linear relationship of the pseudo-first order kinetic
onstants for TBT oxidation with Qap, as can be seen in Table SM 8 in
upplementary material file. The TOC decay profile was  also very
lose (similar removal rates) for all tested conditions of applied
urrent density. In addition, contrasting with the case of the TBT
xidation process, the data are close to the theoretical lines. As
escribed above, this might indicate that the oxidation of TBT is

eading to intermediate compounds, which are further mineralized
o CO2. The expected fit for pseudo-first order kinetics was very
oor in comparison to a zero-order fit, as can be seen in the data
f Table SM 9 in the Supplementary material file. All these results
ere discussed above and are in agreement with the investigation

f the reaction order related to TOC abatement for the previously
nalyzed operational variables.

To assess the performance of the optimized HEP process with a
®

 W Hg lamp and a DSA anode (no pH control of the solution being
reated, in the presence of 2.0 g L−1 NaCl, and using 20 mA cm−2)
onsidering the oxidation and mineralization of TBT, as well as
ts energy consumption and MCE  values, an additional experiment
hybrid electrochemical and photochemical process (using a DSA® anode) and (©) for
the  electrochemical process (using a BDD anode). Conditions: 20 mA  cm−2, 2.0 g L−1

NaCl, and no pH control at 25 ◦C.

was carried out using a BDD anode at those optimized conditions,
but without UVC irradiation. Fig. 7 shows the relative percentage
decay of TBT and TOC as a function of Qap for the HEP process
and the electrochemical one using a BDD electrode. Clearly, similar
removal percentages and rates were obtained for the oxidation of
TBT as well as for the mineralization process. The TBT oxidation
rate when using the BDD anode did not exhibit a good mathe-
matical fit for either pseudo-first order or second-order kinetics.
On the other hand, the mineralization rate exhibited a good fit for
zero-order kinetics, with similar k0th values for the electrochemical
and HEP processes: 128 and 142 g L−1 min−1, respectively. Despite
the similar removal levels and rates, the MCE  values were slightly

higher for the electrochemical process using the BDD electrode
than for the HEP process, in the beginning of the treatment. Then,
as shown in Fig. 8a, the MCE values decreased as the amount of
organic load were converted to CO2 and then remained very close
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ig. 9. Possible degradation pathway of the TBT herbicide during a 8 h treatment u
0  mA cm−2, 2.0 g L−1 NaCl, and no pH control at 25 ◦C.

or both processes. On the other hand, the extent of total elec-
rochemical combustion was always higher for the HEP process,
ut it approached 1.0 (complete conversion to CO2) after 5 h for
oth processes, as can be seen in Fig. SM8  in the Supplementary
aterial file. The values of the energy consumption per unit mass

f TOC removed by the electrochemical and HEP processes (see
ig. 8b) reached around 2 and 12 kW h g−1, respectively, for the
lmost complete removal of TOC. The higher energy consumption
f the HEP process, including with respect to Fenton based pro-
esses [48,56], was expected and is due to the use of Hg lamps as
lready noted by others [57]. It is important to highlight that the

 values could be reduced if, for example, the faradaic efficiency
f the Cl2 evolution reaction could be increased or more Cl− ions
ere added to the treated solution; however, in this latter case

ntermediate compounds need to be monitored to be sure that no
rganochlorine is generated. The w values for TBT oxidation exhib-

ted a different behavior with respect to those for TOC removal and

ere equal to 20 and 6 kW h g−1 for the electrochemical and HEP
rocesses, respectively, for the almost complete oxidation of TBT
see Fig. SM 9 in the Supplementary material file). In a recent paper,
he hybrid electrochemical and photochemical process. Conditions: DSA® anode at

Gozzi et al. [35] used distinct advanced oxidation processes (anodic
oxidation with electrogenerated H2O2, electro-Fenton, and solar
photoelectro-Fenton) to mineralize different solutions containing
herbicides, including TBT. Despite the attainment of smaller w val-
ues (2–5 kW h g−1) for TOC removal using those technologies, the
use of the HEP process led to higher TOC removal rate and level,
even using a higher initial concentration of TBT.

All these data show that the HEP process could be an inter-
esting option to oxidize and mineralize organic pollutants, if no
organochlorine byproduct is generated. Thus, an analysis of inter-
mediate compounds was  carried out by LC–MS/MS. The main
intermediate compounds, as well as retention times and main frag-
ment ions, detected during a 8 h treatment using the HEP process
at the optimal operational conditions can be seen in Table SM 10 in
the Supplementary material file. Based on this information, a pos-
sible degradation pathway for the initial oxidation steps of TBT is

proposed (see Fig. 9). As previously reported by Silva et al. [37], the
main detected intermediate compounds resulted from hydroxyla-
tion (which indirectly assures the generation of HO•) and oxidation
reactions on the central (see compounds 1 and 19)  and terminal
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see compounds 3 and 14)  methyl groups of urea, as well as on
he methyl groups of the tert-butyl substituent (e.g. compounds 5,
2, 13,  17,  and 20).  Some intermediate compounds resulting from
limination reactions were also observed (see compounds 7 and
). These results are in agreement with the literature, as HO• is
ore effective than Cl• in oxidizing organic molecules [50,58]. In

ll situations, byproducts from the thiadiazole ring opening were
ot observed; however, it certainly occurred due to the attained
OC removal. It is also very important to highlight that through-
ut the 8 h treatment process just one organochlorine compound
as detected (compound 1 − m/z 263), which nevertheless was

ompletely eliminated after 3 h of treatment (the evolution of the
ntegrated areas for the main detected intermediate compounds as

 function of the treatment time for the HEP process can be seen in
ig. SM 10, in the Supplementary material file).

When short chain carboxylic acids were analyzed, for the HEP
rocess the main detected compounds were tartaric, malic, acetic,
utyric, adipic, propionic, and dichloroacetic (DCA) acids. The evo-

ution of the concentration of these carboxylic acids as a function
f treatment time can be seen in Fig. SM 11a in the Supplemen-
ary material file. After 6 h of treatment using the HEP process,
he presence of the DCA acid was no longer quantified (limit of
uantification − LOQ = 31.2 �g L−1) or detected. On the other hand,
hen the analyses were carried out for the electrochemical pro-

ess using the BDD electrode, the main detected compounds were
artronic, malonic, acetic, DCA, chloroacetic (CA: LOQ = 500 �g L−1)
cids. As can be seen in Fig. SM 11b in the Supplementary mate-
ial file, the concentration of DCA and CA remained low (around

 and 0.7 mg  L−1, respectively), even after 6 h electrolysis. In addi-
ion, no signals of the recalcitrant oxalic and oxamic [59] acids were
etected during the experiments. The formation of the organochlo-
ine compounds might be due to reactions involving Cl•, especially
ith aliphatic groups [58], which could lead to aliphatic acids.

Considering all the analyzed parameters, clearly the use of the
EP process could be an interesting option to treat effluents con-

aining SOC in the presence of Cl− ions, if a properly adjusted
reatment time is used to assure the elimination of organochlo-
ine compounds. Finally, the HEP process using a commercial DSA®

node could also be described as an advanced oxidation process,
ithout limitations to treat acidic solutions.

. Conclusions

A hybrid electrochemical and photochemical process (using a
ommercial DSA® anode) was successfully used for the oxidation
nd mineralization of the herbicide tebuthiuron. The use of a low
ower Hg lamp (9 W)  was sufficient to attain oxidation and min-
ralization rates comparable to those of a single electrochemical
rocess using a BDD anode. Moreover, a high conversion to CO2
nd comparable MCE  values with respect to other advanced oxi-
ation processes based on Fenton reactions were attained. On the
ther hand, slightly higher energy consumptions per unit mass of
OC removed were observed; however, this could be improved if
igher concentrations of NaCl could be used or if the electrocat-
lytic reaction of Cl2 evolution could be increased. In all these cases,
here is the need to monitor the generated byproducts, because the
ormation of organochlorine compounds is very likely, as observed
n this work. All detected intermediate compounds resulted from
ydroxylation or oxidation reactions in the distinct methyl groups
f TBT; however, no intermediate compound resulting from the
upture of the thiadiazole ring was observed. Additionally, all gen-

rated byproducts, including one organochlorine compound, were
ompletely eliminated during the hybrid treatment process, which
eans that complete conversion to CO2 was attained. Finally,

aking into account all the analyzed parameters, the hybrid electro-

[

[

vironmental 200 (2017) 237–245

chemical and photochemical process here reported could be clearly
regarded as an advanced oxidation process, without limitations of
using acidic solutions, and being an interesting option to treat efflu-
ents contaminated with SOC if a proper optimization of the UVC
lamp is done.
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