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A B S T R A C T

This study describes the performance of electro-Fenton (EF) and photoelectro-Fenton (PEF) processes to de-
grade the herbicide tebuthiuron (TBH) in 0.050 M Na2SO4 at pH = 3.0. Experiments were performed in an
undivided cell equipped with a boron-doped diamond (BDD) or Pt anode and an air-diffusion cathode that
produces H2O2. Physisorbed hydroxyl radicals (M( OH)) generated from water oxidation at the anode and/or
free OH formed from Fenton's reaction acted as main oxidants. All processes became much more effective
using a BDD anode because of the higher oxidation power of BDD ( OH). Sulfate and nitrate were the pre-
dominant ions released during TBH destruction. In both, EF and PEF treatments, two distinct kinetic regimes
were observed, the first one corresponding to the oxidation of free TBH by OH and the second one to that
of the Fe(III)-TBH complex by M( OH). The effect of Fe2+ and TBH concentrations on the kinetics of both
regions has been examined. Moreover, a poor mineralization was reached with Pt anode, whereas almost total
mineralization was attained by EF and PEF with BDD. Both processes showed analogous mineralization rates
because the intermediates produced could not be photodegraded by UVA light. Gas chromatography-mass
spectrometry analysis of electrolyzed solutions revealed the generation of eight heteroaromatics along with
1,3-dimethylurea, which have been included in a reaction pathway proposed for the initial degradation of
TBH.

© 2017.

1. Introduction

Agricultural wastewater is polluted with mixtures of commercial
pesticides, which can attain contents as high as 500mg L−1 (Chiron
et al., 2000). Since many herbicides are largely consumed world-
wide, they enter into water bodies and soil, where they accumulate
over a long period under natural conditions (Rodrigo et al., 2014).
These compounds are toxic to animals and human beings and hence,
they should be removed from agricultural wastewater (Oturan et al.,
2009; Rodrigo et al., 2014). Among these compounds, the thiadi-
azolylurea herbicide tebuthiuron (TBH, 1-(5-tert-butyl-1,3,4-thiadi-
azol-2-yl)-1,3-dimethylurea), C9H16N4OS, M= 228.31gmol−1) is
widely used in central Brazil for controlling sugar cane cultivations
(Silva et al., 2007). This chemical is inefficiently destroyed in waste-
water treatment facilities and, as a result, it has been detected in nat-
ural water and wastewater (Ferracini et al., 2005; Diaz et al., 2008).
TBH is highly soluble in water, being also found in soil treated with
sugar cane vinasse (Lourencetti et al., 2008). Aiming to counter-
act its large recalcitrance, advanced oxidation processes (AOPs) like
photo-Fenton (Nogueira et al., 2005; Silva et al., 2007, 2010) and
TiO2 photo
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catalysis (Muneer et al., 2005; Bahnemann et al., 2007) have been uti-
lized to degrade TBH aqueous solutions. In the AOPs, reactive oxy-
gen species (ROS) like OH are produced on site. This radical is the
second strongest oxidizing agent known, with Eº(•OH/H2O) = 2.8V/
SHE, being able to attack most organic pollutants up to their over-
all mineralization (Brillas et al., 2009; Sirés et al., 2012). However,
OH destroys very slowly the Fe(III) complexes of organics. Silva

et al. (2010) have shown that Fe3+ forms stable complexes with the
thiadiazole ring of TBH since it acts as an electron donor, i.e., an
electron-rich complexation agent. Consequently, chelation of Fe3+ by
TBH is expected to hamper the herbicide degradation in Fenton-re-
lated treatments.

Over the last 15 years, the number of articles devoted to the treat-
ment of organic pollutants by electrochemical AOPs (EAOPs) has
been growing unceasingly (Brillas et al., 2009; Sirés et al., 2014;
Martínez-Huitle et al., 2015; Moreira et al., 2017). The simplest and
most known EAOP is the so-called anodic oxidation (AO), electro-
chemical oxidation or electrochemical incineration. This method al-
lows the direct destruction of organics at the anode M and, more
rapidly, their indirect reaction with adsorbed hydroxyl radicals (M(
OH)) originated from reaction (1) at high current (Boye et al., 2002;
Marselli et al., 2003; Panizza and Cerisola, 2009). Active and non-ac-
tive anodes show different performance in AO. Active anodes like
Pt and DSA® accumulate small amounts of M( OH) because this

https://doi.org/10.1016/j.chemosphere.2018.02.060
0045-6535/© 2017.
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species is subsequently oxidized to the weaker oxidant MO that only
causes the conversion of pollutants into persistent short-chain linear
carboxylic acids (El-Ghenymy et al., 2014; Coria et al., 2016; Steter et
al., 2016). In contrast, large amounts of the powerful oxidant M( OH)
are formed over/near the surface of non-active anodes. Among them,
boron-doped diamond (BDD) is preferred because it accumulates the
greatest quantity of M( OH) due to its large O2-evolution overpoten-
tial and its weak BDD- OH interaction, eventually leading to the min-
eralization of most organics, including refractory aliphatic carboxylic
acids (Cañizares et al., 2005; Özcan et al., 2008; El-Ghenymy et al.,
2013; dos Santos et al., 2015).

Other EAOPs involve the cathodic generation of H2O2 upon re-
duction of O2 gas via reaction (2). This is feasible at carbonaceous
cathodes including carbon nanotubes (Khataee et al., 2013, 2014),
carbon-polytetrafluoroethylene (PTFE) O2- or air-diffusion electrodes
(Thiam et al., 2015a,b; Coria et al., 2016; Lanzalaco et al., 2017),
BDD (Cruz-González et al., 2012; Coria et al., 2015), activated carbon
fiber (Wang et al., 2008), carbon felt (Dirany et al., 2012; El-Ghenymy
et al., 2014) and reticulated vitreous carbon (Coria et al., 2015).

When H2O2 is electrogenerated in a one-compartment cell, the
process is so-called AO-H2O2 and organics can be oxidized by dif-
ferent ROS like H2O2 and hydroperoxyl radical (HO2 ) and, to much
larger extent, by M(•OH) (Sirés et al., 2014). Addition of Fe2+ ion to
the solution allows the production of OH in the bulk from Fenton's re-
action (3) (Vasudevan and Oturan, 2014; Martínez-Huitle et al., 2015).
This gives rise to the electro-Fenton (EF) process, with optimum pH
near 3 for maximum OH production and continuous cathodic Fe3+ re-
duction to Fe2+. A more powerful treatment is obtained under photo-
electro-Fenton (PEF) conditions, once the solution is irradiated with
UVA light that favors the production of more OH from photolytic
reaction (4), as well as the photodecomposition of some Fe(III) com-
plexes via reaction (5) (Wang et al., 2008; Brillas et al., 2009; Thiam
et al., 2015b; Moreira et al., 2017).

Only a limited number of papers has been published regarding
the degradation of TBH solutions by EAOPs. Alves et al. (2012a, b)
treated 350–400mL of 100mg L−1 of this herbicide at pH near 1 and
20°C by AO with a DSA® or BDD anode. A pseudo-first-order kinet-
ics was always found, with the rate constant for BDD being two-fold
greater, in agreement with a mineralization of 13% for DSA® and
80% for BDD after 180min of electrolysis at a current density (j) of
200mA cm−2.

In this work, we have studied the influence of Fe3+ chelation by
TBH on the performance of EF and PEF processes using a BDD or Pt
anode and a carbon-PTFE air-diffusion cathode. To do this, the herbi-
cide abatement and TOC removal were comparatively determined by

AO-H2O2 and both Fenton-based EAOPs. The fate of released inor-
ganic ions during TBH degradation was monitored to calculate the
mineralization current efficiency (MCE) in each treatment. The effect
of Fe2+ and herbicide concentrations on the performance of EF was
assessed to obtain more information about Fe3+ chelation by TBH. Fi-
nally, an initial degradation route has been proposed from the interme-
diates formed, as detected by gas chromatography-mass spectrometry
(GC-MS).

2. Experimental

2.1. Reagents

Analytical grade TBH (>99% purity) and heptahydrated Fe(II)
sulfate were supplied by Sigma-Aldrich. Supporting electrolytes like
sodium sulfate and lithium perchlorate were of analytical grade pur-
chased from Fluka. High-purity Millipore Milli-Q water (resistiv-
ity > 18MΩ cm) was used for the preparation of all solutions. Their
initial pH was adjusted to 3.0 with concentrated sulfuric acid of an-
alytical grade purchased from Merck. All the other chemicals were
of HPLC or analytical grade supplied by Merck, Panreac and
Sigma-Aldrich.

2.2. Electrolytic systems

All treatments of TBH solutions were carried out with a volume
of 100mL in an undivided cell under stirring with a magnetic bar
at 800 rpm. The solution temperature was kept at 25°C by recircu-
lating thermostated water through a jacket. The anode was either a
BDD thin-film electrode on a single-crystal p-type Si (100) wafer
purchased from NeoCoat (La-Chaux-de-Fonds, Switzerland) or) a Pt
sheet (99.99% purity) from SEMPSA (Barcelona, Spain). The anode
was connected to a carbon-PTFE air-diffusion cathode purchased from
E-TEK (Somerset, NJ, USA) and placed at a distance of 1cm, as ex-
plained elsewhere (Thiam et al., 2015a; Guelfi et al., 2017). All elec-
trodes had a geometric area of 3cm2. The trials were performed at
constant j provided by an Amel 2049 potentiostat-galvanostat. EF and
PEF were run by adding a small content of Fe2+ as catalyst (Sirés et
al., 2014; Thiam et al., 2015a; Steter et al., 2016). The cathode ac-
cumulated H2O2 into the solution upon injection of compressed air at
1L min−1 onto its dry face once the power supply was switched on
(Brillas et al., 2009; Steter et al., 2016). In PEF, a Philips TL/6W/
08 black light blue fluorescent was used to illuminate the solution
with UVA light (λmax = 360nm), which was placed at 7cm above the
solution surface. The irradiance was 5W m−2, as determined with a
Kipp&Zonen CUV 5 UV radiometer.

2.3. Analytical procedures

The solution pH was measured with a Crison GLP 22 pH-meter.
The TBH decay was followed by reversed-phase high-performance
liquid chromatography (HPLC) using a Waters system composed of
a 600 LC and a 996 photodiode array detector set at λ = 249nm. The
samples were mixed with the same volume of acetonitrile to prevent
further attack of oxidants onto the herbicide and its by-products. The
aliquots were injected into the LC and eluted with 25:75 (v/v) acetoni-
trile/water at 0.6mL min−1 through a Waters Spherisorb ODS2 5μm
(150 mm × 4.6mm (i.d.)) column at 40°C. Linear aliphatic carboxylic
acids did not appear upon sample analysis by ion-exclusion HPLC.

The solution TOC was measured directly by injecting 50μL
aliquots into a Shimadzu VCSN TOC analyzer, with ±1% accuracy.

M + H2O → M( OH) + H+ + e− (1)

O2(g) + 2 H+ + 2e− → H2O2 (2)

H2O2 + Fe2+ → Fe3+ + OH + OH− (3)

Fe(OH)2+ + hν → Fe2+ + OH (4)

Fe(OOCR)2+ + hν → Fe2+ + CO2 + R (5)
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For the determination of the total nitrogen (TN), the analyzer was cou-
pled to a Shimadzu TNM-1 unit. Trials to assess TBH decay and TOC
removal were run in triplicate, being reported their average values.
The standard deviation was <4% in all cases.

The NH4
+ ion concentration was determined with an Alpkem Flow

Solution IV flow injection system through the standard indophenol
blue method (Bolleter et al., 1961). The SO4

2− and NO3
− concen-

trations were found by ion chromatography using a Shimadzu 10
Avp system composed of an LC fitted with a Shim-Pack IC-A1S,
10cm × 4.6mm (i.d.), column at 40°C and a conductivity detector. The
mobile phase was a 2.4mM tris(hydroxymethyl) aminomethane and
2.6mM phthalic acid solution at 1.5mL min−1.

Stable organic products originated after 4–5min of AO-H2O2, EF
and PEF treatments of a 0.460mM TBH solution at pH 3.0 using
a BDD/air-diffusion cell at j = 100mA cm−2 were: (i) extracted with
CH2Cl2, dried over Na2SO4, filtered and concentrated to a final vol-
ume of about 2mL, or (ii) lyophilized and then dissolved with 2mL
CH2Cl2. GC-MS analysis of the organic solutions was performed with
non-polar and polar columns (see details in Thiam et al. (2015b)).

3. Results and discussion

3.1. Degradation of TBH solutions by EAOPs with BDD

Electrolyses of 0.460mM herbicide solutions in 0.050M Na2SO4
at pH 3.0 were carried out with a BDD/air-diffusion cell by the three
aforementioned EAOPs at j = 100mA cm−2 for 540min. The solutions
contained 0.50mM Fe2+ as catalyst in the two Fenton-based electro-
chemical processes, chosen as the best concentration on the basis of
similar treatments of other organics (El-Ghenymy et al., 2014; Sirés et
al., 2014; Thiam et al., 2015a). Note that no significant pH variation
was observed during these treatments.

Fig. 1a depicts a continuous but slow removal of the herbicide in
AO-H2O2, showing total disappearance at 540min. This informs about
the limited reactivity of TBH with the main oxidant BDD ( OH) gen-
erated from reaction (1), since this is confined close to the BDD sur-
face. In contrast, two consecutive degradation regimes were found in
EF and PEF. Within the first stage, the herbicide underwent a very
sharp decay of 30–35%, whereupon its removal was decelerated un-
til total disappearance was achieved at 240min. Such an enhancement
of the degradation rate can be related to the effective attack of OH
formed from Fenton's reaction (3) onto the herbicide. The change in
reactivity with time can then be ascribed to the presence of two distinct
electroactive species. At short time (first region), one can expect the
fast oxidation of parent TBH mainly with homogeneous OH, whereas
at longer time (second region), BDD ( OH) and/or OH react more
slowly with the more recalcitrant Fe(III)-TBH complex. The forma-
tion of this species was reported by Silva et al. (2010) in non-elec-
trochemical Fenton systems and hence, it can become predominant in
our cells once reached a large conversion of Fe2+ into Fe3+ from Fen-
ton's reaction (3). Note that our previous works dealing with N-her-
bicides like propoxur (Guelfi et al., 2017) and S-metolachlor (Guelfi
et al., 2018) also reported a dual kinetic behavior, with a fast de-
cay followed by a slower abatement. In contrast, using the same type
of electrolytic system to degrade aromatics without N-heteroatoms, a
one-stage pseudo-first-order kinetics is always obtained for the cor-
responding EF and PEF treatments due to the absence of chelation
(Brillas et al., 2009; Sirés et al., 2014).

Good linear correlations related to a pseudo-first-order kinetics
were found for the single region in AO-H2O2 and both regions in EF
and PEF, as can be seen in the inset of Fig. 1a. The corresponding ap

Fig. 1. Change of (a) normalized tebuthiuron concentration, (b) TOC and (c) min-
eralization current efficiency with electrolysis time for the degradation of 100mL of
0.460mM herbicide solutions in 0.050M Na2SO4 at pH = 3.0 and 25°C using a stirred
boron-doped diamond (BDD)/air-diffusion cell at current density (j) = 100 mA cm−2.
Method: ( ) Anodic oxidation with electrogenerated H2O2 (AO-H2O2), ( ) elec-
tro-Fenton (EF) with 0.50mM Fe2+ and ( ) photoelectro-Fenton (PEF) with 0.50 mM
Fe2+ under illumination with a 6W UVA lamp. The inset in (a) shows the corresponding
pseudo-first-order kinetic analysis.

parent rate constants (k1) are summarized in Table 1. The k1-value in
the first region of EF and PEF was 40-fold and 56-fold higher, respec-
tively, compared to AO-H2O2, whereas that found in the second re-
gion was only 1.3- and 1.6-fold higher. This suggests that the com-
plexed TBH (i.e., Fe(III)-TBH) is mainly oxidized by BDD ( OH) as
occurs in AO-H2O2, which is attributed to the fact that Fe(III) com-
plexes are more refractory to homogeneous OH (Brillas et al., 2009).
The greater k1-values found in PEF compared to those in EF can be
explained by the larger formation of OH from Fenton's reaction (3)
induced by photolytic reaction (4), since blank trials demonstrated the
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Table 1
Pseudo-first-order rate constants, along with the R-squared, and percentages of TOC re-
moval and mineralization current efficiency at 540min for the degradation of 100mL
of tebuthiuron solutions in 0.050M Na2SO4 at pH = 3.0 using an air-diffusion cath-
ode and different anodes, all of 3cm2 area, under selected conditions operating at
j = 100 mA cm−2 and 25°C.

Anode Method
[TBH]0
(mM)

[Fe2+]
(mM) k1 (min−1) R2

% TOC
removal

%
MCE

BDD AO-
H2O2

0.460 – 8.3× 10−3 0.997 91.2 3.4

EF 0.092 0.50 1.3 a

2.1× 10−2

b

0.980
0.985

88.8 c 1.1 c

0.184 0.50 0.93 a

1.5× 10−2

b

0.975
0.990

95.3 d 1.5 d

0.460 0.10 0.12 a

1.0× 10−2

b

0.997
0.994

87.2 3.1

0.460 0.50 0.33 a

1.1× 10−2

b

0.998
0.997

94.4 3.3

0.460 1.00 0.83 a

1.1× 10−2

b

0.998
0.993

95.6 3.3

0.460 1.50 0.80 a

1.1× 10−2

b

0.999
0.985

96.6 3.4

PEF 0.460 0.50 0.46 a

1.3× 10−2

b

0.998
0.991

96.6 3.4

0.460 1.00 0.79 a

1.1× 10−2

b

0.997
0.996

96.2 3.3

Pt AO-
H2O2

0.460 – 3.5× 10−3 0.989 21.0 0.7

EF 0.460 0.50 0.33 a

1.4× 10−2

b

0.997
0.995

60.0 2.1

0.460 1.00 0.43 a

1.6× 10−2

b

0.998
0.995

62.4 2.3

0.460 1.50 0.49 a

1.7× 10−2

b

0.996
0.992

74.4 2.6

PEF 0.460 0.50 0.35 a

1.5× 10−2

b

0.998
0.988

63.5 2.2

a Determined at short electrolysis times (first linear region).
b Determined at long electrolysis time (second linear region).
c At 300min.
d At 480 min.

photostability of TBH solutions in the absence and presence of Fe2+

under UVA illumination.
Fig. 1b highlights a regular TOC abatement in all treatments, as

expected if organic molecules with a thiadiazole ring are quickly de-
stroyed. TOC abatement was enhanced in the sequence AO-H2O2
< EF∼PEF. The mineralization rate of the two latter Fenton-based
processes was quite similar, yielding a TOC reduction >94% (see
Table 1). A slightly lower TOC removal was achieved by AO-H2O2,
with a decay of about 91% at the same time. The slow TOC decay
found in all EAOPs suggests that organic by-products were prefer-
entially destroyed upon the action of BDD ( OH) rather than OH,
as expected if most of them were linear compounds that existed as
Fe(III)-complexes. The limited photoactivity of all these species un-
der UVA irradiation via reaction (5), as mentioned above for TBH, ex-
plains the similar trends found in EF and PEF.

3.2. Fate of released inorganic ions and mineralization current
efficiency

In order to determine the inorganic ions released during the ap-
plication of EAOPs, a 0.460mM TBH solution with 0.050M LiClO4
as supporting electrolyte and 0.50mM Fe2+ as catalyst at pH 3.0 was
treated by EF using the BDD/air-diffusion cell at j = 100mA cm−2. As
can be seen in Fig. 2a, TOC decreased gradually until a 94.5% min-
eralization was attained at 540min, mimicking the behavior found in
0.050M Na2SO4 (Fig. 1b). This informs about the negligible influ-
ence of these electrolytes on TBH degradation, since LiClO4 is con-
sidered as electrochemically inert (Panizza and Cerisola, 2009). Fig.
2a also shows a continuous decay of TN during the EF treatment, from
1.840 to 1.053mM, which means that a large proportion of the initial
N (42.8%) was lost as N-volatile species, probably N2 and NOx, as re-
ported for other N-containing organic compounds (Guelfi et al., 2017;
Moreira et al., 2017).

Fig. 2. Time course of (a) normalized ( ) TOC and ( ) total nitrogen, and concen-
tration of (b) ( ) sulfate and (c) ( ) nitrate ions during the treatment of 100 mL of a
0.460mM tebuthiuron solution in 0.050M LiClO4 with 0.50mM Fe2+ at pH = 3.0 by EF
with a BDD/air-diffusion cell at j = 100mA cm−2 and 25°C.
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Fig. 2b and c depicts the evolution of the concentration of re-
leased SO4

2− and NO3
− during the same EF treatment. No NO2

− ion
was detected in the electrolyzed solution. Fig. 2b highlights a con-
tinuous rise of SO4

2− ion content up to 0.460mM, revealing that the
100% of the S of the herbicide was transformed into SO4

2− ion. Fig. 2c
shows the increasing NO3

− concentration with time, eventually reach-
ing 0.701mM at 540min. At that time, the solution also contained
0.325mM NH4

+ ion. These findings indicate that the soluble TN (see
Fig. 2a) was predominantly in the form of NO3

− rather than NH4
+, ac-

counting for 66.5% and 30.8%, respectively. Consequently, a minor
proportion of 2.7% of the initial N was present in the final solution as
recalcitrant N-derivatives, probably being hydrocarbons since 5.5% of
initial TOC was not mineralized yet.

From the aforementioned results, the theoretical total mineraliza-
tion of TBH considering the formation of SO4

2− and NO3
− as pre-em-

inent ions can be written a follows:

For each trial, the MCE value (in %) at current I (in A) and electrol-
ysis time t (in h) was then estimated from the TOC decay (△(TOC),
in mg L−1) via reaction (7) (Thiam et al., 2015a; Steter et al., 2016):

where F is the Faraday constant, V is the solution volume (in L),
4.32× 107 is a conversion factor (= 3600s h−1 × 12,000mg C mol−1)
and m = 9 is the number of carbon atoms of TBH.

Fig. 1c presents the time course of MCE calculated from Eq. (7)
for the assays of Fig. 1b. Low MCE values were always obtained due
to both, the large recalcitrance of TBH (free or complexed) and its
by-products and the high applied j = 100mA cm−2. The efficiency in-
creased upon upgrade of the oxidation ability of the treatment. In the
most efficient processes (EF and PEF), the MCE gradually decayed
from about 6.5 to 7.0% to near 3.4–3.5%. A similar final value was de-
termined in AO-H2O2 (see Table 1), as expected from the close TOC
abatement of about 91%. The gradual decay of MCE with electroly-
sis time, which can be observed in Fig. 1c, is related to the progres-
sive loss of organic load with formation of more recalcitrant species
(Brillas et al., 2009; Panizza and Cerisola, 2009). All these findings
confirm the main role of physisorbed BDD ( OH) to cause the miner-
alization of free and complexed herbicide, with comparatively smaller
contribution of OH in Fenton-based EAOPs and with null effect of
UVA light in PEF.

3.3. Effect of Fe2+ and herbicide concentrations on EF with BDD

To gain a better insight into the chelating influence of the thia-
diazole ring, the effect of Fe2+ and TBH concentrations on the per-
formance of EF using the BDD/air-diffusion cell was investigated.
Fig. 3 illustrates the results obtained with a 0.460mM herbicide so-
lution at pH 3.0 when the catalyst content varied between 0.10 and
1.50mM. Fig. 3a shows an enhancement of TBH decay at a higher
initial amount of catalyst, needing 360min at 0.10mM Fe2+ and only
180min at 1.00mM and 1.50mM Fe2+, for complete disappearance.
This behavior is strongly determined by the herbicide abatement oc-
curring within the first region until 3min as maximal, since it clearly

Fig. 3. Effect of Fe2+ concentration on (a) normalized tebuthiuron concentration abate-
ment, along with the kinetic analysis considering a pseudo-first-order reaction, and
(b) TOC decay vs. electrolysis time. Conditions: 100mL of 0.460mM herbicide solu-
tions in 0.050M Na2SO4 at pH = 3.0 treated by EF using a BDD/air-diffusion cell at
j = 100mA cm−2 and 25°C. [Fe2+]: ( ) 0.10mM, ( ) 0.50mM, ( ) 1.00 mM and (

) 1.50mM.

increased from about 10% to near 35% when changing from 0.10
to 1.00–1.50mM Fe2+. This tendency is corroborated by the
pseudo-first-order kinetic analysis of both regions presented in the
inset of Fig. 3a. In the first region, a progressive rise of k1-value
was found at higher Fe2+ content up to 1.00mM, being 2.75-fold
and 6.67–6.92-fold higher at 0.50 and 1.00–1.50mM, respectively,
as compared to 0.10mM (see Table 1). In contrast, a mean k1-value
∼1.1× 10−2 min−1 was found in the second region regardless of the
amount of Fe2+ catalyst (see Table 1). These findings can be explained
by the significant acceleration of OH production from Fenton's re-
action (3) as Fe2+ content grew, thus causing a quicker destruction of
free TBH within the first region. However, no further upgrading was
achieved from 1.00mM Fe2+ because the excess of catalyst was detri-
mental as it partially destroyed the OH from reaction (8) (Sirés et al.,
2014; Moreira et al., 2017).

Once the initial Fe2+ was quantitatively transformed into Fe3+, two
key facts explain the deceleration of the TBH degradation: (i) the
lower amount of Fe2+, which led to a smaller accumulation of OH
from Fenton's reaction (3), and (ii) the presence of complexed TBH

C9H16N4OS + 33H2O → 9CO2 + 4NO3
− + SO4

2− + 82H+ +
76e− (6)

(7)

Fe2+ + OH → Fe3+ + OH− (8)
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as predominant form of the herbicide. Therefore, this refractory
species is oxidized within the second region preferentially upon the
action of BDD ( OH), as suggested by the similar k1-value found at
all Fe2+ contents. Nevertheless, the contribution of free OH is more
significant in the mineralization process. This can be seen in Fig. 3b,
where a slightly slower TOC decay occurred at 0.10mM Fe2+, attain-
ing 87.2% TOC removal after 540min, being smaller than ∼94% ob-
tained at 0.50–1.50mM Fe2+ (see Table 1) because very low amounts
of OH were produced at the lowest concentration of catalyst.

The degradation of 0.092–0.460mM herbicide solutions with
0.50mM Fe2+ was assessed in the BDD/air-diffusion cell to examine
the influence of TBH content on the EF treatment. Fig. 4a shows a
clear acceleration of the free herbicide decrease within the first re-
gion as its content diminished, being as high as 80% at 0.092mM
TBH. Total disappearance was achieved at 90min for that solution,
whereas it required 240min for 0.460mM, simply due to the presence
of greater organic matter content. From the inset of this figure, the
k1-value was 3.94-fold and 2.82-fold greater for 0.092 and 0.184mM,
respectively, as compared to that found for 0.460mM (see Table 1).
This trend can be related to the larger competition, between free TBH
and its by-products to react with OH formed from Fenton's reaction
(3), as the herbicide concentration increased. This fact also affects
the k1-value in the second region, which decayed from 2.1× 10−3 to
1.1× 10−3 min−1 when the herbicide content was raised from 0.092 to
0.460mM. A similar behavior is shown in Fig. 4b for TOC removal,
needing a longer time to reach a large mineralization at higher herbi-
cide content, as a result of the slower oxidation of greater organic load.
Conversely, Fig. 4c and Table 1 evidence that the MCE increased as
the herbicide concentration was raised. This behavior is characteris-
tic of the EAOPs, and results from the minimization of the parasitic
(non-oxidizing) reactions of BDD ( OH) and OH, favoring the num-
ber of successful events and making the process more efficient (Sirés
et al., 2014).

3.4. Detection of oxidation intermediates and proposal of a
degradation route

Treatments of 0.460mM TBH (1) solutions for 4–5min by
AO-H2O2, EF and PEF with a BDD/air-diffusion cell allowed the
identification of 8 heteroaromatic by-products preserving the thiadia-
zole ring along with 1,3-dimethylurea formed from its cleavage. Note
that this short time was enough to ensure that, in the Fenton-based
EAOPs, the herbicide was pre-eminently in the form of Fe(III)-TBH.
The same oxidation by-products were found regardless of the EAOP
tested, revealing an analogous reactivity of free and complexed TBH
with the oxidizing agents. Fig. 5 shows the proposed reaction se-
quence for the initial destruction of the herbicide taking into account
all the detected by-products. The main oxidant was the physisorbed
BDD ( OH) in AO-H2O2 and, additionally, the homogeneous OH in
EF and PEF, although all of them are depicted as OH in Fig. 5 for
the sake of simplification. A much slower degradation by other ROS
(H2O2, HO2 ) is also feasible, as pointed out above.

The path is initiated by the hydroxylation of N (3) of the 1,3-di-
methylurea group of 1 with m/z 228 to yield 2 with m/z 244, which
is subsequently oxidized to its aldehyde derivative 3 with m/z 242.
This compound can then undergo: (i) oxidation of the methyl sub-
stituent of N (1) to aldehyde yielding product 4 with m/z 256, (ii)
cleavage of the N (1) C (2) bond of the lateral group to form com-
pound 6 with m/z 171 and (iii) oxidation of the methyl substituent of
N (1) to alcohol, along with scission of the N (3) C (4) bond of the
lateral group, originating the derivative 5 with m/z 230. Subsequent
demethylation of 6 leads to compound 7 with m/z 157, which is then

Fig. 4. (a) Normalized herbicide concentration removal, (b) TOC abatement and (c)
change of mineralization current efficiency with electrolysis time for the treatment of
100mL of ( ) 0.092mM, ( ) 0.184mM and ( ) 0.46mM tebuthiuron solutions in
0.050M Na2SO4 with 0.50mM Fe2+ at pH = 3.0 by EF with a BDD/air-diffusion cell at
j = 100mA cm−2 and 25°C. The corresponding pseudo-first-order kinetic analysis of de-
cays shown in (a) is presented in the inset panel.

hydroxylated on the tert-butyl group to form product 8 with m/z 173
or deaminated to form the derivative 9 with m/z 142. This latter prod-
uct can also arise from the initial cleavage of 1 with release of 1,3-di-
methylurea (compound 10) with m/z 88.

3.5. THB degradation by EAOPs with Pt

To better clarify the role of the different hydroxyl radicals, the
study of TBH degradation was extended to a Pt/air-diffusion cell,
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Fig. 5. Proposed reaction sequence for the initial degradation of tebuthiuron (1) by EAOPs at pH = 3.0. OH denotes the oxidant hydroxyl radical formed either at the anode from
water oxidation or generated in the bulk from Fenton's reaction.

where a milder oxidation is expected owing to the active nature of Pt
(Panizza and Cerisola, 2009; El-Ghenymy et al., 2014). This is con-
firmed from the results of Fig. 6, obtained for 0.460mM TBH solu

tions at j = 100mA cm−2. The herbicide concentration decay in
AO-H2O2 was slower using Pt, showing a k1-value 0.42-fold lower as
compared with BDD (see Fig. 6a and Table 1). Moreover, Fig. 6b re
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Fig. 6. Variation of (a) normalized tebuthiuron concentration, along with the
pseudo-first-order kinetic analysis in the inset, (b) TOC and (c) mineralization cur-
rent efficiency with electrolysis time for the treatment of 100mL of 0.460mM her-
bicide solutions in 0.050M Na2SO4 at pH = 3.0 with a stirred Pt/air-diffusion cell at
j = 100 mA cm−2 and 25°C. Method: ( ) AO-H2O2, ( ) EF with 0.50mM Fe2+ and (

) PEF with 0.50mM Fe2+ under illumination with a 6W UVA lamp.

veals a very poor TOC removal, only attaining 21% mineralization
(see Table 1), yielding MCE values < 1% (see Fig. 6c). From these
findings, one can conclude that TBH is much more largely destroyed
and mineralized by the more powerful BDD anode due to the much
greater oxidation power of BDD ( OH) compared to Pt ( OH).

In contrast, small differences for TBH decay were obtained in EF
and PEF with both anodes. Fig. 6a shows similar removal rates for
both treatments, with total disappearance of the herbicide at 240min,
as in the cell with BDD (see Fig. 1a). Table 1 summarizes analogous
k1-values within the first region regardless of the anode, corroborating
the pre-eminent oxidation of TBH with free OH under these condi-
tions. In the second region, at times > 2–3min, slightly higher k1-val-
ues were obtained for Pt (Table 1). This means that the complexed

TBH is more effectively oxidized by Pt ( OH), probably because of
its larger adsorption on Pt that favors the attack of heterogeneous hy-
droxyl radicals (Coria et al., 2016; Steter et al., 2016). Fig. 6b high-
lights that the TOC of the herbicide solution decayed in a similar way
for EF and PEF with Pt, only being reduced by ca. 60–63% at 540min,
being accompanied by small MCE values (see Fig. 6c). Therefore, in-
termediates were slowly destroyed by Pt ( OH) and OH, but much
more rapidly and efficiently mineralized by BDD ( OH) when using
BDD.

Table 1 collects the results obtained in EF with Pt when the Fe2+

content of the 0.460mM herbicide solution grew up to 1.00 and
1.50mM. As can be seen, the k1-value within the first region was up-
graded due to the quicker removal of free TBH by the larger amounts
of OH formed from Fenton's reaction (3). The analogous k1-values
found in the second region regardless of the Fe2+ content confirms
the preferential oxidation of Fe(III)-TBH by Pt ( OH). Regarding the
mineralization process, TOC abatement was accelerated as the catalyst
content was raised, indicating that intermediates were more rapidly
destroyed upon the action of OH rather than Pt ( OH). However, only
near 74% mineralization was achieved at the highest Fe2+ concentra-
tion, which is much less than 96.6% reached with BDD (see Table 1).

4. Conclusions

Acidic TBH solutions were mineralized more rapidly by AO-H2O2,
EF and PEF with a BDD/air-diffusion cell than using a Pt as the an-
ode due to the higher oxidation power of BDD ( OH) compared to Pt
( OH). In both kinds of cells, Fenton-based EAOPs were more effec-
tive because of the synergistic action of OH formed from Fenton's re-
action and physisorbed M( OH). The S and N atoms of the herbicide
were pre-eminently released as SO4

2− and NO3
− ions. Two consecu-

tive kinetic regimes were found in EF and PEF, the first one related
to the oxidation of free TBH by OH, being quicker than the second
stage that corresponded to the degradation of Fe(III)-TBH complex by
M( OH). The increase of Fe2+ content and decrease of TBH concen-
tration yielded a higher k1-value within the first region because of the
quicker OH production. In contrast, these two variables did not show
substantial effect on the k1-value in the second region since the com-
plexed TBH was always oxidized by a similar amount of M( OH). Al-
most total mineralization with >94% TOC removal was achieved by
EF and PEF with BDD. The mineralization rate of both processes was
similar because intermediates were not photoactive under UVA irradi-
ation. A route for the initial TBH degradation is proposed from the 9
products detected by GC-MS.
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