
Contents lists available at ScienceDirect

Applied Catalysis B: Environmental

journal homepage: www.elsevier.com/locate/apcatb

On the performance of HOCl/Fe2+, HOCl/Fe2+/UVA, and HOCl/UVC
processes using in situ electrogenerated active chlorine to mineralize the
herbicide picloram

Douglas A.C. Coledama,1, Isaac Sánchez-Montesa,1, Bianca F. Silvab, José M. Aquinoa,⁎

aUniversidade Federal de São Carlos, Departamento de Química, 13565-905 São Carlos, SP, Brazil
bUniversidade Estadual Paulista, Instituto de Química de Araraquara, Departamento de Química Analítica, 14800-900 Araraquara, SP, Brazil

A R T I C L E I N F O

Keywords:
Fenton like reaction
Synthetic organic pollutants
Organochlorine compounds
Mixed oxide anode
Hybrid methods

A B S T R A C T

Four different treatment methods based on the HO% production were assessed to oxidize and mineralize the
herbicide picloram (PCL), which is considered very toxic and so is a potential contaminant of surface and ground
water. The processes based on the Fenton type (homolysis reaction of HOCl by Fe2+ ions) and photo-Fenton type
reaction (using a 9W UVA light) with in situ electrogenerated HOCl species, using a commercial DSA® anode in
the presence of Cl− ions, led to poor mineralization performances in comparison to the HOCl/UVC process. In
that case, the homolysis reaction of HOCl mediated by a 5 or 9W UVC light resulted in almost complete removal
of the organic load within 12 h of treatment, from acidic to neutral solutions and using 1 g L−1 of NaCl con-
centration after optimization of the experimental conditions. When the HOCl/UVC process using a 5W UVC light
is compared to the electrochemical method using a boron-doped diamond anode (electrochemical/BDD), the
oxidation and mineralization rates of the HOCl/UVC process were always superior, with ∼95% removal of total
organic carbon (TOC) after 12 h treatment. The energy consumption per unit mass of removed TOC remained
around 4 and 8 kW h g−1 for the HOCl/UVC and electrochemical/BDD treatment processes after 90% removal of
TOC, respectively, even considering the energy consumption of the UVC lamp. In the final treatment stages, high
CO2 conversions were obtained using both methods, as the generated intermediates were almost completely
eliminated. Finally, the HOCl/UVC process is a reasonable option to treat solutions contaminated with organic
pollutants as the common problems associated with the Fenton based (acidic solution, Fe2+ ion recovery,
generation of H2O2) and electrochemical/BDD (mass transport) processes can be readily circumvented.

1. Introduction

The contamination of surface natural water bodies by a large
number of synthetic organic compounds (SOC) seems to be reported
more frequently by the literature [1–3] nowadays, since feed water
supply systems usually use surface water [3]. These studies have shown
that SOC, such as herbicides, antibiotics, personal care products, and so
on [4,5], can be found in natural surface water even after treatment at
conventional municipal wastewater treatment plants [6,7]. Despite a
significant number of studies that show the impact of the acute toxicity
of some SOC on microorganisms [8,9], including the relationship be-
tween toxicity and structural modifications [10–12], few of these stu-
dies investigated the effect of a long term exposure of SOC in micro-
organisms or even in humans. Consequently, and based on the potential
harmful effect of SOC to aquatic and human lives [13], there is the

necessity to adequately eliminate these pollutants presented on ef-
fluents, using distinct methods or their combination [14], before dis-
posal in the environment.

Among the available methods to treat effluents contaminated with
SOC, the ones based on generation of the non selective hydroxyl radi-
cals (HO%) are usually the choice, such as Fenton based [15] and
electrochemical processes [16] as well as their combination [17], due to
the high oxidation power of HO% and production of less toxic by-
products [10]. The necessity to use acidic solutions and recovery of
Fe2+ ions are the main drawback of the Fenton based processes. On the
other hand, mass transfer limitation and the choice of adequate elec-
trode materials limit the application of the electrochemical technology,
resulting in excessive energy expenses and limited space-time yields
[18]. In order to try to overcome these limitations, considering the
solution pH, mass transfer limitation and anode material, Fenton type
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based reactions (particularly the reaction between HOCl and Fe2+ ions)
have been proposed [19] and seems to be an alternative process [20,21]
to treat solutions contaminated with organic compounds, as also re-
cently shown by Brillas and coworkers [22]. A Fenton type reaction is
based on the homolysis reaction of the HOCl species (electrochemically
produced using mixed oxide anodes or added as a chemical reagent) by
Fe2+ ions (or other Fe2+ complex ion [23]) to produced HO% and Cl%
species. The process performance can be increased if a suitable com-
bination of the electrochemical and photochemical (using a UVA light
to eliminate Fe complexes with carboxylic acids [24]) methods are
carried out [22].

The use of active chlorine species (HOCl and OCl−) to oxidize SOC
was also investigated in many works in the literature [25,26], specifi-
cally when using the electrochemical technology, as those species lead
to an indirect oxidation pathway in the solution bulk; however, due to
the low oxidation power of active chlorine species that often lead to
addition reactions in organic molecules [27], resulting in poor miner-
alization levels and generation of organochlorine byproducts are often
reported as the main drawbacks. Some strategies to overcome these
difficulties were proposed such as the photo-assisted methods [28];
however, the use of high power UVC lamps (high electrical energy
consumption) to irradiate dimensionally stable anode (DSA®) surfaces
in order to promote the formation of the HO% species, through oxida-
tion of adsorbed H2O by the produced holes, were inefficient to mi-
neralize SOC. Recently, Hurwitz et al. [29] and Sánchez-Montes et al.
[30] showed that the photo-assisted method could be successfully re-
arranged (by the elimination of the heterogeneous photocatalysis re-
action) to promote the homolysis of the in situ electrogenerated active
chlorine species using low power UVC lamps (also called hybrid elec-
trochemical and photochemical process), in the solution bulk. Despite
the production of organochlorine byproducts during treatment of the
tebuthiuron herbicide [30], in the final stages of the electrochemical
and photochemical treatment, no such oxidation byproducts were de-
tected.

Thus, the aim of the present work is to compare the performances of
the Fenton type reaction in the absence (HOCl/Fe2+ process) and
presence (photo-Fenton type process or HOCl/Fe2+/UVA process) of a
low power UVA light and using in situ electrogenerated active chlorine
species (particularly HOCl) produced by a commercially available DSA®

type electrode during degradation of the picloram (PCL: 4-Amino-3,5,6-
trichloro-2-pyridinecarboxylic acid) herbicide. This compound, which
is derived from a pyridine ring, has been extensively used and in-
vestigated [31–34] worldwide and is considered very toxic by the
Brazilian Health Regulatory Agency. In addition, the performance of an
electrochemical and photochemical process, through homolysis of the
HOCl species using a low power UVC light, is intended to be compared
with the Fenton type processes. The comparison will be carried out
using a filter press flow cell and the investigated variables will be the
type of UV irradiation, solution pH and NaCl concentration. The as-
sessment of PCL degradation and its produced intermediates will be
carried out by high performance liquid chromatography coupled to
mass spectrometry analyses. The optimized results considering the in-
vestigated processes and their variables, as well as the mineralization
current efficiency, electrical energy consumption, and extent of total
electrochemical combustion (conversion to CO2) will be compared to
those attained using solely the electrochemical method with a boron-
doped diamond (BDD) anode in the same hydrodynamic conditions.
Finally, it is intended to compare the oxidation and mineralization ef-
ficiency of a model organic compound based on three catalytic reac-
tions to produce HO%: homolysis reaction mediated by Fe2+ ions or
UVC irradiation and from water discharge.

2. Experimental

2.1. Chemicals

All chemicals, including picloram (PCL: 240 g L−1, as a salt of
triethanolamine – C6H15NO3; the rest of the formulation is referred to as
inert ingredients, except the crystal violet dye – C25N3H30Cl, Adama
Brasil), Na2SO4 (a.r., Qhemis), NaCl (a.r., Qhemis), Na2S2O3 (a.r.,
Qhemis), KI (a.r., Synth), H3PO4 (85%, Mallinckrodt), Na2S2O8 (a.r.,
Sigma Aldrich), KSCN (a.r., Merck), NaOH (a.r., Synth), H2SO4 (a.r.,
Mallinckrodt), Na2[Fe(CN)5NO]·2H2O (a.r., Fisher company), Na2CO3

(a.r., Sigma Aldrich), NaHCO3 (a.r., Sigma Aldrich), benzoic acid (a.r.,
Sigma Aldrich), salicylic acid (a.r., Sigma Aldrich), 1,10-phenanthroline
(a.r., Sigma Aldrich), hydroxylamine hydrochloride (a.r., Sigma
Aldrich), formic acid (a.r., JT Baker) and acetonitrile (HPLC grade, JT
Baker), were used as received. All analyzed carboxylic acids were
purchased from Sigma Aldrich. Deionized water (Millipore Milli-Q
system, resistivity ≥18.2 MΩ cm) was used for the preparation of all
solutions.

2.2. Electrochemical and photochemical degradation experiments

A schematic representation of the electrochemical and photo-
chemical flow system, as well as the one-compartment filter-press flow
reactor (containing a DSA® – Ti/Ru0.3Ti0.7O2 of nominal composition)
and two AISI 304 stainless steel plates as anode and cathodes, respec-
tively, used during the PCL degradation experiments can be seen in a
previous work [30]. The exposed area of the DSA® anode was
4.16 cm×2.75 cm (each face), respectively, and the distance between
electrodes was around 5mm.

In the first part of this work, the assessment of the HOCl/Fe2+ and
HOCl/Fe2+/UVA processes were carried out by the in situ electro-
chemical generation of HOCl species (using 20mA cm−2, at pH 3, and
with 2 g L−1 NaCl) in the presence of varying amounts of initial Fe2+

ion concentrations ([Fe2+]0: 0, 0.5, 1.0, and 2.0 mmol L−1) and using
or not a 9W UVA lamp. Then, in the second part, during assessment of
the HOCl/UVC process, the investigated variables and their ranges
were: i) power of commercial UVC lamps (5 and 9W), ii) solution pH (3,
7, 11, and without control), and iii) NaCl concentration (0, 1, 2, and
4 g L−1). The solution pH was continuously monitored and kept con-
stant at the desired values by addition of concentrated solutions of
H2SO4 or NaOH. The fluency rate of the UVA and UVC lamps as well as
their corresponding emission spectra were measured with a Nova
radiometer and spectroradiometer (from Ophir) and the obtained va-
lues can be seen in Table SM-1 and in Fig. SM-1, respectively, in the
supplementary material file. The PCL concentration, type and con-
centration of the supporting electrolyte, flow rate (flow velocity),
electrolysis time, and treated solution volume were fixed at
100mg L−1, 0.1 mol L−1 Na2SO4, 420 L h−1 (0.3 m s−1), 360min, and
1.0 L, respectively. Before any electrochemical and photochemical ex-
periment and in order to eliminate any adsorbed organic compound on
the DSA® surface, this electrode was electrochemically pretreated using
a 0.1 mol L−1 Na2SO4 solution by applying 20mA cm−2 for 15min.

After optimization of the electrochemical and photochemical pro-
cess using the UVC lamp (HOCl/UVC process), its performance towards
degradation of PCL (concerning removal of the dissolved organic matter
and electrical energy efficiency) were compared to the electrochemical
method using a BDD anode and similar hydrodynamic parameters
concerning the surface to volume ratio (24 cm2 of geometric area) and
flow velocity (0.3 m s−1: see [10] for more details of the electro-
chemical cell setup). The BDD electrode (boron content of 500 ppm in
the BDD film, deposited on a Si substrate) was purchased from NeoCoat
SA (Switzerland).
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2.3. Analyses

The evolution of the PCL concentration was monitored by high
performance liquid chromatography (HPLC) using a core shell C-18
reversed phase as the stationary phase (150mm×4.6mm, 5 μm par-
ticle 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 mLmin−1. The PCL molecule was detected at 254 nm. The injection
volume and temperature of the column were 25 μL and 23 °C, respec-
tively.

Analyses of the intermediate compounds were made every 1 h until
8 h of electrolysis. The 2mL 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 1mL of acet-
onitrile and filtered using a 0.22 μm cartridge coupled to a glass syr-
inge. The intermediates formed during the PCL degradation process
were determined by liquid chromatography coupled to a mass spec-
trometer (LC–MS/MS) analyses, according to a methodology previously
described [30]. During MS/MS experiments, formic acid was added in
the H2O component of the mobile phase to attain a final concentration
of 0.1% (V/V). The injection volume was 20 μL.

Short chain carboxylic acids were also determined throughout the
electrolysis process by HPLC, using a Rezek ROA-H™ column from
Phenomenex® as the stationary phase and 2.5 mmol L−1 H2SO4 as the
mobile phase at 0.5 mLmin−1. The carboxylic acids (detected at
210 nm) were identified by the comparison of their retention times with
those of previously analyzed standards. The injection volume and
column temperature were maintained at 25 μL and 23 °C, respectively.

Iodometric titration was used to monitor the amount of electro-
generated active chlorine species (calculated as Cl2), according to a
standard method [35].

Total Fe concentration were determined by UV–vis spectroscopy
using the Phenanthroline method [35], after a previous treatment of
samples using a concentrated hydroxylamine hydrochloride solution.
The Fe2+ ion concentration was obtained by a simple mass balance
after quantification of Fe3+ ions using a stock solution of KSCN. The
NH4

+ ions were also quantified by UV–vis spectroscopy based on the
production of indophenol (phenate method [35]). Ion chromatography
(930 Compact IC flex from Metrohm) were carried out to determine the
concentration evolution of NO3

− ions using a Metrosep A Supp5–250/
4.0 column and a mixture of 3.2 mmol L−1 Na2CO3 and 1.0mmol L−1

NaHCO3 as the stationary and mobile phase, respectively. The injection
volume and flow rate were kept fixed at 50 μL and 0.7 mLmin−1. A
conductivity detector was used to identify different produced ions.

A GE Sievers Innovox analyzer was used to monitor the extent of
mineralization (i.e. conversion to CO2) by total organic carbon con-
centration ([TOC]) measurements. For such, the treated solution was
sampled (5mL) every 1 h. The [TOC] determination was carried out
after mixing a diluted volume of the treated sample with H3PO4

(6mol L−1) and Na2S2O8 (30%m/V) solutions. The sample oxidation
was accomplished after the temperature and pressure corresponding to
the supercritical point of water was reached. The TOC content was
analyzed by subtraction of the measured values of inorganic and total
carbon, in terms of generated CO2. More experimental details can be
found in previous works of our group [10,30].

The mineralization current efficiency (MCE) was calculated ac-
cording to the following equation [36]:

=
×

×MCE nFV
mIt

Δ[TOC]
4.32 10

100t
7 (1)

where Δ[TOC]t is the measured TOC removal (mg L−1) after a certain
treatment time, t (h), n the number of exchanged electrons (see Eq. (2)
and assuming that only NO3

− ions are produced [37]) considering that
the applied electric charge was consumed solely by the mineralization
process, F the Faraday constant (96485Cmol−1), V the solution volume
(L), 4.32×107 is a compounded conversion factor

(3600 s h−1× 12,000mgmol−1), m the number of carbon atoms of the
PCL molecule, and I the applied electric current (A).

C6H3Cl3N2O2(aq)+ 16H2O(l)→
6CO2(g)+ 2NO3

−(aq)+ 3Cl−(aq)+ 35H+(aq)+ 30e− (2)

The extent of combustion (φ) [38] was calculated through the ratio
between the removal percentages of PCL and TOC each 1 h of treat-
ment:

=φ %[TOC]
%[PCL]

removed

removed (3)

The value of φ gives an indication of the extent of conversion of
oxidized PCL molecules to CO2 or to other intermediate compounds.
Then, this parameter can assume values between 0 (no combustion) and
1 (complete combustion, which is the desired value).

The energy consumption per unit mass (w) for the electrochemical
and photochemical process was calculated according to [39]:

⎜ ⎟= ⎛
⎝

+ ⎞
⎠

w UIt Pt
VΔ[X] (4)

where U is the cell voltage (V), I the applied electric current (A), t the
reaction time (h), P the nominal power of the UVA/UVC lamps (W),
Δ[X] the concentration variation of PCL (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. Assessment of the HOCl/Fe2+ and HOCl/Fe2+/UVA processes

Fig. 1 shows the relative percentage decay of PCL ([PCL]rel/
%=100× [PCL]t/[PCL]0, where [PCL]t and [PCL]0 refer to the PCL
concentration after a certain time t and at the beginning of the treat-
ment process, respectively) and TOC ([TOC]rel/%=100× [TOC]t/
[TOC]0, where [TOC]t and [TOC]0 refer to the TOC concentration after
a certain time t and at the beginning of the treatment process, respec-
tively) as a function of treatment time (t) for the Fenton type process
with in situ electrogenerated active chlorine species and using distinct
initial concentrations of Fe2+ ([Fe2+]0: from 0 to 2mmol L−1). The
oxidation levels attained for the PCL compound using the electro-
chemical method without Fe2+ ions was very close to the experiments
in the presence of increasing amounts of Fe2+ (koxi ∼6×10−2 min−1).
Thus, the main contribution for the oxidation of PCL is due to the
electrochemical process that is mediated by the electrogenerated active

Fig. 1. Relative percentage decay of a) PCL ([PCL]rel) and b) TOC ([TOC]rel) as a function
of treatment time for the Fenton type process (using a DSA® anode to electrogenerate
active chlorine species) at varying initial concentration of Fe2+ ions: ( ) 0.0, (○) 0.5, (
and its repetition ) 1.0, and ( and its repetition ) 2.0 mmol L−1 Fe2+ ions.
Continuous line refer to a theoretical mass transport controlled process (see text).
Conditions: 20mA cm−2, pH 3, 2 g L−1 NaCl, and at 25 °C.
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chlorine species (particularly the HOCl specie in the investigated pH
condition [40]), as often reported in the literature [33]. The indirect
oxidation reaction increases the oxidation kinetic constant of organics
in comparison to a purely mass transport controlled electrochemical
reaction (in the absence of chemical reactions in the solution bulk)
[41], as can be seen by comparison of the theoretical exponential line
(obtained according to [42] and using 2.13×10−5 m and
9.1×10−10 m2 s−1 for the thickness of the stagnant layer [43] and
diffusion coefficient for PCL [44], respectively) and experimental data
of Fig. 1. The expected synergistic reaction between Fe2+ ions and
HOCl species to mainly generate HO% or Cl% (Fenton type or like Fenton
reactions), as described in the work of Folkes et al. [19] and shown in
Eqs. (5) and (6), seem to not result in significant improvements in the
oxidation level or rate of the PCL compound. That behavior might be
due to the faster oxidation reaction of the HOCl species towards the PCL
molecule.

HOCl(aq)+ Fe2+(aq)→ Fe3+(aq)+HO%(aq)+Cl−(aq) (5)

HOCl(aq)+ Fe2+(aq)→ Fe3+(aq)+HO− (aq)+Cl%(aq) (6)

On the other hand, when the TOC decay is analyzed, the electro-
chemical process in the presence of Fe2+ ions resulted in increasing
removal levels of TOC: ∼35% (∼20% for the repetition) of CO2 con-
version using 2mmol L−1 Fe2+ ions in comparison to ∼10% in the
absence of Fe2+ ions. The expected synergism of the Fenton type re-
action, probably due to the generation of HO% species [19] on the so-
lution bulk, according to Eq. (5), can be clearly noticed. The production
of HO% species were confirmed after detection of salicylic acid during
treatment of a solution containing benzoic acid by the Fenton type
reaction (see experimental details and results in the supplementary
material section – Fig. SM-2a). In addition, the concentration evolution
of Fe as a function of treatment time showed that during the Fenton
type reaction, practically no Fe2+ ion accumulates in the reaction
medium, since all detected Fe is in the oxidation state of +3 (see Fig.
SM-3).

The use of UVA light (9W) was also carried out to investigate the
performance of the Fenton type reaction to oxidize and mineralize so-
lutions containing the PCL herbicide. As reported in the literature for
photo-Fenton processes, the irradiation of the treating solution with
UVA light led to significant improvements in the oxidation and mi-
neralization levels of organic pollutants due to regeneration of Fe2+

ions by elimination of its complexes with carboxylic acids or H2O
[45,46]. When Fenton type reactions are analyzed, it is interesting to
observe a significant increase of the absorption bands from 200 nm to
350 nm, during analyses of UV–vis spectra of solutions in presence of
HOCl and Fe2+ ions (without organic compounds), as shown in Fig. SM-
5. As reported by Folkes et al. [19], that behavior might be related to
the oxidation of Fe2+ ions to higher oxidation states or even com-
plexation with Cl− ions. Consequently, a photo-Fenton type process
was carried out through irradiation of the solution with a 9W UVA light
to assess the performance of this method towards oxidation and mi-
neralization of the PCL herbicide. As can be observed in Fig. 2, which
shows the evolution of [PCL]rel and [TOC]rel for the photo-Fenton type
process at varying amounts of [Fe2+]0 (from 0 to 2mmol L−1) upon
irradiation by a 9W UVA light with in situ electrogenerated active
chlorine species, the PCL oxidation rates attained were very similar to
the one without irradiation and Fe2+ ions (see Fig. 1a). Therefore, the
PCL molecule reacts readily with active chlorine species through oxi-
dation, substitution, or addition reactions [27], and no synergistic effect
was observed. When conversion to CO2 is analyzed, the removal levels
and rates (see Table SM-2 for the pseudo first order kinetic constants) of
TOC increased slightly for all tested concentrations of Fe2+ ions in
comparison to the experiments without UVA irradiation (compare Figs.
1b and 2b): ∼45% (35% to 25% for the repetitions) of CO2 conversion
using 1 or 2mmol L−1 Fe2+ ions. These improvements might be due to
the regeneration of the Fe2+ ions by the photoreduction processes

mediated by UVA irradiation, as reported for photo-Fenton based re-
actions [45]. Then, the Fe2+ ions generate HO% by homolysis of the
HOCl species, as shown in Fig. SM-2b. For comparison purposes, no
significant oxidation or mineralization of PCL was attained using only
the photochemical method (without applying electric current and no
addition of Fe2+ ions) experiment. The synergistic effect of the photo-
Fenton type process (despite the low reprodutibility) can be easily
confirmed for the TOC removal process by summation of the removal
levels of the electrochemical and photochemical methods and com-
parison with the experimental data, as shown in Fig. SM-6. Clearly, the
experimental data of the photo-Fenton type reaction led to a slightly
higher TOC removal.

The concentration evolution of Fe as a function of treatment time for
the photo-Fenton type process can be seen in Fig. SM-7. As can be in-
ferred from Fig. SM-7, no appreciable Fe2+ ion concentration was de-
tected in the reaction medium. That behavior is in agreement with the
Fenton type process and is due to the high concentration of electro-
generated active chlorine (see discussion and corresponding figures
below) that promptly oxidizes Fe2+ to Fe3+ ions.

The extent of total electrochemical combustion (φ) and miner-
alization current efficiency (MCE) for the Fenton type and photo-Fenton
type processes can be seen in Fig. SM-8. As expected, a slight increase of
the φ values were noticed for the photo-Fenton type reaction; however,
no significant differences were observed for the obtained MCE values.
Further improvements in the conversion to CO2 might be expected if a
powerful UVA light had been used, such as the sunlight; however, due
to experimental limitations concerning the assembled system, this was
not feasible. Similar results concerning the increasing removal levels
during oxidation of the acid yellow 36 azo dye for the Fenton type and
photo-Fenton type processes (using a Ir-Sn-Sb oxide anode for the in situ
electrogeneration of active chlorine species) were obtained by Aguilar
et al. [22].

3.2. Assessment of the HOCl/UVC process using low power lamps

As the Fenton type and photo-Fenton type processes, the HOCl/UVC
process is based on homogeneous catalysis reaction mediated by HO%,
which is generated from homolysis of HOCl by UVC radiation (parti-
cularly the emission line at 254 nm) instead of Fe2+ ions in the first two
processes. Recently, Sánchez-Montes et al. [30] showed that the HOCl/
UVC process can be successfully used to mineralize tebuthiuron herbi-
cide with a 9W UVC power lamp. Therefore, in this work, a comparison
between a 9W and 5W UVC lamps was carried out to oxidize and
mineralize PCL herbicide. As can be observed in Fig. 3a, complete

Fig. 2. Relative percentage decay of a) PCL ([PCL]rel) and b) TOC ([TOC]rel) as a function
of treatment time for the photo-Fenton type process (using a 9W UVA light and a DSA®

anode to electrogenerate active chlorine species) at varying initial concentration of Fe2+

ions: (□) 0.0, ( ) 0.5, ( and its repetition ) 1.0, ( and its repetition )
2.0mmol L−1 Fe2+ ions, and (★) photochemical experiment. Conditions: 20mA cm−2,
pH 3, 2 g L−1 NaCl, and at 25 °C.
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oxidation of PCL was achieved after 1 h of treatment using both UVC
lamps (5 and 9W) and with similar oxidation rates (3.4× 10−2 min−1

and 4.7× 10−2 min−1 for the 5 and 9W UVC power lamps, respec-
tively.). On the other hand, the mineralization level and rate
(3.3× 10−3 min−1 and 5.8× 10−3 min−1 for the 5 and 9W UVC
power lamps, respectively) of PCL are higher when using the 9W lamp
probably due to its slightly higher fluency rate [47] (see Table SM-1),
since the conversion to CO2 is dependent on the HO% concentration that
is formed from the HOCl homolysis. For the organic load removal, only
the produced HO% are effective to mineralize PCL and its intermediates,
so low removal rates are expected in comparison to PCL removal. When
the energy consumption of Fig. 3b is analyzed, the HOCl/UVC process
using a 5W power lamp seems to be more advantageous as the residual
organic load (mainly carboxylic acids, as discussed later) is recalcitrant
and requires an increasing amount of electric energy that is higher
when using a 9W UVC lamp. The obtained values of φ and MCE (see
Fig. SM-9) using a 5W and 9W were also similar with an almost
complete conversion of intermediates to CO2 after 12 h of treatment. All
these features confirm that the HOCl/UVC method using a 5W UVC
lamp might be sufficient to attain complete conversion of pollutants to
CO2, even in comparison to the Fenton type and photo-Fenton type
processes. The synergism of the HOCl/UVC process for the TOC re-
moval is due to the homolysis of the HOCl species to produce HO% in
the solution bulk, which can be clearly seen by comparison of the
summation curve of the electrochemical and photochemical methods
with the experimental one using the HOCl/UVC process, as showed in
Fig. SM-10. The decrease of the active chlorine concentration (calcu-
lated as Cl2 species by a iodometric titration – see Fig. SM-11) and the
similar achieved plateau when using a 5W or 9W UVC light confirm
that the 254 nm emission line is responsible for the homolysis of the
HOCl species and that the use of a 5W lamp is sufficient to attain the
highest removal rates of organics. More evidence of the production of
HO% by the HOCl/UVC process can be seen in Fig. SM-2c, which shows
the evolution of salicylic acid during treatment of a solution containing
benzoic acid. Thus, the homolysis reaction of HOCl mediated by UVC
irradiation is more efficient towards mineralization of organic con-
taminants than the Fenton type and photo-Fenton type based reactions.
As also discussed in the work of Folkes et al. [19], the one electron
reaction of HOCl and Fe2+ ion may lead to other reactive oxygen
species that could have resulted in low oxidation and mineralization
rates of the Fenton type and photo-Fenton type processes than the
HOCl/UVC process.

3.2.1. Influence of the solution pH and NaCl concentration
The removal efficiency of organic pollutants using the HOCl/UVC

process is mainly dependent on the solution pH and NaCl concentra-
tion, as these parameters are related to the distinct active chlorine
species in solution (mainly HOCl and OCl−) and their concentration,
respectively. Therefore, the effect of the solution pH on the oxidation
and mineralization of PCL compound was carried out using a 5W UVC
light with in situ electrogenerated active chlorine species, as showed in
Fig. 4. Clearly, the oxidation rates attained (see Table SM-3) decreased
from acidic/neutral solutions to alkaline solutions. The pH of the so-
lution assigned as “without pH control” ranged from 7.7 (before the
electrolysis) to 4.0 (after 6 h). The low removal rate of PCL in alkaline
solutions is due to the presence of the OCl− species, which has a low
quantum efficiency for the homolysis reaction under UVC irradiation
[47]. In addition, OCl− may also consume the produced HO% with a
higher rate than the HOCl species (scavenge reactions), as reported by
Wang et al. [48]. The TOC removal rates and levels exhibited a similar
trend with respect to the solution pH; however, almost complete con-
version of PCL and its intermediates to CO2 was only attained when the
solution pH was not adjusted. As can be observed in Fig. 4b, that be-
havior is reproducible and might be related to distinct intermediate
compounds generated (currently under investigation) during treatment.
All these findings are in agreement with a previous work of our group
[30].

As the concentration of the electrogenerated active chlorine species
for the HOCl/UVC process are dependent on the NaCl concentration,
assessment of the oxidation and mineralization of the PCL compound
was also carried out at distinct values of NaCl concentration and in its
absence using a 5W UVC light, as showed in Fig. 5. Despite the lower
removal rates attained for the conversion to CO2 in comparison to the
oxidation rates of PCL (see Table SM-4) in the presence of Cl− ions,
which is related to the different chemical modifications on the PCL
molecule, the use of low NaCl concentrations (1 g L−1) is sufficient to
attain similar oxidation and mineralization levels among the in-
vestigated range. In the absence of Cl− ions, complete oxidation of PCL
was only achieved after 6 h of treatment, whereas ∼20% of conversion
to CO2 was obtained in the same period of time. Thus, the use of Cl−

ions is essential to attain appreciable mineralization rates and levels of
organics due to the electrogeneration of HOCl and its further homolysis
by UVC irradiation to produce HO• species. The obtained values for the
extent of combustion (φ) close to 1 after 6 h of treatment and the higher
MCE values throughout the HOCl/UVC treatment process (see Fig. SM-
12) corroborate to the importance of using NaCl, but at a lower con-
centration (1 g L−1).

Fig. 3. a) Relative percentage decay of PCL (empty symbols) and TOC (full symbols) as a
function of treatment time for the HOCl/UVC process using a (■, □) 5W and ( , ) 9W
UVC power lamp and b) energy consumption per unit mass of removed TOC (w) as a
function of TOC removal (100–[TOC]rel) for the HOCl/UVC process using a ( ) 5W and
( ) 9W UVC lamp. Conditions: 20mA cm−2, pH 3, 2 g L−1 NaCl, and at 25 °C. A DSA®

anode was used to electrogenerate active chlorine species.

Fig. 4. Relative percentage decay of a) PCL ([PCL]rel) and b) TOC ([TOC]rel) as a function
of treatment time for the HOCl/UVC process (using a 5W UVC light and a DSA® anode to
electrogenerate active chlorine species) at varying solution pH: ( ) 3, ( ) 7, ( ) 11, and
(□ and ■, the last one only for TOC decay) without pH control. Conditions: 20mA cm−2,
2 g L−1 NaCl at 25 °C.
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3.2.2. Performance of the HOCl/UVC and electrochemical/BDD processes
towards PCL degradation: identification of byproducts

The use of BDD anodes to oxidize and mineralize different types of
organic pollutants using the electrochemical method and its derived
processes is already known to result in high organic removal rates and
energy efficiencies if hydrodynamic settings are properly used [49–51].
Consequently, a comparison of the electrochemical (using a BDD anode
and without UVC irradiation) and HOCl/UVC processes towards oxi-
dation and mineralization of PCL were also carried out in the optimized
conditions of the HOCl/UVC process (1.0 g L−1 NaCl, 25 °C, no pH
control), as shown in Fig. 6a, and taking into account the same surface
to volume ratio and flow velocity (see Section 2.2) of the filter press
flow cells. Complete oxidation of the PCL herbicide was attained after
120min (∼0.9 kA hm−3) and 180min (∼1.4 kA hm−3) for the HOCl/
UVC and electrochemical/BDD processes, respectively. Thus, a slightly
higher oxidation rate was attained when using the HOCl/UVC process
(2.2× 10−2 min−1; R2= 0.99) in comparison to the electrochemical/
BDD (1.3× 10−2 min−1; R2= 0.97) process. When conversion to CO2

is analyzed, it can be observed that the HOCl/UVC process lead to
∼95% of TOC removal after 12 h treatment (∼6 kA hm−3) than
∼88% of TOC removal using the electrochemical/BDD method. The

calculated CO2 conversion rates for the HOCl/UVC and electro-
chemical/BDD processes remained around 4.9×10−3 min−1

(R2= 0.97) and 2.9×10−3 min−1 (R2= 0.99), respectively. In the
final stage of the mineralization reaction using the HOCl/UVC process,
the observed residual organic load is due to the generated carboxylic
acid byproducts, as discussed below. As the mineralization reaction rate
was higher for the HOCl/UVC process, the extent of total combustion
(φ) for this process (0.93 after 12 h) was also superior than the one for
the electrochemical/BDD method (0.88), as shown in Fig. 6b. The main
difference between the HOCl/UVC and electrochemical/BDD processes
is the UVC irradiation. This step led to the HOCl homolysis reaction
with production of the HO% species in the solution bulk (see Fig. SM-
2c). As can be observed in Fig. 6, the obtained results are quite re-
producible. A comparison between the HOCl/UVC and the electro-
chemical/BDD processes in the presence and absence of Cl− ions during
oxidation and mineralization of PCL can be seen in Fig. SM-13. As ex-
pected, high oxidation rates were attained in the presence of Cl− ions
for both methods; however, no significant difference was observed
during conversion of PCL to CO2 using the electrochemical/BDD pro-
cess in the presence or absence of Cl− ions. Concerning the HOCl/UVC
process, the use of Cl− ions is of extreme importance to result in almost
complete mineralization of PCL, as the electrogenerated HOCl species
are the source of HO% mediated by UVC light. These radical species are
responsible for the conversion of PCL to CO2.

The mineralization current efficiencies (MCE) for the HOCl/UVC
and electrochemical/BDD processes were similar and reproducible
during mineralization of the PCL compound and exhibited the expected
behavior of diminishment with the applied electric charge as the or-
ganic load is converted to CO2, as showed in Fig. 7a. The evolution of
the energy consumption per unit mass of removed TOC (w) remained
close and in the range of 4–8 kW h g−1 for the HOCl/UVC and elec-
trochemical/BDD treatment processes, respectively, during removal of
the TOC content, as showed in Fig. 7b. That behavior is very interesting
as the w values for the HOCl/UVC process were carried out considering
the electric energy required by the UVC lamp. The electric energy used
for the photochemical method was compensated by the increased cell
voltage (∼2 V on average) when the electrochemical method using a
BDD anode, in comparison to a DSA®, was carried out. In addition, the
energy consumption per unit mass of oxidized PCL was also lower for
the HOCl/UVC (0.04 kW h g−1) in comparison to the electrochemical/
BDD (0.1 kWh g−1), after complete oxidation. Therefore, the HOCl/
UVC process is an interesting option as an advanced oxidation process

Fig. 5. Relative percentage decay of a) PCL ([PCL]rel) and b) TOC ([TOC]rel) as a function
of treatment time for the HOCl/UVC process (using a 5W UVC light and a DSA® anode to
electrogenerate active chlorine species) at varying NaCl concentration: (□) 0.0, ( ) 1.0,
( ) 2.0, ( ) 4.0 g L−1. Conditions: 20mA cm−2, without pH control at 25 °C.

Fig. 6. a) Relative percentage decay of PCL (□, ⊠, , ) and TOC (◊, ♦, , ) as a
function of the applied electric charge per unit volume of treated solution (Qap) using the
HOCl/UVC (black symbols) and electrochemical (red symbols) processes and b) extent of
combustion (φ) as a function of Qap for the HOCl/UVC ( , ) and electrochemical ( ,

) processes. Conditions: 20mA cm−2, 1.0 g L−1 NaCl, without pH control at 25 °C. A
DSA® anode and a 5W UVC light were used in the HOCl/UVC process and only a BDD
anode was used during the electrochemical treatment. The⊠, , ◊, , and symbols
refer to the experiments that were repeated. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. a) Mineralization current efficiency (MCE) as a function of the applied electric
charge per unit volume of treated solution (Qap) and b) energy consumption per unit mass
of removed TOC (w) as a function of TOC removal (100–[TOC]rel) for the HOCl/UVC (■,
□) and electrochemical ( , ) processes. Conditions: 20mA cm−2, 1.0 g L−1 NaCl,
without pH control at 25 °C. A DSA® anode and a 5W UVC light were used in the HOCl/
UVC process and only a BDD anode was used during the electrochemical treatment.
Empty symbols refer to the experiments that were repeated.
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to mineralize organic pollutants.
Identification of the main produced oxidation byproducts during

treatment of the PCL compound using the HOCl/UVC process were
carried out by LC–MS/MS analyses. As showed in Table 1, only two
intermediate compounds were detected: one of them resulting from
removal of an amine group (m/z 226) and the other resulting from
removal of a chlorine ion followed by a hydroxylation addition reaction
(m/z 223). These intermediate compounds are in agreement with those
found in the work of Abramović et al. [31], in which the mineralization
of PCL herbicide was carried out using a heterogeneous photocatalytic
process with TiO2 as a catalyst with two distinct morphologies. Other
intermediate compounds were detected, but their intensities were too
low to perform a MS/MS analysis. In addition, no intermediate com-
pound resulting from the rupture of the pyridine ring was observed. The
fragmentation route of these two intermediate compounds, as well as
the one for the parent compound, can be seen in Fig SM-14 to SM-16.
Concerning the short chain carboxylic acids, only dichloroacetic (DCA)
and oxamic acids were detected when using the HOCl/UVC process to
mineralize the PCL molecule, as showed in Fig. 8. For the electro-
chemical/BDD method, other carboxylic acids were also detected such
as: glyoxylic, chloroacetic, acetic, and maleic acids. The concentration
evolution of these carboxylic acids as a function of treatment time can

be seen in Fig. SM-17, in the supplementary material file. The DCA
compound (limit of quantification= 31.2 μg L−1) seems to remain even
after 8 h of treatment using the HOCl/UVC process and after 12 h using
the electrochemical/BDD process. Chlorinated acids were produced
probably due to reactions involving Cl% species, especially with ali-
phatic groups [52]. On the other hand, the recalcitrant oxamic acid was
completely removed using both methods of treatment after 8 h. The
concentration evolution of NH4

+ and NO3
− ions can be seen in Fig. SM-

18. Considering the HOCl/UVC process, the concentration of NH4
+

decreased throughout treatment and NO3
− ion concentration increased

until its maximum concentration (∼45mg L−1) was attained. This
value is close to the theoretical one (∼51mg L−1, taking into account
the stoichiometry of Eq. (2)) and also suggests that PCL was converted
to CO2. A similar behavior was observed for the electrochemical/BDD
process, except for the lower values of NO3

− ion concentration. In both
cases, the measured concentration of NO3

− ions was always higher
than the NH4

+ ions.
Finally, and comparing all tested methods, the HOCl/UVC process

using a commercial DSA® anode to electrogenerate in situ active
chlorine species is an interesting option to treat solutions contaminated
with organic pollutants, as it can be used from acidic to neutral solu-
tions without additions of Fe2+ ions.

4. Conclusions

Four different methods based on three catalytic reactions to produce
HO% for mineralization of picloram herbicide were assessed in this
work: HOCl/Fe2+ (Fenton type), HOCl/Fe2+/UVA (photo-Fenton
type), HOCl/UVC, and electrochemical. The process based on the
Fenton type reaction with in situ electrogenerated HOCl species, using a
commercial DSA® anode, seemed to result in a significant improvement
of the mineralization removal level of picloram. Further increases were
obtained when a photo-Fenton type process was employed due to the
use of an UVA lamp and a consequent recovery of Fe2+ ions, by elim-
ination of its complexes with H2O and carboxylic acids. Concerning the
HOCl/UVC process, almost complete mineralization of the picloram
herbicide was attained within 12 h of treatment from neutral to acidic
solutions, with high extent of combustion and low energy consumption,
using a 5 or 9W UVC lamp than the Fenton type and photo-Fenton type
processes. When the HOCl/UVC process using a 5W UVC lamp was
compared to the electrochemical method using a boron-doped diamond
(electrochemical/BDD) anode, considering the same hydrodynamic
parameters of both systems, higher oxidation and mineralization rates
were obtained for the HOCl/UVC process, as well as high extent of total
combustion (∼0.9) and low energy consumption (∼4 kW h g−1 in
comparison to ∼8 kW h g−1 for the electrochemical/BDD method at
90% removal of TOC). Almost all intermediate compounds (two of them
resulting from removal of the amine and chlorine groups) were elimi-
nated during treatment of picloram using the HOCl/UVC process, with
the exception of the dichloroacetic acid. Finally, the HOCl/UVC process
based on the homolysis reaction of HOCl species to produce HO% is an
interesting option to circumvent problems associated with the Fenton
based (acidic solution, Fe2+ ion recovery, and generation of H2O2) and
electrochemical/BDD (mass transport) processes.
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Table 1
LC–MS/MS data of the main detected byproducts during treatment of the picloram her-
bicide containing solution using the HOCl/UVC process.

Molar
mass/
(Da)

Retention
time/min

Molecular ion
[M+H]+/m/z

Main
fragment
ions/m/z

Proposed chemical
structure

240 8.1 241 223, 213,
195, 177, and
141

225 9.0 226 208 and 180

222 6.7 223 205 and 195

Conditions: 20mA cm−2, 1.0 g L−1 NaCl, without pH control at 25 °C. A DSA® anode (to
electrogenerate active chlorine) and a 5W UVC light were used in the HOCl/UVC process.

Fig. 8. Concentration evolution of the main detected carboxylic acids as a function of the
treatment time (t) for the HOCl/UVC process (using a DSA® as anode to electrogenerate
active chlorine species and a 5W UVC light): (■) dichloroacetic and ( ) oxamic acids.
Conditions: 20mA cm−2, 1.0 g L−1 NaCl, without pH control at 25 °C.
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electrodes, respectively.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apcatb.2017.12.072.
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