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Abstract The removal of artificial sweetener saccharin
(SAC) in aqueous solution by electrochemical advanced oxi-
dation using electro-Fenton process was performed. Experi-
ments were carried out in an undivided cylindrical glass cell
with a carbon-felt cathode and a Pt or boron-doped diamond
(BDD) anode. The removal of SAC by electrochemically gen-
erated hydroxyl radicals followed pseudo-first-order kinetics
with both Pt and BDD anode. The absolute rate constant of the
SAC hydroxylation reaction was determined for the first time
using the competition kinetic method and found to be (1.85+
0.01)x10° M ' s”!. The comparative study of TOC removal
efficiency during electro-Fenton treatment indicated a higher
mineralization rate with BDD than Pt anode. The
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identification and evolution of short-chain carboxylic acids
and inorganic ions formed during oxidation process were
monitored by ion-exchange chromatography and ion chroma-
tography, respectively. The assessment of toxicity of SAC
and/or its reaction by-products during treatment was per-
formed using Microtox® method based on the Vibrio fischeri
bacteria luminescence inhibition. Results showed that the pro-
cess was able to efficiently detoxify the treated solution.

Keywords Saccharin - Electro-Fenton process - Hydroxyl
radical - Mineralization - Water treatment - Toxicity

Introduction

Artificial sweeteners are an essential part of food technology as
a group of discrete chemical substances that possess intense
sweetness (Tripathi et al. 2006). They have been widely used
in food, beverage, confectionery, and pharmaceutical industries
(Kroger et al. 2006; Buerge et al. 2010; Lange et al. 2012). After
decades of worldwide use of artificial sweeteners, recent studies
have indicated that several artificial sweeteners are detectable in
the aquatic environment (Buerge et al. 2009; Scheurer et al.
2009; Van Stempvoort et al. 2011). Artificial sweeteners are
generally considered to have low ecotoxicity (Van Stempvoort
et al. 2011). However, the long-term health effects resulting
from the chronic exposure to low levels of artificial sweeteners
are largely unknown (Mawhinney et al. 2011).

Saccharin (SAC), one of the “first generation™ artificial
sweeteners, was discovered accidentally by Fahlberg and
Remsen at Johns Hopkins University in 1879 when they were
studying the oxidation of o-toluene-sulfonamides (Fahlberg
and Remsen 1879; Chattopadhyay et al. 2014). SAC is about
300 times sweeter than sucrose (Assumpcao et al. 2008). It was
reported that SAC is slowly absorbed and not metabolized by
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the human organism, so it is consequently an appropriate arti-
ficial sweetener for diabetics (Filho et al. 2003). Nowadays
SAC is approved in more than 90 countries and is widely ap-
plied in many pharmaceutical and dietary products (Filho et al.
2003). As a consequence, it has been detected in municipal
wastewaters and in river concentrations from 1.3 to 40 pg/L
in many countries, including Germany, Switzerland, and China
(Gan et al. 2013; Buerge et al. 2009; Scheurer et al. 2009).

Therefore, it is crucial to find efficient water treat technol-
ogies for the removal of SAC from aqueous media. Advanced
oxidation processes (AOPs) such as UV/H,0,, ozonation, ra-
diolysis, and ferrate (VI) oxidation processes (Soh et al. 2011;
Keen and Linden 2013: Sharma et al. 2012, 2014; Xu et al.
2016) have been proved to be effective for the removal of
artificial sweeteners from aqueous medium. AOPs are based
on the in situ generation of highly strong oxidants, mainly
hydroxyl radical ("OH, EO(°OH/H20):2.80 V/SHE) (Lin et al.,
2014; Mousset et al. 2014a; Oturan and Aaron 2014), which is
the second strongest oxidizing agent after fluorine. AOPs are
especially efficient for degrading aromatic molecules due to
the electrophilic aromatic substitution of these compounds
following the addition reaction of hydroxyl radical which then
lead to the oxidative opening of the aromatic ring (Panizza and
Cerisola 2009; Brillas et al. 2009; Rodrigo et al. 2014). The
most commonly used AOPs for the removal of organic pol-
lutants from water is based on the Fenton reaction (Eq. (1))
(Ozcan et al. 2008a; Oturan and Aaron 2014).

Fe’™ + H,0,—Fe’™ + OH™ + "'OH (1)

However, the conventional Fenton process has the disadvan-
tages of the requirement of high concentrations of Fenton’s
reagent (H,O, and Fe*") and large amount of ferric hydroxide
sludge generation (Qiang et al. 2003; Oturan and Aaron 2014;
Nidheesh and Gandhimathi 2012), which limit its application.
Electro-Fenton process, in which H,O; is in situ produced and
Fe?" (used as catalyst) is electrocatalytically regenerated
throughout the process (Brillas et al. 2009; Rodrigo et al.
2014; Shukla et al. 2015), overcomes these disadvantages.
H,0, is generated at the cathode of an electrochemical reactor
from two-electron reduction of dissolved oxygen (Eq. (2))
(Sirés et al. 2014; Vasudevan and Oturan 2014). "OH can be
then produced through the reaction of externally applied Fe**
(catalyst) with the electrogenerated H,O, (Eq. (1)). The ferrous
ions consumed by the Fenton’s reaction (Eq. (1)) can be con-
tinuously regenerated by cathodic reduction (Eq. (3)).

Oz + 2H+ + 267—>H202 (2)

Fe’t + e —Fe?" (3)

Therefore, the Fenton’s reagent (H,O, and Fe”) used in
electro-Fenton process is electrochemically generated in situ
by a catalytic way (Oturan et al. 2010, Oturan 2014).

Electro-Fenton process uses generally carbonaceous cath-
ode, such as carbon felt, carbon sponge, and graphite or O,-
diffusion cathode to favor the generation of H,O, (Brillas
et al. 2009; Olvera-Vargas et al. 2014). Dimensionally stable
anodes (DSA), platinum (Pt), and boron-doped diamond
(BDD) anodes are commonly employed for treating organic
pollutants (Mhemdi et al. 2013; dos Santos et al. 2015). In the
case of using BDD anode, organic pollutants can be destroyed
both by homogeneous “OH generated in the bulk solution
from reaction (1) and heterogeneous hydroxyl radicals formed
by oxidation of water at the surface of a high O,-overpotential
anode like BDD following Eq. (4) (Wang and Xu 2011;
Turabik et al. 2014; Brillas and Martinez-Huitle 2015).

BDD + H,0—BDD('OH) + H + ¢ (4)

In this study, we investigated the kinetics of degradation and
mineralization of SAC in aqueous medium by electrochemical
oxidation through electro-Fenton process. The effect of some
important operating parameters such as applied current, catalyst
(Fe*") concentration, anode materials, and supporting electro-
lyte on the oxidative degradation and mineralization of SAC
was examined. The absolute rate constant of the reaction be-
tween SAC and ‘OH was determined by the competition kinet-
ics method. The aliphatic short-chain carboxylic acids and in-
organic ions released during electro-Fenton process were mon-
itored. The evolution of global toxicity of SAC solution during
the treatment was assessed by Microtox method.

Experimental
Chemicals

Saccharin (o-benzoic sulfimide, C;HsCNO3S) was purchased
from Sigma-Aldrich. The chemical structure and main charac-
teristics of SAC were presented in Table 1. Analytical grade
anhydrous sodium sulfate and ferrous sulfate heptahydrated were
obtained from Sigma-Aldrich and Acros Organics, respectively.
Regent grade benzoic acid purchased from R.P. Normapur was
used as the competition substrate in several kinetic experiments.
Analytical grade carboxylic acids and other chemicals used for
chromatographic analysis were purchased from Acros, Merck,
Sigma, Riedel-de Haén, and Fluka. Ultrapure water used for the
preparation of the working solutions and HPLC eluting solutions
was obtained from a Millipore Milli-Q (simplicity 185) system
with resistivity >18 M() cm at room temperature.

Electrochemical apparatus and procedures
Electrolyses were performed at constant current and room tem-

perature using a Hameg HM8040-3 triple power supply
(Germany) in an open, cylindrical undivided glass cell of 6 cm
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Table 1 Chemical structure and main characteristics of SAC

Name

Saccharin

Chemical structure

o
Molecular formula C7HsNOsS
CAS number 81-07-2
Molecular weight 183.18

Water solubility (g/L) 4

diameter and 250 mL capacity containing 220 mL SAC solution.
Electro-Fenton oxidation was conducted using three different
anodes: a cylindrical Pt mesh (4.5 cm height, i.d. = 3.1 cm,
Platecxis, France), a 25 cm? thin-film BDD (COMDIAS GmbH,
Germany) and a commercial DSA (mixed metal oxide Ti/RuO,—
IrO,, Baoji Xinyu GuanglJiDian Limited Liability Company,
China). The cathode was a 87.5 cm” (17.5 cmx 5 cm) piece of
carbon felt from Carbon-Lorraine, France.

In all cases, the anode was centered in the electrolytic cell
and was surrounded by the cathode that covered the inner wall
of the cell. H;O, was produced from electrochemical reduc-
tion of dissolved O,. Continuous saturation of O, at atmo-
spheric pressure was ensured by bubbling compressed air
passing through a frit at about 0.5 L/min, starting 5 min before
the beginning of the electrolysis. Prior to the electrolysis, a
catalytic quantity of ferrous ion and 50 mM Na,SO,4
(supporting electrolyte) was added to the SAC solutions that
is homogenized by using a magnetic stirrer (Stuart, Britain).

The pH of initial solutions (pH,) was set at 3.0 by the
addition of 1 M sulfuric acid because this value was reported
as the optimal pH value for the electro-Fenton processes
(Brillas et al. 2009; Ozcan et al. 2008a). The pH of SAC
solutions was measured with a CyberScan pH 1500 pH meter
(Eutech Instrument, USA) and remained almost constant
reaching to 2.8 at the end of treatment.

Analytical methods and procedures

The concentration of residual SAC was monitored by high
performance liquid chromatography (HPLC), which consist

@ Springer

of a Merck Lachrom liquid chromatograph, equipped with a
L-2130 pump and fitted with a Purospher RP-18, 5 pum,
25 cm*4.6 mm (i.d.) column at 40 °C, and coupled with a
L-2400 UV detector at maximum absorption wavelength of
218 nm. The analyses were performed periodically using a
phosphoric acid (pH 3.0)/methanol (80:20, v/v) isocratic sol-
vent mixture as mobile phase at a flow rate of 1.0 mL/min.
The injection volume was 20 pL.

The short-chain carboxylic acids were identified and quan-
tified by HPLC using a Merck Lachrom liquid chromatograph
equipped with a Supelcogel H column (250 mm>4.6 mm,
9 um) and a L-7455 photodiode array detector at the wave-
length of 220 nm. The mobile phase was 0.1 % H,SO, solu-
tion and flow rate was fixed to 0.2 mL/min. Calibration curves
were achieved using standard solutions of related carboxylic
acids. The identification of the carboxylic acids was per-
formed by the retention time (fr) comparison and standard
addition methods using standard substances.

Inorganic ions (SO42_, NO; ", and NH,") released during
the treatment of SAC were monitored by ion chromatography
with a Dionex ICS-1000 Basic Ion Chromatography System
equipped with an IonPac AS4A-SC (anion exchange) and
CS12 A (cation exchange) 250 x4 mm column and fixed with
a DS6 conductivity detector containing a cell heated at 35 °C
under control through a Chromeleon SE software. The mobile
phase for anion-exchange column was a mixture of 3.6 mM
Na,CO5 and 3.4 mM NaHCOs solution with a flow rate of
2.0 mL/min. For cation exchange, the mobile phase was 9 mM
H,SO, solution with a flow rate of 1.0 mL/min. The volume
of injections was 25 pL.
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The TOC of the samples withdrawn from the treated so-
lution at different electrolysis times was monitored by
Shimatzu TOC-V gy analyzer consisting of a non-
dispersive infra-red absorption detector (NDIR) according
to the 680 °C combustion catalytic oxidation method. Plati-
num was applied as catalyst to facilitate the combustion. The
carrier gas was oxygen with a flow rate of 150 mL/min. The
injection volume was 50 pL.

Toxicity measurements

The toxicity of SAC and its intermediates generated in electro-
Fenton processes was investigated on samples collected from
solutions at different electrolysis times along the treatment. Ex-
periments were performed by measuring the luminescence in-
hibition percentage of marine bacteria Vibrio fischeri (Hach
Lange France SAS) by Microtox method according to the in-
ternational standard process (OIN 11348-3). Two values of the
inhibition of the luminescence (%) were calculated after 5 and
15 min of exposure of samples to V. fischeri bacteria at 15 °C.

Results and discussion
Effect of supporting electrolyte on the degradation of SAC

In order to investigate the effect of the supporting electrolyte
on the degradation kinetics of SAC aqueous solutions, exper-
iments were performed in acidic medium (pH 3.0) containing
different supporting electrolytes as 50 mM Na,SO,4, 100 mM
NaNOs, and 100 mM NaCl with three different anodes
(Fig. 1). As shown by the shape (exponential decrease) of
SAC decay curves as a function of electrolysis time, the oxi-
dation of SAC followed the first-order kinetic model. The
apparent rate constant values (k,pp) Were then calculated ac-
cording to steady state concentration hypothesis for “"OH con-
centration, and results were given in Table 2.

For all the anodes, the complete removal of SAC almost
finished in a 25-min electrolysis period in the presence of
Na,SO, and NaNOs. However, it removed only about 50 %
in 30 min in the case of NaCl. Active chlorine could be gen-
erated by the oxidation of chloride ions at the surface of DSA,
Pt, and BDD anode when NaCl was used as supporting elec-
trolyte (Eq. (5)) (Wang and Xu 2011; de Moura et al. 2014;
Ozcan et al. 2008b).

2C1I—Cly 4 ¢ (5)

The electrogenerated active chlorine can act as oxidation
mediator in the bulk of the solution, which can accelerate
the removal rate of organic pollutants through the produc-
tion of hypochlorous acid (HCIO) according to Eq. (6)
(Loaiza-Ambuludi et al. 2013; de Moura et al. 2014).
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Fig. 1 Effect of different supporting electrolyte: Na,SOy (black square),
NaCl (red circle), and NaNOs (blue triangle) on the degradation SAC
with DSA (a), Pt (b), and BDD (c) anodes. [SAC],=0.2 mM, [Fe*"]=
0.2 mM, /=200 mA, pH, 3.0. The insets show the kinetics analysis for
SAC degradation following pseudo-first-order reaction

Cl, + H,0—HCIO + CI” + H* (6)

Hypochlorous acid can contribute to the oxidation of or-
ganics, but its oxidation power is significantly lower than that
of "OH. On the other hand, the electrogenerated chlorine can
also react with Fe?* (Eq. (7)) or decompose hydrogen peroxide
(Eq. (8)) (de Moura et al. 2014) and thus reduce the production
rate of strong oxidant "OH by Fenton’s reaction (Eq. (1)).

2Fe*™ + Cl,—2Fe* +2CI° (7)
2H,0, + Cl,—2HCI1 + H,0 + O, (8)

Moreover, CI™ could consume “OH and leading to the forma-
tion of CIOH™ through Eq. (9) (De Laat and Le 2006; Panizza
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Table 2 Apparent rate constants (k,p,) obtained in electro-Fenton processes for SAC degradation, assuming pseudo-first-order kinetic model under

different operating conditions

Electrode [Fe* /mM I/mA Supporting electrolyte kapp (min") R?

DSA 0.2 200 Na,S0, (50 mM) 0.18+0.01 0.997
DSA 0.2 200 NaNO; (100 mM) 0.17+0.03 0.998
DSA 0.2 200 NaCl (100 mM) 0.02+0.01 0.994
Pt 0.2 200 Na,SO, (50 mM) 0.21+0.01 0.990
Pt 0.2 200 NaNO; (100 mM) 0.12+0.01 0.977
Pt 0.2 200 NaCl (100 mM) 0.04+0.01 0.999
BDD 0.2 200 Na,SO, (50 mM) 0.19+0.01 0.988
BDD 0.2 200 NaNO; (100 mM) 0.14+0.01 0.998
BDD 0.2 200 NaCl (100 mM) 0.02+0.01 0.999
Pt 0.05 200 Na,S0; (50 mM) 0.05+0.01 0.945
Pt 0.1 200 Na,S0, (50 mM) 0.11+0.01 0.995
Pt 0.3 200 Na,S0, (50 mM) 0.15+0.01 0.953
Pt 0.5 200 Na,S0, (50 mM) 0.06+0.01 0.972
BDD 0.05 200 Na,S0, (50 mM) 0.08+0.01 0.994
BDD 0.1 200 Na,S0, (50 mM) 0.11+0.01 0.995
BDD 0.3 200 Na,SO4 (50 mM) 0.12+0.01 0.999
BDD 0.5 200 Na,SO4 (50 mM) 0.09+0.01 0.996
Pt 0.2 50 Na,SO4 (50 mM) 0.07+0.01 0.999
Pt 0.2 100 Na,SO, (50 mM) 0.18+0.01 0.994
Pt 0.2 300 Na,S0,4 (50 mM) 0.26+0.01 0.998
Pt 0.2 500 Na,S0, (50 mM) 0.26+0.01 0.999
BDD 0.2 50 Na,S0, (50 mM) 0.09+0.01 0.998
BDD 0.2 100 Na,SO4 (50 mM) 0.14+0.01 0.991
BDD 0.2 300 Na,S0, (50 mM) 0.19+0.01 0.993
BDD 0.2 500 Na,S0; (50 mM) 0.16+0.01 0.998

and Cerisola 2009; Nidheesh et al. 2014). Oxidative capacity of
CIOH™ toward organic compounds is much lower than that of
hydroxyl radical formed during the electro-Fenton process.

ClI” + 'OH—CIOH"™ 9)

Therefore, the removal efficiency of SAC was much lower
when NaCl was used as background electrolyte.

It can also be seen from Fig. 1 and Table 2 that the oxida-
tive degradation rate of SAC for Na,SO,4 was a little higher
than that obtained for NaNOs in three electrolysis cells. For
example, when DSA was used as anode, the £, for Na,SO,
was 0.18 min', while it was 0.17 min ' for NaNOj. There-
fore, Na,SO, was chosen to be the supporting electrolyte in

the following experiments.

Effect of anode materials on the oxidative degradation
and mineralization of SAC

The removal of SAC by electro-Fenton process using DSA,

Pt, and BDD as anodes was investigated by keeping the same
cathode as carbon felt. Experiments were performed at Fe**
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concentration 0.2 mM, Na,SO,4 concentration 50 mM, applied
current 200 mA, and pHy 3.0. Figure 2a shows that 0.2 mM
SAC could be completely degraded in a 25 min reaction for all
the anode materials. SAC concentration decay curves are quite
close one to other, and therefore, the k,,, values for SAC
degradation using DSA, Pt, and BDD anodes were very sim-
ilar (0.18,0.19, and 0.21 min™ ", respectively). However, when
it comes to mineralization, BDD anode showed its great su-
periority. In a 360 min treatment time, the TOC removal effi-
ciencies for SAC were 55.8, 76.1, and 96.2 % for DSA, Pt,
and BDD anodes, respectively (Fig. 2b). On the one hand, the
BDD("OH) radicals can effectively mineralize short-chain car-
boxylic acids generated in the electro-Fenton process, which
are relatively recalcitrant to homogeneous "OH produced in
the medium from Fenton’s reaction (Eq. (1)) (Mhemdi et al.
2013). On the other hand, Fe(Ill)—carboxylic acid complexes
formed in electro-Fenton process were difficultly oxidizable
with homogeneous ‘OH from Eq. (1). Moreover, BDD('OH)
are physisorbed on anode surface (consequently more avail-
able) while Pt(OH) and DSA('OH) are chemisorbed, there-
fore less available for oxidation of organics from Eq. (4)
(Brillas et al. 2009; Oturan et al. 2012). As a consequence,
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Fig. 2 Comparison of different anodes on the degradation (a) and
mineralization (b) of 0.2 mM SAC solutions at 200 mA constant
current electrolysis with BDD (black square), Pt (red circle), and DSA
(blue triangle). [Fe* 1=0.2 mM, [Na,SO4]=50 mM, pH, 3.0. The inset
(Fig. 2a) shows the kinetic analysis for SAC concentration decay during
electro-Fenton degradation following pseudo-first-order reaction

Fe(Ill)—carboxylic acid complexes are completely destroyed
when using a BDD anode due to the great amount of
physisorbed ‘OH generated on its surface (Boye et al. 2002).
Since poor TOC efficiency was obtained using DSA anode,
only Pt and BDD anodes were applied in the following
experiments.

Effect of Fe?" concentration on the oxidative degradation
of SAC

The effect of the catalyst (Fe") concentration on the oxidative
degradation of SAC was examined by using from 0.05 to
0.5 mM. The time-course of SAC concentration decay was
determined by HPLC, where SAC displayed a well-defined
absorption peak at the retention time (zg) 10.8 min under the
operating conditions of Fig. 3.

As can be observed in Fig. 3 and Table 2, the oxidation rate
of SAC by "OH was enhanced by increasing the Fe** concen-
tration from 0.05 to 0.2 mM for both Pt and BDD anode. More-
over, the kinetics of SAC removal increases more rapidly (1.8
times) in the case of Pt/carbon-felt cell when the Fe*" increased
from 0.05 to 0.2 mM, compared to BDD/carbon-felt cell. Since
the applied current was kept constant at 200 mA, it can be
assumed that the production rate of H,O, via the oxygen
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Fig.3 Effect of catalyst (Fe*") concentration (mM): 0.05 (black square),
0.1 (red circle), 0.20 (blue triangle), 0.3 (green inverted triangle), 0.5
(pink left-pointing triangle) on the removal of SAC with Pt (a) and
BDD (b) anode during electro-Fenton degradation of 0.2 mM SAC
solutions at 200 mA constant current electrolysis. [Na,SO4]=50 mM,
pHo 3.0, room temperature. The insets show the kinetic analysis for
SAC concentration decay during electro-Fenton degradation as a
function of catalyst (F ¢*") concentration

reduction would be identical for all the Fe** concentrations
under study (Mhemdi et al. 2013). Then, increasing the Fe**
concentration could lead to the increase of hydroxyl radicals
generated via Eq. (1). These hydroxyl radicals reacted with
SAC immediately, resulting in enhanced degradation of SAC.
On the contrary, further increasing the Fe** concentration to
0.5 mM, the degradation rate declined. The observed decrease
in SAC degradation rate upon increasing the Fe*" concentration
might be due to the role of Fe*" as scavenger of hydroxyl rad-
icals (Eq. (10)) which takes place with a large rate constant (k=
3.20x108M ' s7") (Brillas et al. 2005). The rate of this reaction
becomes competitive with SAC for “OH at concentrations above
0.2 mM. Therefore, the optimal Fe** concentration for the re-
moval of SAC was selected as 0.2 mM.

Fe’* 4+ 'OH—Fe** + OH™ (10)

Effect of applied current on the SAC oxidation rate

The applied current is one of the most important parameters
for the effectiveness of the electro-Fenton process since
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electrochemical production of Fenton’s reagent (Egs. (2) and
(3)) and consequently the generation of homogeneous "“OH in
bulk solution (Eq. (1)), as well as the formation of heteroge-
neous hydroxyl radicals (Eq. (4)) are monitored mainly by this
parameter. In order to investigate the effect of current intensity
on SAC degradation, several experiments were performed by
varying applied current in the range of 50-500 mA at the
optimal Fe®" concentration of 0.2 mM as assessed above.
The results were shown in Fig. 4 and Table 2. When Pt was
used as anode, the degradation rate of SAC increased as the
applied current is increasing. The electrolysis time for com-
plete disappearance of SAC was very long at 50 mA. It has
been changed from 30 min for 100 mA to 25, 20, and 15 min
for 200, 300, and 500 mA current intensity, respectively
(Fig. 4a). The k,p, values were increased from 0.07 to
0.26 min~' when applied current increased from 50 to
500 mA. The oxidation of SAC thus was accelerated by in-
creasing the applied current because of progressively large
production of ‘OH (de Moura et al. 2014).

In the case of BDD anode, SAC concentration decay as a
function of current intensity behaves in similar way. The ap-
parent rate constant for oxidation of SAC increased signifi-
cantly from 0.09 to 0.19 min~' when applied current increased

6,
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41
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Fig.4 Effect ofapplied current on the removal of SAC by electro-Fenton
process with Pt (a) and BDD (b) anode. / (mA): 50 (black square), 100
(red circle), 200 (blue triangle), 300 (green inverted triangle), 500 (pink
left-pointing triangle). [SAC]o=0.2 mM, [Fe’>"]=0.2 mM, [Na,SO,]=
50 mM, pHg 3.0. The insets show the kinetic analysis for SAC
concentration decay during electro-Fenton degradation as a function of
applied current

@ Springer

from 50 to 200 mA. However, it decreased slightly to
0.16 min ' as applied current increased to 500 mA. At higher
applied current than 200 mA, the 4e reduction of O, leading
to the formation of H,O (Eq. (11)) would compete with the
formation of H,O, (Eq. (2)) (Brillas et al. 2009).

0, + 4H" + 4e”—2H,0 (11)

In addition, the progressive enhancement of other parasitic
reactions at higher current values, such as hydrogen evolution
(Eq. (12)) at the cathode and oxygen evolution (Eq. (13)) at
the anode, also contributed to the decrease in SAC oxidation
rate (Sirés et al. 2007; Yahya et al. 2014). It could be conclud-
ed that the comparatively better performance of BDD was
more pronounced at lower current intensities.

2H,0 + 2¢ —H, + 20H" (12)
2H,0—0, + 4H" + 4e~ (13)

Determination of the rate constants for oxidation of SAC
by "OH

The absolute rate constant (kups sac) for the second order ki-
netics of the reaction between SAC and "OH was determined
by using the competition kinetics method (Oturan et al. 2010).
Benzoic acid (BA) was employed as the standard competitor
with a well-known absolute rate constant, knps ga=4.30%
10° M ' 5! (Brillas et al. 2009). Experiments of competitive
kinetics were carried out in the presence of equal concentra-
tions of SAC and BA (0.1 mM). The hydroxylation absolute
rate constants for oxidation reaction of SAC can be deter-
mined from Fig. 5 constructed according to Eq. (14), and it
was found to be kyps sac=(1.85+0.01)x10° M ' 5",

SAC k BA
ln<[ ]0):( abs.SAC)ln<[ L)) (14)
[SACL kabs,BA [BA]t
Interestingly, this rate constant value is the same as that

reported by Toth et al. 2012 determined by pulse radiolysis
method.

The effect of Fe’* concentration and applied current
on mineralization of SAC solutions

The mineralization ability of SAC by electro-Fenton process
was assessed from the TOC abatement over electrolysis time.
The influence of the Fe*" concentration in the Pt/carbon-felt
and BDD/carbon-felt cells under the conditions of Fig. 3 was
shown in Fig. 6 that indicated the optimal Fe*" concentration
for both Pt/carbon-felt and BDD/carbon-felt cells was
0.2 mM. When the Fe*" concentration was higher than
0.2 mM, the percentage of scavenged "OH from Fe** ions
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Fig. 5 Determination of the absolute rate constant of the reaction
between SAC and "OH by using competition kinetics method (R>=
0.995). Benzoic acid (BA) was selected as standard competitor.
[SACJp=0.1 mM, [BAJo=0.1 mM, [Fe’*1=0.2 mM, [Na,SO4]=
50 mM, /=50 mA, pH, 3.0

increased, as explained above (Eq. (10)), resulting in a de-
crease in mineralization efficiency (Brillas et al. 2009).

On the other hand, it can be seen by comparing Fig. 6a, b
that the mineralization of SAC was enhanced by the use of
BDD anode instead of Pt one. At optimal condition, BDD/
carbon-felt cell achieved more than 93 % TOC removal at

80 (a)
60

40t

TOC removal efficiency/%

0 50

100 150 200 250 300 350
Time/min

100} (b)
80}

60

20+

TOC removal efficiency/%

0 50

100 150 200 250 300 350

Time/min
Fig. 6 Effect of catalyst (Fe>") concentration (mM): 0.05 (black
square),0.1 (red circle), 0.20 (blue triangle), 0.3 (green inverted
triangle), 0.5 (pink lefi-pointing triangle) on the mineralization of SAC
with Pt (a) and BDD (b) anode during electro-Fenton degradation of
0.2 mM SAC solutions at 200 mA constant electrolysis. [Na,SO,4]=
50 mM, pHy 3.0, room temperature

only 180 min treatment, while Pt/carbon-felt cell reached
76 % mineralization at 360 min. BDD anode which has a
much higher O, evolution overpotential (1.27 V) than Pt
(0.27 V) (Brillas et al. 2009; Toth et al. 2012) promotes more
efficiently the formation of BDD("OH), enhancing thus the
global mineralization efficiency of the process. Thereby, the
oxidative action of BDD("OH) is much more efficient than
Pt(OH) (Oturan et al. 2013). Moreover, the loosely bound
BDD('OH) formed at the anode surface (Eq. (4)) can readily
react with organic pollutant due to the low adsorption ability
of "OH on BDD, in contrast to the chemisorbed radicals
Pt("OH) which are relatively strongly attached to the surface
and less reactive (Oturan et al. 2011).

The effect of applied current on the mineralization of
0.2 mM SAC solution was investigated under the same con-
dition as Fig. 4, and the results were depicted on Fig. 7. When
applied current rose from 50 to 200 mM, the TOC removal
efficiency has increased from 64 to 76 % in Pt/carbon-felt cell
and from 89 to 96 % in BDD/carbon-felt cell. However, the
TOC removal efficiency decreased slightly for both anodes
when current intensity further increased to 500 mA. As ap-
plied current increased, the higher electrogenerated H,O, con-
centration was obtained and larger amounts of "OH was

80| (a)

40t

20 +

TOC removal efficiency/%

0 50 100 150 200 250 300 350
Time/min

100} (b)

60 -

40t

TOC removal efficiency/%

0 50 100 150 200 250 300 350
Time/min

Fig. 7 Effect of applied current on the mineralization of 0.2 mM SAC
solution by electro-Fenton process with Pt (a) and BDD (b) anode. /
(mA): 50 (black square), 100 (red circle), 200 (blue triangle), 300
(green inverted triangle), 500 (pink lefi-pointing triangle)M, [Fe*']=
0.2 mM, [Na,SO4]=50 mM, pH, 3.0
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yielded from electrochemically generated Fenton’s reagent,
and then a greater mineralization efficiency can be achieved
due to the simultaneous degradation of SAC and its by-
products (Oturan et al. 2011). But current intensities higher
than 200 mA would increase the extent of parasitic reactions
(Egs. (11), (12), and (13)) and decrease the mineralization
efficiency of SAC (Lin et al. 2014).

Identification and evolution of short-chain carboxylic
acids

Generation of short-chain carboxylic acids is expected from the
oxidative breaking of aryl moiety of oxidation intermediates of
starting molecules. These molecules are common end-products
before mineralization during advanced oxidation processes. To
clarify this situation, experiments were performed at 200 mA
and pH 3.0 under the following operating conditions: [SAC]=
0.2 mM, [Fe*"]=0.2 mM, [Na,SO,]=50 mM.

Results obtained by ion-exclusion chromatography analysis
are depicted on Fig. 8. Oxalic, formic, and maleic acid at reten-
tion time (zr) of 8.90, 16.03, and 11.33 min were observed
during treatment by electro-Fenton process. Since the concen-
tration of maleic acid was detected in trace level, its evolution
was not shown in Fig. 8. In Pt/carbon-felt cell, formic acid
presented only in the first 20 min and then it undergo to the

0.20f (a)

Carboxylic acid/mM

100 150 200 250 300 350
Time/min

0.161 (b)

Carboxylic acid/mM
o
o
oo

0 50

100 150 200 250 300 350
Time/min

Fig. 8 Evolution of short-chain carboxylic acids (oxalic acid (black

square) and formic acid (red circle)) during electro-Fenton process when

treating 0.2 mM SAC solution with Pt (a) and BDD (b) anode. [Fe*']=

0.2 mM, [Na,SO4]=50 mM, /=200 mA, pHy 3.0
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mineralization (Fig. 8a). Oxalic acid showed a large accumula-
tion and the higher persistence due to its lower reactivity with
‘OH. Moreover, it is suggested that it can be generated from
different ways as ultimate reaction intermediates during ad-
vanced oxidation processes (Dirany et al. 2012; Oturan and
Aaron 2014). In addition, oxalic acid still existed with a con-
centration of 0.04 mM after a 360-min reaction. This relatively
weak degradation of oxalic acid can be attributed to its high
stability in the presence of ferric ions and its weaker reactivity
toward "OH radicals (k=1.4x10> M ' s~ ") (Brillas et al. 2009).
The residual TOC remaining at the end of mineralization treat-
ments in Pt/carbon-felt cells is generally constituted of this
residual oxalic acid in Pt/carbon-felt cells (Brillas et al. 2009).

Oxalic acid showed high persistence, but it disappeared at
the end of the treatment in BDD/carbon-felt cell (Fig. 8b).
This phenomenon was in agreement with the faster TOC re-
moval in BDD/carbon-felt cells as described in sub-section
about the effect of Fe** concentration and applied current on
mineralization of SAC solutions.

Identification and evolution of inorganic ions

The mineralization of SAC leads to the possible loss of initial
nitrogen and sulfur content in the form of inorganic ions such
as NH,", NO; ™, and SO,*". The qualitative and quantitative
monitoring of inorganic ions were performed by ion chroma-
tography, and the results were showed in Fig. 9. SO,>~ was
released from the beginning of electrolysis, and a slightly
higher concentration was observed with BDD anode, which
is in agreement with mineralization results. The concentration
of SO,> reached 0.173 and 0.162 mM with BDD and Pt
anodes, respectively,

As also shown in Fig. 9, NO;  was accumulated in small
amounts in Pt/carbon-felt cell, and it was not detected in BDD/
carbon-felt cell. Meanwhile, NH, " was present from the begin-
ning of the reaction and its concentration reached maximum
value at 180 min in both cells. Subsequently, NH," concentra-
tion diminished gradually. Relatively high NH,"/NO;~ con-
centrations were usually observed in the mineralization of or-
ganic compounds containing nitrogen atoms (Hammami et al.
2008). At the end of the electrolysis, the sum of NH, " and
NO;  concentrations was about 34.5 % of initial nitrogen con-
centration (0.2 mM) in electro-Fenton processes with Pt anode.
This mass balance is significantly lower than expected by the
reaction stoichiometry, indicating the transformation of nitro-
gen to other nitrogen species, such as NO, , NH3, gas N,, or
N,05 (Hammami et al. 2008, Oturan et al. 2010).

Evolution of SAC solution toxicity during electro-Fenton
process

In order to determine the potential toxicity of SAC and its
reaction intermediates, a 0.2 mM SAC solution was treated
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Fig. 9 Evolution of the concentration of the inorganic ions (NH, " (black

square), NO3~ (blue triangle), and SO4* (red circle)) released during

electro-Fenton processes with Pt (a) and BDD (b) anode. [SAC]y=

0.2 mM, [Fe*']=0.2 mM, [Na,SO,]=50 mM, pH, 3.0

at 200 mA constant current. The evolution of the lumines-
cence inhibition of V. fischeri bacteria as a function of the
electrolysis time for exposition time of 5 and 15 min are tested
by Microtox method. Only the curves obtained at both Pt and
BDD anodes after a 15-min exposure time was presented in
Fig. 10 because the curves recorded after a 5-min exposure
time were very similar. For both Pt and BDD anode, the tox-
icity increased significantly and reached the maximum lumi-
nescence inhibition peak at 30 min, indicating the formation
of significantly more toxic by-products at the beginning of the
treatment. The inhibition ratio decreased after 30 min, in rela-
tion to the removal of aromatics and the formation of the less
toxic by-products. These less toxic by-products mainly in-
cluded the carboxylic acids, which present a very low toxicity
toward V. fischeri bacteria (Dirany et al. 2010) .

Evaluation of the energy consumption

The energy consumption is essential for the viability of a
process at industrial scale. In order to clarify this parameter,
the energy consumption per unit TOC removed was calculated
according to Eq. (15) (Brillas et al. 2009, Mhemdi et al. 2013).

_ Ecenlt
Energy consumption (kWh(g TOC) 1) = = 7 (15)

(ATOC)

exp’ s

42
36
30 -
24 +
18

Inhibition%

12+

0 50

100 150 200 250 300 350
Time/min

Fig. 10 Evolution of global solution toxicity during the treatment of
0.2 mM SAC by electro-Fenton process with Pt (black square) and
BDD (red circle) anode. Toxicity measurement was monitored as
inhibition of luminescence of V. fischeri bacteria. [Fez+]:0.2 mM, /=
200 mA, pHy 3.0, [Na,SO4]=50 mM

where E, is average cell voltage (V), I is the applied current
(A), t is the electrolysis time (h), Vs is the solution volume (L),
and (ATOC), is the experimental TOC decay (mg/L).
Figure 11 shows the energy consumption as a function of
TOC removal efficiency under the optimal condition in both
Pt/carbon-felt and BDD/carbon-felt cells under following ex-
perimental conditions: [SAC]y=0.2 mM, [Fe*]=0.2 mM, /=
200 mA, pHy 3.0, and 50 mM Na,SOy. The energy consump-
tion is weak at low mineralization degree, but it increases
strongly for long treatment time to rich higher mineralization
degree. For instance, its value was about 0.45 kWh (g TOC) ™
for 70 % mineralization while this value reached about 0.94
kWh (g TOC) " for almost complete mineralization (95 %)
with BDD anode. The energy consumption is significantly
higher for the same mineralization rate when using Pt anode.
Although BDD/carbon-felt cell had a higher £, value than
Pt/carbon-felt cell because BDD anode has higher O,
overpotential than Pt anode (Mousset et al. 2014b), electro-
Fenton process using BDD anode had superior mineralization
performances compared to electro-Fenton process with a Pt

161
14+
121
1.0
08

E/Kwh(TOC)"

06
0.4r
0.2r

20 40 60 80 100
TOC removal efficiency/%

Fig. 11 Evolution of energy consumption per unit TOC with TOC
removal efficiency during the treatment of 0.2 mM SAC by electro-
Fenton process with Pt (black square) and BDD (red circle) anode.
[Fe*"1=0.2 mM, /=200 mA, pH, 3.0, [Na,SO,]=50 mM
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anode. As a result, the energy consumption per unit TOC
removal with BDD anode is lower than with Pt anode. There-
fore, electro-Fenton process with BDD anode seems to be a
more potent and suitable method for mineralization of SAC.

Conclusions

It was demonstrated in this study that electro-Fenton process
with a Pt or BDD anode and a carbon felt cathode was a very
effective method for the removal of SAC from water. The
effect of Fe*" concentration and applied current on the remov-
al and mineralization of SAC was investigated. For both an-
odes, SAC could be completely destroyed in less than 30 min
following pseudo-first-order kinetics. Absolute rate constant
of hydroxylation reaction of SAC by hydroxyl radicals was
determined as (1.85+0.01)x10° M~' s7'. The use of BDD
anode instead of classical Pt anode yielded a faster minerali-
zation rate because of the higher oxidation power of the for-
mer anode. Short-chain aliphatic carboxylic acids such as
oxalic, formic, and maleic acids are identified as aliphatic
by-products. Heteroatoms present in the SAC structure were
converted to inorganic ions such as NH,", NOs, and S0,
during the mineralization process. The V. fischeri bacteria lu-
minescence inhibition, monitored by Microtox method,
showed an increase in the toxicity of SAC solution at the first
30 min of electrolysis, and then it decreased below zero after a
60-min reaction for both Pt and BDD anodes.
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