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a b s t r a c t

A central composite rotatable design and response surface methodology (RSM) were used to opti-
mize the experimental variables of the solar photoelectro-Fenton (SPEF) treatment of the herbicide
4-chloro-2-methylphenoxyacetic acid (MCPA). The experiments were made with a flow plant containing
a Pt/air-diffusion reactor coupled to a solar compound parabolic collector (CPC) under recirculation of
10 L of 186 mg L−1 MCPA solutions in 0.05 M Na2SO4 at a liquid flow rate of 180 L h−1 with an average UV
irradiation intensity of about 32 W m−2. The optimum variables found for the SPEF process were 5.0 A,
1.0 mM Fe2+ and pH 3.0 after 120 min of electrolysis. Under these conditions, 75% of mineralization with
71% of current efficiency and 87.7 kWh kg−1 TOC of energy consumption were obtained. MCPA decayed
entral composite rotatable design
esponse surface methodology
xidation products

under the attack of generated hydroxyl radicals following a pseudo-first-order kinetics. Hydroxyl radicals
also destroyed 4-chloro-2-methylphenol, methylhydroquinone and methyl-p-benzoquinone detected as
aromatic by-products. Glycolic, maleic, fumaric, malic, succinic, tartronic, oxalic and formic acids were
identified as generated carboxylic acids, which form Fe(III) complexes that are quickly photodecar-
boxylated by the UV irradiation of sunlight at the CPC photoreactor. A reaction sequence for the SPEF
degradation of MCPA was proposed.
. Introduction

Several electrochemical treatments have been recently pro-
osed for the decontamination of wastewaters containing

norganic [1,2] and organic pollutants [3–8]. Among them, electro-
hemical advanced oxidation processes based on Fenton chemistry
uch as electro-Fenton (EF) and photoelectro-Fenton (PEF) are
eing developed because they generate oxidant hydroxyl radi-
al (•OH) for an effective mineralization of toxic organics to CO2,
ater and inorganic ions [3,5,9]. In these techniques, H2O2 is sup-
lied to an acidic solution by the two-electron reduction of O2
as from reaction (1), which is efficiently produced at carbona-
eous cathodes like carbon felt [10–17], activated carbon fiber
18], carbon-polytetrafluoroethylene (PTFE) [3,8,12,19] and carbon
anotubes-PTFE [20–22] gas (O2 or air) diffusion and boron-doped

iamond (BDD) [23].

2(g) + 2H+ + 2e− → H2O2 (1)

∗ Corresponding author. Tel.: +34 934021223; fax: +34 934021231.
E-mail address: brillas@ub.edu (E. Brillas).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.07.089
© 2011 Elsevier B.V. All rights reserved.

The oxidizing power of electrogenerated H2O2 is then enhanced by
adding small amounts of Fe2+ to produce Fe3+ and •OH in the bulk
from Fenton reaction (2) [24]:

Fe2+ + H2O2 + H+ → Fe3+ + •OH + H2O (2)

The catalytic reaction (2) is propagated from Fe2+ regenera-
tion, primordially by Fe3+ reduction at the cathode [5,11], allowing
the dehydrogenation or hydroxylation of organics by non-selective
attack of •OH until mineralization. When an one-compartment cell
is utilized, organics can also be degraded by adsorbed hydroxyl rad-
ical (M(•OH)) formed as intermediate of water oxidation to O2 on
the anode M from reaction (3) [6,25]:

M(H2O) → M(•OH) + H+ + e− (3)

The BDD anode is usually preferred for wastewater remedi-
ation since it provides BDD(•OH) radicals with higher oxidizing
power than those of other anodes due to its higher O2-overpotential
[6,26,27]. Nevertheless, the Pt anode yielding less potent Pt(•OH)

radicals is widely used since it allows more inexpensive treatments
by the lower cell potential applied [6,8,9,28].

The irradiation of the contaminated solution with UVA light
(�max = 360 nm) in PEF accelerates the degradation of pollutants in

dx.doi.org/10.1016/j.jhazmat.2011.07.089
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:brillas@ub.edu
dx.doi.org/10.1016/j.jhazmat.2011.07.089
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F, since it promotes the photodecomposition of Fe(III) complexes
ith generated by-products like carboxylic acids from reaction (4)

nd the enhancement of Fe2+ regeneration and •OH production
rom the photolytic reaction (5) [5,9,10,18–21,29,30]:

e(OOCR)2+ + h� → Fe2+ + CO2 + R• (4)

e(OH)2+ + h� → Fe2+ + •OH (5)

In our laboratory, we are exploring the alternative use of sun-
ight (� > 300 nm) as an inexpensive and renewable energy source
n the solar photoelectro-Fenton (SPEF) process. The use of solar
ight is expected to improve the performance of UVA lamps since
hotons in the UV region range of 300–400 nm, as well as in the
isible region ranges of 400–450 nm [31] and 400–650 nm [32], but
ith much less quantum yield, can be absorbed for reactions (4) and

5), respectively. SPEF has been shown to mineralize some aromatic
ollutants like cresols [3], the pharmaceutical paracetamol [8] and
he azo dye Acid Yellow 36 [33]. However, more research efforts are
equired to know the degradation ability of this method on other
inds of pollutants to assess its possible application to industrial
cale. In this way, we have studied the SPEF process of the her-
icide 4-chloro-2-methylphenoxyacetic acid (MCPA), belonging to
he family of phenoxyacetic acids, which are considered highly car-
inogenic [34]. MCPA was chosen because it has been detected
n natural and drinking waters with contamination levels up to
.4 �g L−1 [35,36], due to its widespread use in the selective control
f perennial crops, grasslands and lawns [19,27]. At the pH of most
oils the anionic form of this herbicide predominates allowing its
eaching and the contamination of aquifers associated with its use
37].

This paper reports the SPEF degradation of 186 mg L−1 MCPA
olutions using a 10 L solar flow plant containing a Pt/air-diffusion
ell coupled to a compound parabolic collector (CPC) under batch
ecirculation mode. The optimum experimental variables for this
rocess have been determined with a central composite rotatable
esign (CCRD) coupled to response surface methodology (RSM)
38,39]. This statistical tool has been recently applied to the Fen-
on [40–42], photo-Fenton [42,43], solar photo-Fenton [44–47],
eroxi-coagulation [22], EF [48,49] and SPEF [8] treatments of some
rganic compounds. The major advantage of RSM is that includes
nteractive effects among the variables to describe their complete
nfluence on the process by means of a minimum number of assays
50]. The experiments were performed taking the current, Fe2+

ontent and pH as independent variables and using the analysis
f variance (ANOVA) to validate the mathematical models devel-
ped [39]. The MCPA decay and the evolution of its by-products
ere determined by chromatographic techniques and a reaction

equence for MCPA degradation was proposed.

. Experimental

.1. Chemicals

MCPA, 4-chloro-2-methylphenol, methylhydroquinone and
ethyl-p-benzoquinone were reagent grade from Merck and

igma–Aldrich. All carboxylic acids were analytical grade from
anreac and Avocado. Heptahydrated ferrous sulphate and anhy-
rous sodium sulphate were analytical grade from Fluka. The MCPA

olutions were prepared with deionized water and their pH was
djusted with analytical grade sulphuric acid from Merck. Organic
olvents and other chemicals employed were either HPLC or ana-
ytical grade from Merck, Fluka and Sigma–Aldrich.
ous Materials 194 (2011) 109–118

2.2. Apparatus and analytical procedures

The solution pH was measured with a Crison GLP 22 pH-meter.
Before analysis, aliquots of 7 mL withdrawn from electrolyzed solu-
tions were neutralized at pH 7–8 to stop the degradation process
and filtered with 0.45 �m PTFE filters from Whatman. The mineral-
ization process was monitored from the total organic carbon (TOC)
abatement of solutions using a Shimadzu VCSN analyzer. From this
data and assuming the overall mineralization of MCPA to CO2 and
Cl− ion via reaction (6):

C9H9ClO3 + 15H2O → 9CO2 + Cl− + 39H+ + 38e− (6)

the mineralization current efficiency (MCE) was estimated from Eq.
(7) [30,33]:

% MCE = nFVs�(TOC)exp

4.32 × 107mIt
× 100 (7)

where n is the number of electrons consumed per MCPA
molecule (38), F is the Faraday constant (96487 C mol−1), Vs is
the solution volume (L), �(TOC)exp is the experimental solu-
tion TOC decay (mg L−1), 4.32 × 107 is a conversion factor
(3600 s h−1 × 12,000 mg mol−1), m is the number of carbon atoms
of MCPA (9 atoms), I is the applied current (A) and t is the electrol-
ysis time (h). The energy consumption per unit TOC mass (EC) was
calculated from Eq. (8) [5,33]:

EC (kWh kg−1 TOC) = 1000 EcellIt

Vs�(TOC)exp
(8)

where Ecell is the average cell potential (V) and 1000 is a conversion
factor (mg g−1).

The MCPA decay and the evolution of its aromatic interme-
diates were followed by reversed-phase HPLC using a Waters
600 LC fitted with a Spherisorb ODS2 5 �m, 150 mm × 4.6 mm,
column at 35 ◦C, coupled with a Waters 996 photodiode array
detector selected at � of 230 nm for MCPA, 229 nm for 4-chloro-
2-methylphenol, 269 nm for methylhydroquinone and 248 nm for
methyl-p-benzoquinone. Carboxylic acids were detected by ion-
exclusion HPLC using the above LC fitted with a Bio-Rad Aminex
HPX 87H, 300 mm × 7.8 mm, column at 35 ◦C and the photodi-
ode array detector selected at � = 210 nm. The mobile phase was
70:30 (v/v) acetonitrile/phosphate buffer (pH 3.5) at 0.3 mL min−1

for reversed-phase HPLC and 4 mM H2SO4 at 0.6 mL min−1 for
ion-exclusion HPLC. The Cl− concentration was determined by
ionic chromatography with a Shimadzu 10 Avp HPLC fitted with a
Shim-Pack IC-A1S, 100 mm × 4.6 mm, anion column at 40 ◦C, cou-
pled with a Shimadzu CDD 10 Avp conductivity detector, using a
2.4 mM tris(hydroxymethyl)-aminomethane and 2.5 mM phthalic
acid solution of pH 4.0 at 1.0 mL min−1 as mobile phase.

2.3. Solar flow plant

Fig. 1 shows the sketches of the solar flow plant and the elec-
trolytic filter-press cell used for the SPEF degradation of 10 L of
186 mg L−1 MCPA solutions in 0.05 M Na2SO4. The solution intro-
duced in the reservoir was recirculated by a peristaltic pump at
180 L h−1 adjusted by a rotameter and thermostated at 35 ◦C by
two heat exchangers. The cell contained a Pt sheet of 99.99% purity
from SEMPSA and a carbon-PTFE air-diffusion electrode from E-TEK
for H2O2 electrogeneration from reaction (1). Both electrodes of
10 cm × 10 cm in dimension were separated 1.2 cm by a PVC liquid
compartment with a central window of 9.5 cm × 9.5 cm (90.3 cm2).
The inner face of the cathode was in contact with a PVC gas chamber

fed with compressed air at 4.5 L min−1 regulated with a back-
pressure gauge. The current to the Pt/air-diffusion cell was supplied
by a Grelco GDL3020 power supply, which directly displayed the
applied potential. The solar CPC photoreactor with a concentration
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Fig. 1. Sketches of the: (a) 10 L recirculation flow plant used for the solar
photelectro-Fenton (SPEF) treatment of 4-chloro-2-methylphenoxyacetic acid
(MCPA) and (b) one-compartment Pt/air-diffusion filter-press cell of 90.3 cm2 elec-
trode area. The compound parabolic collector (CPC) contained 1.57 L of solution and
was directly illuminated with sunlight.

Table 1
Coded levels and real values for the central composite rotatable design used for the RSM
solutions in 0.05 M Na2SO4 at 35 ◦C with a 10 L flow plant containing a Pt/air-diffusion ce

Run Coded levels Real values Observed r

x1 x2 x3 X1
a X2

b X3
c TOC120

d/m

1 −1 −1 −1 3.0 0.75 2.00 25.2
2 1 −1 −1 7.0 0.75 2.00 20.7
3 −1 1 −1 3.0 1.75 2.00 78.7
4 1 1 −1 7.0 1.75 2.00 60.5
5 −1 −1 1 3.0 0.75 4.00 30.1
6 1 −1 1 7.0 0.75 4.00 27.1
7 −1 1 1 3.0 1.75 4.00 33.6
8 1 1 1 7.0 1.75 4.00 53.5
9 −1.68 0 0 1.6 1.25 3.00 40.9

10 +1.68 0 0 8.4 1.25 3.00 20.8
11 0 −1.68 0 5.0 0.41 3.00 24.0
12 0 +1.68 0 5.0 2.09 3.00 60.1
13 0 0 −1.68 5.0 1.25 1.32 36.0
14 0 0 +1.68 5.0 1.25 4.68 55.4
15 0 0 0 5.0 1.25 3.00 30.6
16 0 0 0 5.0 1.25 3.00 31.1
17 0 0 0 5.0 1.25 3.00 31.0

a Current (A).
b Fe2+ concentration (mM).
c pH.
d Total organic carbon at 120 min.
e Mineralization current efficiency at 120 min.
f Energy consumption per unit TOC mass at 120 min.
g Average UV irradiation intensity supplied by sunlight for 120 min.
ous Materials 194 (2011) 109–118 111

factor of 1 and 0.4 m2 area contained 12 borosilicate-glass tubes of
50.5 cm length × 1.82 cm inner diameter (irradiated volume 1.57 L),
mounted in an aluminium frame on a platform tilted 41◦ to better
collect the direct sun rays in our laboratory of Barcelona (latitude:
41◦21′N, longitude: 2◦10′E). Solar trials were performed in sunny
and clear days during summer 2010 and the UV irradiation intensity
(300–400 nm) was measured with a Kipp & Zonen CUV 5 radiome-
ter.

2.4. Experimental design and response surface methodology

To optimize the SPEF degradation of MCPA by CCRD and RSM, the
current, Fe2+ concentration and pH were selected as independent
variables, whereas TOC, MCE and EC were taken as responses. The
CCRD considered eight factorial points, six axial points and three
central points [38,39], ranging the current from 1.6 to 8.4 A, Fe2+

content from 0.41 to 2.09 mM and pH from 1.32 to 4.68. Five levels
were chosen for each independent variable (see Table 1), coded as
follows [50]:

xi = Xi − Xi0

�Xi
(9)

where xi, Xi, Xi0, and �Xi are the coded level of the ith independent
variable, the real value of the ith independent variable, the real
value of the ith independent variable in the central point and the
half of the difference between the upper and lower values of the
ith independent variable, respectively.

The correlations between the independent variables and
responses were obtained by the following second-order model with
a least-squares method [50]:

Y = ˇ +
k∑

ˇ x +
k∑

ˇ x2 +
k∑ k∑

ˇ x x + ε (10)
0

i=1

i i

i=1

ii i

i=1 i /= j=1

ij i j

where Y is the response, ˇ0 is a constant coefficient, ˇi, ˇii, and ˇij
are the coefficients for the linear, quadratic and interaction effects,

analysis of the SPEF treatment of 186 mg L−1 4-chloro-2-methylphenoxyacetic acid
ll coupled to a solar CPC photoreactor.

esponses UV intensityg/W m−2

g L−1 % MCE120
e EC120

f/kWh kg−1 TOC

78.9 84.5 32.1
50.2 156.8 30.3
22.5 247.2 31.4
25.0 268.7 30.7
73.7 92.6 33.7
46.1 196.0 31.8
70.0 86.0 31.5
29.4 273.6 32.1
80.1 46.3 32.8
44.2 212.6 32.4
60.1 113.7 30.8
31.6 194.5 31.0
50.6 136.3 30.0
35.3 217.2 30.2
54.9 138.3 31.3
54.5 138.8 30.6
54.6 137.9 32.3



1 azardous Materials 194 (2011) 109–118

r
a
e

f
c
o
f
t
fi
s

3

3

n
u
c
m
d
t
a
c
o

o
t
e
r
m
m
1
C
f
i
s
y

3

l
t
T

T

M

E

w
a

m
c
i

0

20

40

60

80

100

120

TO
C

 / 
m

g 
L-1

0

50

100

150

200

%
 M

C
E

0

100

200

300

400

0 60 120 180 240 300

E
C

 /  
kW

h 
kg

-1
 T

O
C

time / min

(a) 

(b) 

(c) 

Fig. 2. Change of: (a) TOC, (b) mineralization current efficiency (MCE) and (c) energy
consumption per unit TOC mass (EC) with electrolysis time for the SPEF treatment
of 186 mg L−1 MCPA solutions in the solar flow plant. Experimental conditions: (�)
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espectively, xi and xj are the coded levels for the independent vari-
bles, k is the number of independent variables and ε is the random
rror.

The three replicates in the central point (runs 15–17) were per-
ormed to estimate the pure error. The experiments were randomly
arried out to minimize the effect of unexplained variability on the
bserved responses due to systematic errors [51]. The response sur-
aces were generated by a StatSoft STATISTICA v6 program and
he quadratic models were validated by ANOVA, checking their
t quality by the determination coefficient R2 and their statistical
ignificances by the F-test [38,50].

. Results and discussion

.1. SPEF degradation of MCPA solutions

The MCPA solutions were degraded in the solar flow plant from
oon to 16 h as maximum. The initial colorless solutions consec-
tively changed to yellow, orange and yellow color, becoming
olorless again in 60–80 min. This phenomenon suggests the for-
ation of colored conjugated intermediates, like benzoquinonic

erivatives, that are progressively removed by •OH [5,33]. The solu-
ion pH decreased during electrolysis owing to the formation of
cidic derivatives like carboxylic acids and for this reason, it was
ontinuously regulated to its initial value by adding small volumes
f 1.0 M NaOH.

Fig. 2a exemplifies the TOC abatement for the SPEF treatment
f MCPA solutions under different conditions. As can be seen, par-
ial mineralization of the herbicide was always found at 240 min of
lectrolysis, although the quicker degradations up to 79–83% TOC
eduction were obtained at 120 min. Fig. 2b and c shows that the
ost potent trials possess maximum MCE values, related to mini-
um EC values, between 60 and 120 min of treatment. The time of

20 min was then taken to optimize the independent variables from
CRD. Table 1 summarizes the observed responses thus obtained

or all coded levels. The last column of Table 1 evidences that a sim-
lar average UV irradiation intensity from 30.0 to 33.7 W m−2 was
upplied to the solar CPC photoreactor during 120 min of electrol-
sis.

.2. Influence of experimental variables on the SPEF process

The observed responses of Table 1 were analyzed with a multiple
inear-regression model and least-squares method [38] to generate
he following equations for the adjusted second-order models of
OC120, MCE120 and EC120 (at 95% confidence level):

OC120 = 25.71 − 13.40x1 + 5.49x2 + 5.36x3 + 8.46x2
1

+ 4.15x2
2 + 2.00x2

3 + 4.562x3 (11)

CE120 = 69.94 − 11.5x1 − 6.06x2 − 6.03x3 − 3.93x2
1 − 3.56x2

2

− 1.54x2
3 + 4.13x1x3 − 5.85x2x3 (12)

C120 = 90.31 + 51.28x1 + 10.94x2 + 16.85x3 + 14.94x2
1 + 8.38x2

2

+ 5.91x2
3 + 17.94x2x3 (13)

here x1, x2 and x3 denote the current, initial Fe2+ concentration
nd pH, respectively.
Fig. 3 illustrates several response surfaces from these quadratic
odels. The negative coefficient of x1 in Eq. (11) indicates, in prin-

iple, a quick TOC120 abatement with increasing current, as shown
n Fig. 3a in the range of 1.6–7.0 A, where 80% of TOC120 can be
7.0 A, 0.75 mM Fe2+, pH 2.0 (run 2), (©) 7.0 A, 0.75 mM Fe2+, pH 4.0 (run 6), (�) 1.6 A,
1.25 mM Fe2+, pH 3.0 (run 9), (♦) 8.4 A, 1.25 mM Fe2+, pH 3.0 (run 10) and (�) 5.0 A,
2.09 mM Fe2+, pH 3.0 (run 12).

removed. This behavior is explained by the higher •OH production
from Fenton reaction (2) as result of the greater H2O2 generation
by reaction (1) and Fe2+ regeneration from Fe3+ reduction at the
cathode [3,5,33]. However, the response surface of Fig. 3a shows a
negative influence on TOC120 decay for currents >7.0 A caused by
the higher positive increase of the quadratic term x1

2 in Eq. (11).
This effect can be attributed to the enhancement of non-oxidizing
reactions of •OH involving, for example, its dimerization by reaction
(14) or its attack on H2O2 by reaction (15) [5,52], thus producing a
decrease in organic events and TOC120 removal.

•OH + •OH → H2O2 (14)

• •
H2O2 + OH → HO2 + H2O (15)

The influence of Fe2+ concentration on TOC120 decay was not
so pronounced. Fig. 3a and b shows that maximum MCPA mineral-
ization is achieved between 0.75 and 1.25 mM Fe2+, whereas lower
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oncentration, (e) EC120 for Fe2+ concentration vs. current and (f) EC120 for pH vs. Fe

nd higher Fe2+ concentrations progressively yield lower miner-
lization. The loss of TOC120 abatement for Fe2+ contents below
.75 mM can be associated with the decrease in rate of Fenton reac-
ion (2) by the smaller quantity of this ion, producing less oxidant
OH. In contrast, for Fe2+ concentrations >1.25 mM, the excess of
his ion can react rapidly with •OH from reaction (16) [24], decreas-
ng the quantity of this radical for organic oxidation and inhibiting
he mineralization process.

e2+ + •OH → Fe3+ + OH− (16)

Fig. 3b also evidences that the best pH for TOC120 removal is

eached between 2.0 and 3.0, close to the optimum pH 2.8 for
enton reaction (2) [24]. In this interval, nearly 80% of TOC120 is
emoved at 120 min, corroborating that organics are mainly oxi-
ized by •OH.
min of SPEF treatment of 10 L of 186 mg L−1 MCPA solutions in the solar flow plant
ncentration vs. pH, (c) MCE120 for pH vs. current, (d) MCE120 for current vs. Fe2+

centration.

When MCE120 is considered, the fact that most coefficients of
Eq. (12) are negative indicates a dramatic decay of this parame-
ter with increasing all the independent variables, as can be seen
in Fig. 3c and d. The strong decrease in MCE120 as current rises
(see Fig. 3c) may seem contradictory to the larger mineralization
reached because TOC120 undergoes a gradual and rapid abatement
(see Fig. 3a), at least until 7.0 A, by the greater •OH production
from Fenton reaction (2). This phenomenon corroborates the role
of the waste reactions (14) and (15) to decrease the amount of this
radical for destroying the organic pollutants. Fig. 3c shows a max-
imum MCE120 of 95% for 1.6 A and pH 1.32, which is reduced for

the same current when pH varies from 3.00 to 4.68 due to the
deceleration of Fenton reaction (2) yielding less •OH. Fig. 3d also
evidences that maximum MCE120 near 80% is obtained for the lower
currents and Fe2+ concentrations between 0.41 and 1.25 mM. At
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Fig. 4. (a) Residual-predicted and (b) predicted-observed plots for the energy con-
sumption per unit TOC mass at 120 min of electrolysis found by response surface
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igher Fe2+content, this parameter gradually decays because •OH
s consumed by the excess of Fe2+ via reaction (16).

On the other hand, Fig. 3e shows an increase in EC120 when cur-
ent rises from 1.6 to 8.4 A, whereas Fig. 3e and f evidences that
his response presents its lower values from 0.75 to 1.25 mM Fe2+,
onsistent with the behavior of TOC120 surfaces (see Fig. 3a and b).
or currents between 1.6 and 5.0 A and 1.0 mM Fe2+, energy con-
umptions of 110 kWh kg−1 TOC are obtained, which increase to
80 kWh kg−1 TOC for the higher currents, regardless of Fe2+ con-
entration. Fig. 3f also shows a minimum region for EC120 at pH
ear 3.0 when the oxidation process becomes more potent for the
reater •OH production from Fenton reaction (2).

.3. Validation of the quadratic models developed

To assess the adequacy of the quadratic models of Eqs. (11)–(13)
o describe the experimental results, ANOVA was applied. For this,
he Fisher distribution (F-test) was used to statistically validate the
ignificance of regressions and the lack of fit for these models. The
ignificance of the three models developed was then assessed from
he ratio between the mean squares of the regression and residuals,
hereas the adjustment of the models was evaluated by the ratio

etween the mean squares of lack of fit and pure error. The F-ratio
alculated for the regressions was 5.416 for TOC120, 13.646 for EC120
nd 3.728 for MCE120, higher than the tabulated value (3.293) for
5% confidence level, confirming that the models are statistically
ignificant [51]. Moreover, the F-ratio obtained for the lack of fit was
ower than the tabulated value (19.296) for 95% confidence level,
eing 5.597 for TOC120, 16.817 for EC120 and 7.678 for MCE120, indi-
ating that the models are satisfactory without evidencing a lack of
t [50,51]. Fig. 4a exemplifies the plot of the residual vs. predicted
alues for EC120, showing that residuals are randomly distributed
round the mean due to the good agreement of the model and
iscarding the existence of systematic errors. Fig. 4b depicts the
ood linear correlation found between the predicted and observed
alues for EC120, with a determination coefficient R2 = 0.946. Sim-
lar residual-predicted and predicted-observed plots for TOC120
nd MCE120 were found, with R2 values of 0.875 and 0.830, for
he respective linear predicted-observed correlations. The fact that
etermination coefficients are close to unity also corroborates the
tatistical significance of the three quadratic models developed.

.4. Optimization of the SPEF degradation of MCPA

From the response surfaces generated using RSM, the optimum
onditions for the SPEF degradation of 186 mg L−1 MCPA solutions
ere established considering that they would provide higher TOC

emoval with good current efficiency and lower energy consump-
ion. Our results indicate that the optimum MCPA mineralization
akes place at pH 3.0 and Fe2+ concentration between 0.75 and
.25 mM, where acceptable MCE120 and EC120 values are found
t near 5.0 A. Consequently, 5.0 A, 1.0 mM Fe2+ and pH 3.0 were
elected as the best operational conditions. This Fe2+ content was
hosen because it is the central value within 0.75 and 1.25 mM Fe2+.

Fig. 5 illustrates the evolution of TOC, EC and MCE for the
86 mg L−1 MCPA solution in the solar flow plant under the opti-
um SPEF conditions. A gradual TOC reduction to 24.6 mg L−1 can

e observed at 120 min of electrolysis, coincident with the pre-
icted value of 25.0 mg L−1 from Eq. (11), whereas at 140 min a
inimum TOC of 20 mg L−1 is already achieved. Moreover, MCE

ises to 71% and EC decreases to 87.7 kWh kg−1 TOC (6.6 kWh m−3)

t 120 min, in good agreement with 72% and 85.0 kWh kg−1 TOC
btained from Eqs. (12) and (13), respectively. These results
emonstrate the excellent description of the SPEF process by the
uadratic models developed by RSM.
methodology (RSM) for the SPEF process of MCPA in the solar flow plant. Predicted
values were calculated from Eq. (13) and residual values as the difference between
the observed and predicted ones.

3.5. Decay kinetics for MCPA and identification and evolution of
its by-products

The kinetics of the reaction between MCPA and generated •OH
from Fenton reaction (2) induced by the photolytic reaction (5) was
followed by reversed-phase HPLC where the herbicide displayed a
well-defined peak at retention time (tr) of 3.51 min. Direct photol-
ysis of the herbicide was discarded because its content remained
constant after 60 min of recirculating the initial solution through
the solar flow plant without passing current by the electrochemical
cell.

Fig. 6a shows that the 186 mg L−1 of MCPA disappear rapidly
from the medium in 60 min under the optimized SPEF conditions,
while its decay fits with the expected equation for a pseudo-
first-order kinetics. From this analysis, a pseudo-first-order rate
constant k1 = 1.25 × 10−3 s−1 (R2 = 0.984) is found. Since the second-
order rate constant for the reaction between MCPA and •OH is
k2 = 6.6 × 109 M−1 s−1 [53], one can infer that k1 = k2 [•OH] and
hence, a constant •OH concentration (=k1/k2) of 1.9 × 10−13 M is
produced in the SPEF system to attack the herbicide.

Aromatic intermediates like methylhydroquinone
(tr = 5.89 min), methyl-p-benzoquinone (tr = 7.00 min) and 4-
chloro-2-methylphenol (tr = 8.10 min) were identified in the

electrolyzed solutions by reversed-phase HPLC from comparison
of their retention times and UV–vis spectra with pure compounds.
Fig. 6b shows that these compounds are completely removed in
50–70 min, after reaching maxima of 0.64, 0.59 and 1.06 mg L−1,
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onsumption per unit TOC mass with electrolysis time for the SPEF treatment of a
86 mg L−1 MCPA solution under the optimum conditions of 5 A, 1.00 mM Fe2+ and
H 3.0 found by RSM.

espectively. These by-products are then quickly formed and
estroyed while MCPA is removed, indicating that they are also
estroyed by generated •OH. This behavior confirms the fast dis-
ppearance of colored conjugated aromatics compounds formed
uring the SPEF process under the action of this radical, as stated
bove.

Ion-exclusion chromatograms of the electrolyzed solutions

isplayed peaks ascribed to oxalic (tr = 6.98 min), tartronic
tr = 7.96 min), maleic (tr = 8.2 min), malic (tr = 9.50 min), succinic
tr = 11.7 min), glycolic (tr = 13.0 min), formic (tr = 13.7 min) and
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Fig. 7. (a) Evolution of the concentration of carboxylic acids: (�) succinic, (�) malic,
(�) tartronic, (♦) glycolic, (�) oxalic and (�) formic acids during the experiment of

Fig. 5. (b) Time-course of released chloride ion.

fumaric (tr = 14.7 min) acids. Glycolic acid is expected to be gener-
ated when 4-chloro-2-methylphenol is produced, whereas maleic,
fumaric, malic, succinic and tartronic acids can be formed from the
cleavage of the benzenic ring of aromatic by-products [5,11,28].
Further oxidation of these acids yields oxalic and formic as ulti-
mate acids that are directly mineralized to CO2. In the experimental
conditions tested, the Fe3+ ion generated from Fenton reaction (2)
forms complexes with all these acids, which are practically not
mineralized with •OH under EF conditions but quickly photodecar-
boxylated by UV light via reaction (4) [3,5,9,19,29,30,33]. The rapid
removal of these compounds under the optimized SPEF conditions
is presented in Fig. 7a. As can be seen, oxalic, formic, succinic, gly-
colic and tartronic acids are largely accumulated to 12, 12, 22, 25
and 41 mg L−1, respectively, further being their Fe(III) complexes
completely removed in 100–120 min. In contrast, malic acid attains
a maximum of 37 mg L−1 and its Fe(III) complexes persist for shorter
time, only 50 min. The evolution of maleic and fumaric acids is
not shown in Fig. 7a because they are only accumulated up to
0.3 and 0.2 mg L−1, respectively, disappearing the Fe(III)–maleate
and Fe(III)–fumerate complexes in 110 min. These findings demon-
strate the high power and effectiveness of UV light supplied by
solar irradiation at the CPC photoreactor to rapidly remove the
Fe(III)–carboxylate complexes enhancing the oxidation ability of
the SPEF process.

The mineralization of MCPA is accompanied by the loss of its
initial chlorine (32.8 mg L−1) as Cl− ion, as confirmed by ionic
chromatography. Fig. 7b shows that this ion is continuously
accumulated until 28.7 mg L−1 (88% of initial Cl) at 140 min of elec-

trolysis. Since the released Cl− ion is stable in a Pt/O2 cell under PEF
conditions [9,19], one can infer that 12% of initial Cl (4.1 mg L−1)
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s contained in stable chloroderivatives that remain in the final
lectrolyzed solution with 20 mg L−1 of TOC (see Fig. 5).

.6. Reaction sequence for MCPA degradation

From the above detected by-products, a plausible reaction
equence for the SPEF degradation of MCPA is proposed in Fig. 8.
he pathway assumes that aromatics are oxidized by •OH in
he bulk, mainly generated from reactions (2) and (5), while the
e(III)–carboxylate acids are slowly destroyed by this radical and
uickly photodecomposed by UV irradiation of sunlight. For sim-
licity, only the photolysis of Fe(III)–oxalate and Fe(III)–formate
omplexes is depicted.

The process is initiated by the attack of •OH on the C(1)–O bond
f MCPA giving 4-chloro-2-methylphenol and glycolic acid. Further
ydroxylation of 4-chloro-2-methylphenol with dechlorination

eads to Cl− ion and methylhydroquinone, which is dehydro-
enated to methyl-p-benzoquinone. Subsequent oxidation of this
y-product yields a mixture of maleic, fumaric, malic, succinic and
artronic acids, which are converted into oxalic and formic acids.
hese two acids are also formed from the oxidation of the initially
enerated glycolic acid. Photodecarboxylation of Fe(III)–oxalate
nd Fe(III)–formate species finally yields CO2 with Fe2+ regener-
tion [24,29]. Other unidentified and more persistent compounds

ncluding stable chloroderivatives are also produced, preventing
he total mineralization of MCPA.

Note that MCPA degradation follows mainly the above path-
ay at least until 60 min of SPEF treatment while the majority of
r the SPEF degradation of MCPA.

generated carboxylic acids are accumulated (see Fig. 7a). For exam-
ple, while the MCPA solution treated at 20 min of electrolysis
contains 89 mg L−1 TOC (see Fig. 5), the TOC corresponding to the
herbicide, aromatic intermediates and carboxylic acids is 18, 1.1
and 39 mg L−1, as deduced from Figs. 6a, b and 7a, respectively.
That means that the generated carboxylic acids contribute to 44%
of the solution TOC, indicating that they are the main by-products
formed during the mineralization process.

4. Conclusions

A CCRD coupled with RSM allows describing adequately the
behavior of the SPEF degradation of 186 mg L−1 MCPA solutions
in a 10 L solar flow plant under recirculation batch mode. For the
optimum conditions of 5 A, 1.0 mM Fe2+ and pH 3.0 at 120 min of
electrolysis under an average UV irradiation of about 32 W m−2,
TOC was reduced by 75% with 71% of MCE and 87.7 kWh kg−1

TOC (6.6 kWh m−3) of energy consumption. A TOC removal of
80% was reached at 140 min, with 88% of Cl− ion released. The
MCPA decay followed a pseudo-first-order kinetics, yielding 4-
chloro-2-methylphenol and glycolic acid. Further oxidation of
4-chloro-2-methylphenol gives methylhydroquinone and methyl-
p-benzoquinone. The cleavage of the benzene ring of latter aromatic
leads to maleic, fumaric, malic, succinic and tartronic acids, which

are subsequently transformed into the final oxalic and formic acids.
While aromatics are mainly destroyed by •OH in the bulk, car-
boxylic acids form Fe(III) complexes that are quickly photolyzed
by UV light of solar irradiation. Total MCPA mineralization was
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