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a b s t r a c t

Advanced oxidation processes (AOP) generate in situ active radicals with a high oxidation potential,
allowing for the destruction of polluting agents through organic compound mineralization. The use
of experimental design is a tool that allows adjustment of factors to obtain an optimal response in
experimental analysis. We used multivariate analysis to optimize the process of organic removal from
wastewater in a cylindrical reactor, using UV radiation (254 nm) and peroxodisulfate as an oxidant. We
used 3,4-dichlorophenol and Cibacron Brillant Yellow 3 (CBY-3) as model organic compounds. Both
of these compounds are characteristic polluting agents present in industrial wastewater. We used a
factorial 2n design to obtain the best experimental conditions to efficiently remove the compounds
from the solution, using time and oxidant concentration as experimental variables. The initial concen-
tration of both compounds was 100 ppm, and we obtained 90% dichlorophenol removal, with a rate

−1
ibacron
O4

•−

,4-Dichlorophenol

constant of 0.0386 min . Degradation of azo dye was more efficient reaching 98%, with a rate con-
stant of 0.0908 min−1. In both cases, the optimal time for reducing the maximum concentration was
60 min of irradiation. Total organic carbon (TOC) reduction was analyzed to determine the efficiency of
the UV/K2S2O8 process in mineralization, where we obtained 90% TOC reduction for both organic com-
pounds. At the same time, the dye compound, CBY-3, whose organic structure is more complex, generated
nitrate and chloride ions as mineralization products. The efficient mineralization of both compounds is

ation
based on the in situ form

. Introduction

Chlorophenol compounds have been widely used as insecti-
ides, fungicides, herbicides, algaecides and antiseptics, as well as
ntermediaries in the production of dyes, plastics and pharmaceu-
icals. Furthermore, they can be produced by the environmental
egradation of more complex molecules, such as phenoxy-
cetic acids and chlorobenzenes [1–3]. One important source of
hlorophenols is the bleaching process in the pulp and paper indus-
ry, which uses chlorine dioxide to generate chlorinated phenols
y reaction of the residual lignin, which is chemically linked to the
ellulose, forming compounds which have been described in the lit-
rature as bioacumulable toxins with high carcinogenic potential

4–7].

Different oxidation technologies for the treatment of effluents
ave been described in the literature, such as ozone, or semicon-
uctors combined with UV light [8–10], and hydrogen peroxide

∗ Corresponding author. Tel.: +56 41 2735250; fax: +56 41 2735251.
E-mail address: mcyeber@ucsc.cl (M.C. Yeber).
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of the strong oxidant sulfate anion radical (E = 2.5–3.1 V).
© 2010 Elsevier B.V. All rights reserved.

[11,12]. These treatments obtain effluent degradation under dif-
ferent conditions, reducing environmental parameters, such as
biological oxygen demand (BOD), chemical oxygen demand (COD),
total organic carbon (TOC), and organochlorine compounds (AOX),
therefore reducing acute toxicity [13,14].

Azo dyes constitute an important group of organic compounds,
characterized by presenting one or more azo bonds (–N N–). These
organic compounds are widely used in numerous industries, such
as textiles, food, cosmetics, and paper printing [15,16]. The envi-
ronmental impact caused by effluents containing these organic
compounds is varied, and classic methods for their elimination have
not been efficient in achieving low partial oxidations or reductions,
generating highly toxic secondary products. Oxidation technolo-
gies using activation of persulfate results in the in situ formation of
the sulfate radical (SO4

•−) under a broad range of pH (1 ≤ pH ≤ 10.5)
[17]. Therefore, persulfate can be activated by electron transfer (Eq.

(1)) or by photolysis (Eq. (2)) [18–20].

eaq
− + S2O8

2− → SO4
•− + SO4

2− (1)

S2O8
2− + h� → SO4

•− + SO4
•− (2)

dx.doi.org/10.1016/j.jphotochem.2010.07.028
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values of the variables given by the model which result in the opti-
Scheme 1. Structures of Cibacron BY-3 and 3,4-dichlorophenol.

The sulfate radical has a wide range of optical absorption, with
maximum of 450 nm, ε = 1100 Ls mol−1 cm−1, and is a strong oxi-
ant, with a redox potential between 2.6 and 3.1 V, relative to the
ormal hydrogen electrode (NHE) [21]. It reacts with many organic
ompounds and is as efficient an oxidant as the •OH radical, which
an react as fast through hydrogen abstraction. In addition, this
adical oxidizes chloride ions in solutions near neutrality, being
dvantageous for the production of Cl2•−, which is difficult to
chieve with hydroxyl radicals [22].

. Experimental

.1. Photocatalytic process

We carried out photochemical oxidation using the K2S2O8/UV
ystem at neutral pH, using two representative compounds of
ndustrial wastewater: 3,4-dichlorophenol and Cibacron BY-3
Scheme 1), for which 100 ppm treatments of each solution were
repared. The removal of compounds from the solution was fol-

owed using a spectrophotometer (Shimadzu UV – 1601). All
eagents were Merck quality.

.2. Experimental design

The experimental design was constructed using two coded val-
es for each variable, maximum (+1) and minimum (−1), and n
actors. The minimum number of tests was 2n. The model allows
he construction of contour plots, and the prediction of values at
ny point in the region of interest. The equations obtained from
he model are expressed by a second order polynomial function
Eq. (3))

(%) = ˇ0 +
n∑

i, j=1

KiXi +
n∑

i, j=1

KjX
2
j +

n∑

i,j=1

KijXiXj (3)

here ˇ0 = average value of the experimental response; Ki = main
ffect of the coded variable Xi; Kij = quadratic effect of the coded
ariable Xj; Kij = interaction effects between the respective coded
ariables.

An experimental full quadratic matrix was designed for each
ompound (Tables 1 and 2), using the statistical program Modde
.0, to determine the optimal experimental variables: time (in
in) and peroxodisulfate (in g). Each table shows the experimen-
al matrix obtained from the model with the coded and uncoded
alues, and the order in which the experiments were carried out.
hotochemical oxidations were performed in a tubular quartz reac-
or with an HPL-UV-C mercury lamp (254 nm, 120 W).
Fig. 1. Response surface for the experimental design for 3,4-dichlorophenol.

2.3. Measurement of analytical parameters

We made spectrophotometric and colorimetric determination
of organic matter mineralization products in a Spectroquant NOVA
60 Merck. Chloride ion analysis was determined by the 325, 1 EPA
norm and the Standard U.S. Method 4500. Nitrate analysis was car-
ried out using the DIN 38405 D9 and ISO 7890/1 method, given
that in a solution acidified with sulfuric and phosphoric acid, nitrate
reacts with 2,6-dimethylphenol to form orange colored 4-nitro-2,6-
dimethylphenol, which is determined photometrically at 338 nm.
Nitrite was also determined photometrically at 525 nm using EPA
354.1, U.S. Standard Methods 4500-NO2

− B, ISO 6777 and IN 26777,
based reaction with sulphanilic acid and N-1 - naphthylethylene-
diamine dihydrochloride, which forms a magenta azo dye (Griess’
reaction). For TOC analysis the samples were filtered with cellulose
0.22 �m filters, acidified with hydrochloric acid, and injected in a
TOC analyzer (Shimadzu 5000).

3. Results and discussion

We carried out the optimization process using the K2S2O8/UV
photocatalytic system for oxidation of 3,4-dichlorophenol and
Cibacron BY-3, in order to compare the effect of the system on two
organic compounds with different molecular structures, which are
generally present in diverse industrial effluents. Tables 1 and 2,
respectively, show the coded experimental variables, the order in
which the experiments were run, and number of experiments. In
addition, the corresponding observed and predicted responses for
the optimization of organic compound degradation for each case
are observed in the corresponding tables. Based on the difference
between observed and predicted responses, the model determined
the experimental error with a 95% confidence interval.

Once the experimental matrices were generated with their
respective responses, the experimental variables were combined,
thus obtaining a three-dimensional surface. In these plots the
synergism between the experimental variables can be observed,
resulting in an optimal zone, where it is possible to identify the
mal response. The response surface of 3,4-dichlorophenol (Fig. 1)
indicates that the optimal time for the efficient removal of the com-
pound is observed at 40 min, with 0.7 g of oxidant. In the case of
the CBY-3 dye (Fig. 3), the optimal time is observed at 40 min, with
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Table 1
Experimental matrix of the variables, with corresponding experimental and predicted responses to optimize 3,4-dichlorophenol removal.

Exp. Run exp. Time (min) K2S2O8 (g L−1) 3,4-Dichlorophenol
removed (%)
Observed response

3,4-Dichlorophenol
removed (%)
Predicted response

N1 6 5.0 (−1) 0.05 (−1) 11.40 3.17
N2 1 47.5 (0) 0.05 (−1) 10.79 14.84
N3 2 90.0 (+1) 0.05 (−1) 22.32 26.50
N4 5 5.0 (−1) 0.525 (0) 8.91 46.09
N5 10 47.5 (0) 0.525 (0) 80.54 70.44
N6 12 90.0 (+1) 0.525 (0) 82.42 94.79
N7 7 5.0 (−1) 1.0 (+1) 10.22 15.02
N8 9 47.5 (0) 1.0 (+1) 74.06 52.05
N9 3 90.0 (+1) 1.0 (+1) 71.87 89.08
N10 4 47.5 (0) 0.525 (0) 89.34 70.45
N11 8 47.5 (0) 0.525 (0) 87.90 70.44
N12 11 47.5 (0) 0.525 (0) 73.52 70.44

Table 2
Experimental matrix of the variables, with corresponding experimental and predicted responses to optimize Cibacron BY-3 removal.

Exp. Run exp. Time (min) K2S2O8 (g L−1) Cibacron removed (%)
Observed response

Cibacron removed (%)
Predicted response

N1 6 15.0 (−1) 0.1 (−1) 44.49 47.56
N2 1 37.5 (0) 0.1 (−1) 81.65 78.95
N3 2 60.0 (+1) 0.1 (−1) 93.71 93.34
N4 5 15.0 (−1) 0.55 (0) 80.75 77.42
N5 10 37.5 (0) 0.55 (0) 98.72 98.49
N6 12 60.0 (+1) 0.55 (0) 99.01 100.0
N7 7 15.0 (−1) 1.0 (+1) 90.51 90.77
N8 9 37.5 (0) 1.0 (+1) 98.61 100.0

0
f
g
d
e
r
s
p
a
o
i

Y

N9 3 60.0 (+1) 1.0 (+1)
N10 4 37.5 (0) 0.55 (0)
N11 8 37.5 (0) 0.55 (0)
N12 11 37.5 (0) 0.55 (0)

.5 g of oxidant. By statistically solving the experimental matrix, the
ollowing polynomial modeling equations were developed, each
iving rise to the response surface. The modeling equations were
eveloped so that the importance of the parameters in the math-
matical solution is obtained from the experimental design, with
espect to the weight of each variable. Thus, an empirical relation-
hip between the response and the variables is expressed by the
olynomial equation, in this case for 3,4-dichlorophenol (Eq. (4))
nd for Cibacron BY-3 (Eq. (5)), where Y represents the percentage
f the compounds removed, X1 is the reaction time in min, and X2
s peroxodisulfate in g.
(%) = 79(±2.5) + 18(±1.6)X1 + 13(±1.6)X2 − 13.9(±1.5) X2
1

−15.4(±1.8)X2
2 + 6.9(±1.6)X1X2 (4)

Fig. 2. Analysis of the influence of parameters on 3,4-dich
98.46 95.28
99.06 98.49
97.35 98.49
99.03 98.49

Y (%) = 98.5(±1.5) + 12.6(±1.3)X1 + 11.3(±1.3)X2

−8.5(±1.9)X2
1 − 8.2(±1.9)X2

2 − 10.3(±1.6)X1X2 (5)

Statistical analyses determined that the quadratic effects of
the variables were significant in the response, where the polyno-
mial equation represented the response influenced by synergism
between variables, reaction time and oxidant concentration. Fig. 2
shows the influence of each variable on the response, and the corre-

lation coefficient values (in percentage) for the statistics, with a 95%
confidence interval. In the case of Cibacron BY-3, as is observed in
Fig. 4, the efficiency of reduction was directly influenced by the syn-
ergism between the time of the reaction and oxidant concentration.
The catalyst had the largest positive effect on the responses, and

lorophenol removal, with a 95% confidence interval.
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Fig. 5. Cibacron BY-3 and 3,4-dichlorophenol kinetics using the optimized
K2S2O8/UV systems.
Fig. 3. Response surface of the experimental design for Cibacron BY-3.

he second degree terms were not significant for both responses
Figs. 2 and 4).

Both models are statistically evaluated as valid, given the high
alues of R2 (0.96) and Q2 (0.78), observed for Cibacron BY-3, and R2

0.97) and Q2 (0.80) observed for 3,4-dichlorophenol, which means
hat the regression model provides a good description of the rela-
ionship between the independent variables and the response. Here
2 represents the fraction of the variation of the response explained
y the model, and Q2 is the fraction of the variation of the response
hat can be predicted by the model, resulting in the statistical valid-
ty of the full quadratic model with p < 0.001.

.1. Photochemical process

The optimal conditions identified for the removal of 3,4-
ichlorophenol and Cibacron BY-3 were experimentally validated
y following the kinetics of the reaction, as is shown in Fig. 5. Per-
xodisulfate activated by UV-C light during the photolysis process
enerated in situ sulfate radicals (SO4

•−), which are a highly reac-
ive species responsible for the oxidation process [23,24]. Analysis
f the kinetics showed a rapid decrease in concentration in the
ase where the azo dye is treated photocatalytically, resulting in

early 100% removal after 40 min of treatment. Phenol compound
emoval was lower, which coincides with the optimal points of the
ariables obtained in the analysis of the contour plots and the poly-
omial equation. The value obtained for the reaction rate constant
as 0.0908 min−1 for Cibacron BY-3 and 0.0386 min−1 for 3,4-

Fig. 4. Analysis the parameters influence over Ci
Fig. 6. Chloride ions generated during Cibacron BY-3 and 3,4-dichlorophenol degra-
dation using the optimized K2S2O8/UV systems.

dichlorophenol, corroborating kinetic analysis. Both compounds
contain strong electron attraction given the presence of chloride
groups in their molecular structure. Due to their high electroneg-
ativity, these are attacked by sulfate radicals through nucleophilic

addition, increasing the chloride ions in the solution during the oxi-
dation process. Chloride ion concentration generated during the
photochemical process is illustrated in Fig. 6. The presence of chlo-
ride ions in the first minutes of the reaction indicates that the sulfate
radicals attack atoms of carbon � and �, eliminating chloride ions.

bacron BY-3 removal with 95% confidence.
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Fig. 7. Mineralization efficiency of 3,4-dichlorophenol and Cibacron BY-3 using the
optimized oxidation process.
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ig. 8. Generation of nitrite and nitrate during the Cibacron BY-3 mineralization
rocess.

n both cases, the chloride ions increase over time, reaching the
aximum, and in the following minutes begin to decrease, indi-

ating that the sulfate radicals begin to oxidize chloride ions until
hey become chlorine radicals (Eq. (6)). Higher chloride ion con-
ent in the solution promotes faster destruction of dyes due to the
ctive formation of chlorine species [18]. Other researchers [25,26]
ave also reported the formation of chlorine radicals when chloride
pecies are present in solution in the presence of sulfate radicals.

O4
•−+2Cl− → Cl2•− + SO4

2− (6)

The efficiency of the K2S2O8/UV process for mineralizing the
rganic compounds was analyzed using total organic carbon (TOC).
nitial TOC was 44.27 ppm for phenol and 34.15 ppm for 3,4-
ichlorophenol, in 100 ppm of solution. As is observed in Fig. 7,
he profiles decrease rapidly, reaching 96% of total mineralization.
hese results agree with other work, where persulfate has been
sed in different processes as an oxidant in order to achieve organic
ompound degradation [27–31], demonstrating the efficiency of
ulfate radicals in the oxidation process due to their higher oxida-
ion potential, compared with hydroxyl radicals, as well as being
ighly stable in solution, and not presenting decomposition in the
ime, as is observed with hydrogen peroxide [32,33].
The CBY-3 azo dye is a complex molecular structure that
ontains chlorine and nitrogen atoms. Photochemical treatment
enerates mineralization, resulting in chloride ions, nitrites and
itrates (Fig. 8). The nitrite ion is formed rapidly, and is oxidized into
itrate, demonstrating [34,35] that the potential of sulfate radicals

[

otobiology A: Chemistry 215 (2010) 90–95

is sufficient to oxidize nitrogen atoms to nitrate ions, also reducing
TOC, indicating the efficiency for total organic matter mineraliza-
tion.

Different advanced oxidation processes have appeared as
interesting techniques for the treatment of organic pollutants
[36–40,24]. Among the most used is the well-known heteroge-
neous photocatalysis. Indeed, titanium dioxide activation under UV
irradiation allows the generation of highly reactive free hydroxyl
radicals from the hydroxide ions of water [41–43]. In this study, it
was possible to observe that the sulfate radicals generated in situ
can be reactive, as well as the hydroxyl radicals, producing strong
mineralization of both phenol and Cibacron. The efficiency of the
developed process lies primarily in the high oxidizing strength of
the sulfate radicals that are formed. The sulfate radicals are stronger
oxidants than the hydroxyl radicals, especially at neutral pH, con-
sidering the comparison of their redox potentials [27]. On the other
hand, the use of multivariate analysis allowed an accurate optimal
response and an adequate statistical analysis [44,45].

4. Conclusions

The advanced oxidation process using the K2S2O8/UV sys-
tem was efficient in the mineralization of 3,4-dichlorophenol and
Cibacron BY-3. The in situ production of sulfate radicals and chlo-
ride ions during the reaction produced greater reduction of the
compound, mainly in the case of the azo dye, where the con-
centration of the chloride ions in solution was highest, which
could promote faster compound reduction. The use of experimen-
tal design demonstrates that this is a good tool for determining the
efficiency of treatments with a statistically reliable analysis.
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