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Abstract Degradation rates and removal efficiencies of

different parabens, namely, methylparaben, ethylparaben,

propylparaben, and butylparaben using H2O2/Fe2þ

advanced oxidation process are studied in this work. With

the aim of optimizing the removal of parabens from waters

through the Fenton process, a factorial central composite

orthogonal and rotatable design (FCCORD) was used.

H2O2 and Fe2þ ion initial concentrations were selected as

independent variables. The experimental procedure plan-

ned according to the FCCORD makes it possible to opti-

mize the removal. The occurrence of interactions between

these two variables can also be analyzed with the aid of the

experimental design. Fenton process provides conversion

efficiencies comprising between 85 and 94 % after a

reaction time of 48 h, which reveals the appropriateness of

this procedure for the removal of parabens from aqueous

matrices.

Keywords Fenton’s reagent � Advanced oxidation

processes � Parabens

List of symbols

b0 Offset term

bj Linear effect

bij First-order interaction effect

bjj Squared effect

BP Buthylparaben

C0 Initial concentration of pollutant in solution

Ct Final concentration of pollutant in solution

D Value of the overall desirability function

di (yi) Value of the individual desirability function

EP Ethylparaben

k Number of independent variables or factors

MP Methylparaben

n Number or replicates of the central experiment

N Number or runs in the statisitical design of

experiments

PP Propylparaben

S Step change

Xcentral Natural value of the ith independent variable at

the central point

Xi Coded value of the ith independent variable

Xreal Natural value of the ith independent variable

Yi Predicted response (removal percentage)

z Number or responses in desirability function

Introduction

Pharmaceuticals and personal care products (PPCPs) con-

stitute a novel group of water pollutants. The presence of

these chemicals in ground- and surface water has been

repeatedly reported [1–3]. Many ‘‘emerging pollutants’’

can be regarded as recalcitrant compounds, since they

cannot be eliminated in wastewater treatment plants
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through routine biological, chemical or physical treatment.

Parabens is the common name of a wide variety of alkyl

esters of p-hydroxybenzoic acid. Many of them find

application as ingredients of pharmaceuticals, personal

hygiene/care products and cosmetics in general [4]. Studies

on the causes of breast cancer confirm that these kinds of

products can be assimilated by the human body and reach

tissues [5, 6]. Hence, the discernment of these pollutants in

humans that have been in contact with them in their

environments has attracted the interest of the scientific

community. For instance, parabens have been found in

fluids such as urine [7, 8], milk [9], serum [10] and semen

[11, 12].

Since these chemicals may cause severe damages to

health, the development of highly effective removal

methods is receiving a great deal of attention in the last

years. The use of processes such as adsoprtion [13, 14] or

biosorption [15] have demonstrated to be effective in the

treatment of waters polluted with parabens. The main

advantage of this kind of processes is their relatively low

cost. However, in adsorption or biosorption the pollutants

are extracted from the liquid phase and concentrated on the

surface of the solid adsorbent. This causes severe problems

related with the wastes generated in the process. The so-

called advanced oxidation processes (AOPs) appear as an

attractive alternative to solve this problem, since in AOPs

the pollutants are degradated to form smaller molecules

(ideally CO2 and water). AOPs such as ozonation [16, 17]

or UV-oxidation [18] have also been succesfully applied

for the removal of parebens. These processes are highly

efficient, their high cost being theri most important disad-

vantage. On the contrary, Fenton process is a promising

technology [19, 20]. The main advantages of this procedure

are technological simplicity, excellent results in pollutant

removal, inexpensiveness and safety [21, 22]. The chemi-

cal basis of the Fenton process lays on the decomposition

of H2O2 at low pHs in the presence of Fe2þ ions. The

global process consists of several steps:

H2O2 þ Fe2þ �! �OH þ OH� þ Fe3þ ð1Þ

�OH þ RH �! �R þ H2O ð2Þ

�R þ Fe3þ �! Rþ þ Fe2þ ð3Þ

Fe2þ þ �OH �! Fe3þ þ OH� ð4Þ

OH þ H2O2 �! HO2 � þH2O ð5Þ

The main goal of this work is to analyze the feasibility of

using the Fenton oxidation process to achieve the simul-

taneous degradation of four parabens present in aqueous

matrices. With this purpose, a statistical design of experi-

ments has been used to analyze the influence of two

operational parameters (namely, H2O2 and Fe2þinitial

concentrations) on the removal efficiency of four parabens.

Optimal treatment conditions have been determined as

well.

Methods

Chemicals

Methylparaben (MP, C8H8O3), ethylparaben (EP,

C9H10O3), propylparaben (PP, C10H12O3) and butylpara-

ben (BP, C11H14O3) were purchased from Sigma-Aldrich,

with purities above 98 % in all cases. The molecular

structures of parabens are illustrated in Fig. 1. Solutions

containing an admixture of the four parabens (5 ppm each)

were prepared using high-purity Millipore Milli-QTM

water. The pH of the solutions was kept constant by using a

HClO4/ClO�
4 buffer. H2O2 (33 % w/v) and FeSO4 � 7H2O

(analytical grade) were purchased from Merck (White

House Station, NJ, USA).

Experimental procedure

All experiments were performed in a 250 mL glass reactor

that was placed inside a thermostatic (25 � 0.5�C) bath

provided with a magnetic stirring system. 150 mL of

aqueous solution of parabens was used in all experiments.

As indicated above, an HClO4/ClO�
4 buffer was used to

Methylparaben,MP
(Methyl 4-hydrybenzoate)

Ethylparaben,EP
(Ethyl 4-hydrybenzoate)

Propylparaben,PP
(Propyl 4-hydrybenzoate)

Butylparaben,BP
(Butyl 4-hydrybenzoate)

Fig. 1 Molecular structure of target parabens studied
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keep pH constant. The adequate quantity of Fe(II) sulfate

was incorporated. Finally, the required amount of hydrogen

peroxide was added to make the reaction start.

With the aim of determining the period of time required

to reach equilibration, several kinetic experiments were

performed. In all cases the reaction was quenched at dif-

ferent time intervals previously set by adding NaHSO3.

Equilibration times comprised between 24 and 48 h were

determined for the four pollutants. Hence, a reaction time

of 48 h was used when performing the different

experiments.

Analytical methods

Solutions consisting of an admixture of the four parabens

were used. The concentrations of methylparaben, ethyl-

paraben, propylparaben and buthylparaben present in the

samples were analyzed simultaneously with the aid of a

Waters HPLC chromatograph. A photodiode Array 996

detector and a Waters Nova-Pak C-18 column (5 lm,

150 mm 9 3.9 mm) were used. Well-defined peaks were

obtained for the four chemicals under study, with retention

times of 2.2, 2.8, 4.2 and 6.8 min for MP, EP, PP and BP,

respectively. For each of the analyses, 100 lL of solution

was introduced (1 mL/min) into the chromatograph. The

mobile phase was constituted by a mixture of metha-

nol:water 60:40, containing 2�10 mol L�1 phosphoric

acid). Isocratic operation mode was chosen, that is, the

proportion of the mobile phase was kept constant

throughout the experiment.

Design of experiments

The use of an experimental design is an excellent choice to

analyze if two or more independent variables—and their

possible interactions—exert a statistically significant effect

on the response variable. Furthermore, it makes it possible

to minimize the number of experiments necessary with

such an aim. Optimization of the process is also possible.

The application of RSM provides a mathematical rela-

tionship between variables and experimental data can be

fitted to a polynomial equation as follows [23].

Y ¼ b0 þ
Xj

j¼1

bjxj þ
Xi;j

i;j¼1

bijxixj þ
Xj

j¼1

bjjx
2
j ð6Þ

where Y is the predicted response, b0 is the offset term, bj is

the linear effect, bij is the first-order interaction effect and

bjj is the squared effect. For the present study, a composite,

central, orthogonal and rotatable design of experiment

(CCORD) has been used. This kind of experimental design

has been widely used in similar works. The number of runs,

N, is:

N ¼ 2k þ 2k þ n ð7Þ

where k represents the number of independent variables (or

factors) and n is the number of replicates of the central

experiment.

To perform this study, a CCORD was used with two

independent variables (namely, the initial concentrations of

H2O2 and Fe2þ). The central experiment was replicated

eight times, N being thus equal to 16.

To be used in the statistical calculations, the natural

values of the variables have to be converted into dimen-

sionless codified values. With such a purpose, the follow-

ing equation was used

Xi ¼
Xreal � Xcentral

S
ð8Þ

where Xi is the coded value of the ith independent variable,

Xreal is the natural value of such variable, Xcentral is the

natural value at the center point and S is the value of the

step change.

The experimental results were statistically analyzed and

the results validated by means of an analysis of variance

(ANOVA) procedure performed at a confidence level of

95 %. The values of the removal efficiencies (in %) of the

four parabens after a contact time of 48 h were selected to

perform the statistical analysis. It was calculated as follows

Yð%Þ ¼ C0 � Ct

C0

� 100 ð9Þ

where C0 represents the concentration of each of the

parabens initially present in solution and Ct is the final

concentration of pollutant determined once the contact time

(i.e., 48 h) has elapsed.

As indicated above, the effect of initial concentrations of

H2O2 and Fe2þ was analyzed by applying response surface

methodology (RSM). Table 1 shows the operational con-

ditions of the statistical design of experiments (DoE),

whereas Table 2 summarizes the experimental arrangement

behind the DoE and the response obtained in each of the

experiments.

Results and discussion

Numerical analysis: analysis of variance report

The analysis of variance test indicates if a given parameter

exerts a significant influence on the response variable. Such

analysis is summarized in Table 3. The results shown in

this Table indicate that, in all cases, the [H2O2] 0 and

[Fe2þ]0 exhibit a p value below 0.05, which means that

such factors significantly affect the response variable

(Yparabens %) at a confidence level equal to 95 %. The
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same applies for the square of [H2O2]0 excepting for the

removal of MP (i.e., p value = 0.0513).

Non-linear polynomial regression was carried out and a

equation similar to Eq. 10 was proposed for each of the

pollutants. The values of the fitting coefficients obtained

for the removal of the four parabens are summarized in

Table 4.

Yð%Þ ¼ b0 þ A � ½H2O2�0 þ B � ½Fe2þ�0 þ C � ð½H2O2�0Þ
2

þ D � ½H2O2�0 � ½Fe2þ�0 þ E � ð½Fe2þ�0Þ
2 ð10Þ

From the data listed in Table 4 it may be concluded that,

in all cases, [H2O2]0 and [Fe2þ]0 exhibit a positive (?)

sign. This means that both positively affect the response

variable. Thus, the larger [H2O2]0 and [Fe2þ]0, the more

effective is the removal efficiency. The remaining factors

are behind a negative (-) sign in Table 4. This latter

indicates that such factors negatively influence the removal

process. Hence, as these factors increase, the removal of

the pollutants is hindered. The factors that exert a negative

effect on the removal of parabens are the combination of

hydrogen peroxide concentration and Fe2þ ion concentra-

tion; [H2O2]0
2 and [Fe2þ]0

2.

The correlation factors, r2, corresponding to the men-

tioned equations are 79.2, 78.6, 77.4 and 78.6 %, respec-

tively, which suggests that the proposed model is adequate

to describe the experimental results in a reasonable man-

ner. This will be confirmed by the graphical analysis (see

next section).

Graphical analysis

The experimental results were modelized according to five

factors by using the general Eq. 10 and its particularized

form for each of the parabens under study (see Table 4).

Table 1 Operating levels in the removal of parabens

Variable (mol L-1) Lower level

(-1)

Upper level

(?1)

Center

point (0)

[H2O2]0 � 10þ4 0.46 2.70 1.58

[Fe2þ]0 � 10þ5 0.46 2.70 1.58

Table 2 Experimental arrangement behind the DoE and response

obtained in each of the experiments

Run Coded [H2O2]0 Coded [Fe2þ]0 Yparaben (%)

MP EP PP BP

1 -1 -1 32.8 37.9 39.5 41.5

2 1.41421 0 67.9 74.6 71.8 79.9

3 0 0 72.3 78.1 80.0 82.4

4 -1 1 44.2 48.1 49.2 51.6

5 0 0 71.5 77.9 79.9 82.4

6 0 -1.41421 4.4 5.8 6.6 6.7

7 1 1 95.8 97.7 98.0 98.6

8 0 0 72.3 77.8 79.7 82.0

9 0 0 72.3 77.9 79.8 82.3

10 0 0 72.3 78.0 80.0 82.4

11 0 0 72.7 78.4 80.2 82.7

12 0 0 72.9 78.6 80.4 82.9

13 0 1.41421 84.8 89.1 90.3 91.7

14 0 0 72.3 78.1 80.0 82.4

15 -1.41421 0 6.3 6.5 6.7 7.2

16 1 -1 85.6 91.0 92.3 94.0

Table 3 Results of the ANOVA tests

Parameter Sum of

squares

Average

square

F-ratio p-value

Methylparaben

A: coded [H2O2]0 4,584.78 4,584.78 20.59 0.0011

B: coded [Fe]0 2,288.35 2,288.35 10.28 0.0094

AA 1,090.44 1,090.44 4.90 0.0513

AB 0.36 0.36 0.00 0.9687

BB 502.439 502.439 2.26 0.1640

Total error 2,227.0 222.7

Total (corr.) 10,693.4

Ethylparaben

A: coded [H2O2]0 4,950.52 4,950.52 19.83 0.0012

B: coded [Fe]0 2,268.14 2,268.14 9.09 0.0130

AA 1,271.33 1,271.33 5.09 0.0476

AB 3.0625 3.0625 0.01 0.9140

BB 670.688 670.688 2.69 0.1322

Total error 2,496.06 249.606

Total (corr.) 11,659.8

Propylparaben

A: coded [H2O2]0 4,688.28 4,688.28 17.50 0.0019

B: coded [Fe]0 2,236.79 2,236.79 8.35 0.0161

AA 1,545.67 1,545.67 5.77 0.0372

AB 4.0 4.0 0.01 0.9052

BB 691.913 691.913 2.58 0.1391

Total error 2,678.68 267.868

Total (corr.) 11,845.3

Buthylparaben

A: coded [H2O2]0 5,116.34 5,116.34 19.32 0.0013

B: coded [Fe]0 2,275.02 2,275.02 8.59 0.0150

AA 1,389.95 1,389.95 5.25 0.0449

AB 7.5625 7.5625 0.03 0.8692

BB 858.007 858.007 3.24 0.1021

Total error 2,648.39 264.839

Total (corr.) 12,295.3
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In this section, six different kinds of plots will be pre-

sented (i.e., Pareto plot, main effect, interaction between

variables, response surface, contour and observed vs. pre-

dicted plots).

The Pareto plot (Fig. 2) graphically represents the

results of the ANOVA test. A bar is plotted to depict the

standardized effects of the different factors that are inclu-

ded in the analysis, namely, [H2O2]0 (A) and [Fe2þ]0 (B),

and all their possible combinations (i.e., AA, BB and AB).

Gray bars represent the positively affecting factors,

whereas blue bars correspond to factors negatively affect-

ing the removal of parabens. As expected, the former

appear behind a (?) sign in Table 4 and the later follow a

(-) in such table. It is also worth noting the occurrence of a

vertical rule at a value around 2. This vertical rule deter-

mines the significance level of the ANOVA test at 95 %

confidence. Hence, factors reaching this line affect the

removal of the different parabens in a significant manner

from the statistical standpoint and exhibit a p value below

0.05 in Table 3. The remaining factors do not affect the

response variable in a statistically significant manner and

exibit p values above 0.05 in the ANOVA test.

The main effect plots (see Fig. 3) illustrate the result of

altering one of the variables (A or B), maintaining the other

one constant at its central value. In all cases the trend to

reach a maximum is clearly pointed out. For both variables

such a maximum is achieved when A or B reach values

close to 1. This fact suggests that finding an optimum for

the removal of each of the pollutants within the working

range is feasible.

The response surface plot is perhaps the most interesting

graph when an RSM analysis is performed. It is a plot of

Eq. 10 and makes it possible to evaluate the evolution of

the system in a qualitative manner. The response surface

plots corresponding to the four pollutants here studied are

depicted in Fig. 4. Contour plots are presented under their

respective response surfaces. It can be appreciated that, in

all cases, the response plot corresponds to a convex surface

within the whole working interval (i.e., from -1 up to ?1).

Both variables, (namely, [H2O2]0 and [Fe2þ]0) affect the

removal efficiency in a similar manner and—as suggested

by the main effect plots—it is possible to optimize the

removal of each paraben. It has to be taken into consid-

eration that if a maximum is observed in the response

surface and/or contour plot, it may be stated that under

Table 4 Fitting coefficients obtained for the removal of the four

parabens

Pollutant b0 A B C D E

Methylparaben 72.33 23.94 16.91 -11.68 -0.30 -7.93

Ethylparaben 78.10 24.84 16.84 -12.61 -0.88 -9.16

Propylparaben 80.00 24.21 16.72 -13.90 -1.00 -9.30

Buthylparaben 82.44 25.29 16.86 -13.18 -1.38 -10.36

Standardized effect

543210543210

543210543210

AB

BB

AA

B:Coded [Fe]0

Coded [H2O2]0 +
-

Standardized effect

AB

BB

AA

B:Coded [Fe]0

Coded [H2O2]0 +
-

Standardized effect

AB

BB

AA

B:Coded [Fe]0

Coded [H2O2]0 +
-

Standardized effect

AB

BB

AA

B:Coded [Fe]0

Coded [H2O2]0 +
-

(a) (b)

(c) (d)

Fig. 2 Pareto plots: standardized effects for the removal of MP (a), EP (b), PP (c) and BP (d)
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Fig. 3 Main effects plots for the removal of MP (a), EP (b), PP (c) and BP (d)
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Fig. 4 Response surface and contour plots for the removal of MP (a), EP (b), PP (c) and BP (d)
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these particular operational conditions an optimum is

achieved. Table 5 summarizes the coded and natural values

of each of the variables that define an optimum for each

pollutant. In all cases the optimum can be found for posi-

tive coded values of [H2O2]0 and [Fe2þ]0.

Finally, the observed vs. predicted plot (Fig. 5) provides

information on the goodness of the fitting of the experi-

mental results to the proposed model. It can be appreciated

that the model is able to predict the experimental results

reasonably well.

Physical meaning of the results

It has already been shown that [H2O2]0 is the factor that

influences the response variable in a more remarkable

manner. A possible explanation to this fact can be deducted

Table 5 Predicted optimum

conditions obtained for the

removal of the pollutants.

Coded and natural values

Optimum Y (%) Coded values Natural values

[H2O2]0 [Fe2þ]0 [H2O2]0 (mol L�1) [Fe2þ]0 (mol L�1)

Separate optimization

Methylparaben 93.3 1.012 1.048 2.71E-04 2.75E-05

Ethylparaben 97.4 0.956 0.874 2.65E-04 2.56E-05

Propylparaben 97.3 0.840 0.854 2.52E-04 2.54E-05

Buthylparaben 100 0.920 0.753 2.61E-04 2.42E-05

Joint optimization

Methylparaben 93.1 0.930 0.919 2.62E-04 2.61E-04

Ethylparaben 97.3

Propylparaben 97.1

Buthylparaben 100

predicted

ob
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Fig. 5 Observed vs. predicted plots for the removal of MP (a), EP (b), PP (c) and BP (d)
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from Eq. 1. The hydrogen peroxide decomposition gen-

erates the hydroxyl radical. This process is catalyzed by

Fe2þ in the so-called Fenton process. Remarkably, how-

ever, an optimum for the hydrogen peroxide concentration

can be appreciated in the main effects plots at values of

this factor very close to one. Particularly, the coded and

natural values of [H2O2]0 that provide an optimal removal

efficiency of the four pollutants can be seen in Table 5.

This is foreseeable since an increase in [H2O2]0 may

promote radicals inactivation (or ‘‘scavenging’’, see

Eq. 1). This results in the increase of the concentration of

the hydroperoxyl radical, a chemical species with a

remarkably smaller value of the oxidation potential [20,

24]. Ferrous ion initial concentration is the second vari-

able in importance. According to the modelization here

reported, an optimal removal of the pollutants can be

achieved under the operational conditions summarized in

Table 5.

Experimental confirmation of the optimum

Four experiments were performed by operating under the

theoretically optimal conditions predicted by the model

with the aim of determining the presence of a maximum in

the removal of the diferent parabens. In all cases, the

removal efficiencies of all of the parabens reached nearly

100 %. These results clearly point out that the DOE and

RSM strategies here reported are appropriate to analyze the

removal of the four pollutants from water by the Fenton

process.

Experimental confirmation of the maximum in other

aqueous matrices

Two series of experiments were carried out operating at the

optimal values of [H2O2]0 and [Fe2þ]0 for the removal of

the four pollutants. With the aim of analyzing the removal

of parabens in real waters, two diferent aqueous matrices,

namely river water and swamp water, were selected. For

comparison with the experiments performed in Milli-QTM

water, a reaction time of 48 h was selected. Under these

experimental conditions, removal efficiencies of parabens

were determined reaching values very close to 50 % in

river water. On the contrary, conversions ranging from 13

up to 18 % were attained in swamp water.

Optimization of the simultaneous removal of all

pollutants

To optimize multiple responses (in this case the simulta-

neous removal of all four pollutants) the use of the so-

called desirability function approach is commonly accep-

ted. This procedure is able to determine the operational

conditions that give rise to the responses that maximize the

desirability function.

Briefly, according to Khasawneh et al. [25] for each

response Yi(x), a desirability function di(yi) assigns num-

bers between 0 and 1 to the possible values of yi, with di(yi)

= 0 representing a completely undesirable value of yi and

di(yi) = 1 representing a completely desirable or ideal

response value. The individual desirabilities are then

combined using the geometric mean, which gives the

overall desirability D:

D ¼ ðd1ðY1ÞXd2ðY2ÞXd3ðY3Þ. . .XdzðYzÞÞ
1
z ð11Þ

with z denoting the number of responses. Notice that if any

response Y i is completely undesirable di(Y i) = 0 , then the

overall desirability is zero. The desirability function can

adopt different expressions if a given response Y i has to

reach a maximum, a minimum or a specific value.

The desirability function corresponding to the process

under analysis is depicted in Fig. 6. It can be easily con-

cluded that it is possible to attain a value of D very similar

to 1 for coded values of [H2O2]0 and [Fe2þ]0 in the close

vicinity of 1. This suggests that the optimization of the

simultaneous oxidation of the four pollutants is feasible

under these experimental conditions. Table 5 also sum-

marizes the coded and real values of [H2O2]0 and [Fe2þ]0

that yield to a maximum simultaneous removal of the four

pollutants. Such values are 2.62�10�4 and 2.62�10�5M,

respectively. Operating under these conditions, at least

theoretically, removal percentages of 93.1, 97.3, 97.1 and

100 % can be achieved for MP, EP, PP and BP,

respectively.

To corroborate these theoretical maxima, an experiment

has been performed in Milli-QTM water under the above-

referred conditions. The removal percentages for the

aforesaid pollutants were 93.0, 97.1, 96.9 and 99.8,

respectively.
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Fig. 6 Desirability funtion plot for the simultaneous optimization of

the removal of MP, EP, PP and BP
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Conclusions

In this work, the removal of four parabens from water by

means of Fenton oxidation was optimized with the

application of a central, composite, orthogonal and

rotatable design of experiments. From the analysis of the

experimental data, the following conclusions may be

drawn:

• The initial concentration of H2O2 exerts the most

significant effect on the response variable, followed by

[Fe2þ]0.

• According to the analysis of variance test, three

factors (namely [H2O2]0, [Fe2þ]0 and the squared

[H2O2]0) exert a significant influence on the removal

efficiency of the pollutants. A second-order polyno-

mial equation has been satisfactorily used to determine

the removal efficiency of each chemical. Correlation

factors comprising between 0.77 and 0.79 were

obtained.

• Response surface methodology made it possible to

optimize the degradation of the pollutants. When the

adequate operation conditions were applied, an almost

complete removal of the parabens was achieved.

• Simultaneous optimization of the removal of the four

pollutants was achieved, with removal efficiencies

ranging 93.0–99.8 % operating with initial concentra-

tions of hydrogen peroxide and Fe2þ ion equal to

2.62�10�4and 2.62�10�5M, respectively.

• In Fenton process, after a reaction time of 48 h, the

removal of parabens reached values of conversions

efficiency between 85 and 94 % in Milli-QTM water.

For river water and swamp water ,such parameters

reached 50 % and 13–18 %, respectively.
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