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Abstract Effluents of resin production, petrochemicals,
refineries, paper mills, and iron foundry industries may
present high concentrations of phenol. The high toxicity,
solubility, and stability of phenolic compounds hamper
the treatment of this wastewater by conventional
methods. In this work, the effect of inorganic ion mix-
tures, such as chloride, nitrate, sulfate, carbonate, and
monophosphate on the phenol mineralization by the
photo-Fenton process, was investigated. The kinetic of
phenol mineralization was monitored with the analysis
of total organic carbon. Two experimental designs were
employed to evaluate the influence of inorganic ions on
mineralization efficiency: fractional experimental de-
sign and central composite rotatable design (CCRD).
The pollutant degradation reached 100 % at 60 min in
the absence of salts, but in a saline medium, this value
was reduced to 10 %. The sequence of the inhibitory
effect was H2PO4

− ≫ Cl−> SO4
2−> NO3

−≈ CO3
2. The

statistical data analysis showed that the phosphate and

chloride ion concentrations were studied variables and
statistically significant on the mineralization process.
The analysis of variance showed: (1) good fit between
the observed and prediction values for fractional exper-
iment design and CCRD and (2) according to Fisher
distribution, the models that were obtained were consid-
ered significant and predictive.
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1 Introduction

Industrial effluents from refineries, paper mill, petro-
chemistry, and iron foundry production may present
high concentrations of phenol and its derivatives
(Kavitha and Palanivelu 2004). In addition, the pro-
duced water in an oilfield contains phenol and high
amounts of salts. Conventional biological treatment of
phenolic effluents is complicated by toxicity, in combi-
nation with high solubility and stability of these com-
pounds into an aqueous solution (Huang et al. 2010).
Many researchers have proposed different methods to
remove or degrade phenol into effluents, such as liquid
membrane-based extraction (Reis et al. 2011), adsorp-
tion on activated carbon (Rodrigues et al. 2011), modi-
fied polymers (Saitoh et al. 2011), photo-Fenton
(Navarro et al. 2010), and sono-Fenton and sono–pho-
to-Fenton (Babuponnusami and Muthukumar 2011).
Among these methods, the advanced oxidation process-
es (AOP) stand out as an alternative to degrade recalci-
trant compounds in industrial wastewater.
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It is a common characteristic among all AOP, where-
in the production of hydroxyl radicals is derived from
several reaction paths (Gernjak et al. 2003). The photo-
Fenton process has been largely applied in organic
pollutant degradation (Devi et al. 2010; Masomboon
et al. 2010; Silva et al. 2012). On this process, hydroxyl
radical generation occurs in two steps (Krutzler and
Bauer 1999): Fenton step, which produces hydroxyl
radicals from the reaction between ferrous ion and hy-
drogen peroxide (Eq. 1), and photocatalytic step, which
comprises hydrolyzed compounds photolysis with Fe3+

(formed on the first step) and generates more hydroxyl
radicals and regenerates ferrous ions (Fe2+) (Eqs. 2 and
3). The hydroxyl radicals formed (E=2.8 V) attacks
organic material, leading to its oxidation (Eq. 4).

Fe 2þ þ H2O2→Fe3þ þ HO• ð1Þ

Fe OHð Þ½ �2þ →
hν

Fe2þ þ HO• ð2Þ

Fe COOCRð Þ½ �2þ →
hν

Fe2þ þ CO2 þ R• ð3Þ

HO• þ RH→oxidizedproducts→CO2 þ H2O ð4Þ

A few works have reported the influence of inorganic
anions on the mineralization efficiency of organic pol-
lutants by the photo-Fenton process (Moraes et al. 2004;
Bacardit et al. 2007; Machulek et al. 2007). Most re-
searchers have evaluated the efficiency of the photo-
Fenton process on the organic compound degradation
with only one salt at once. However, works reporting the
simultaneous presence of several salts are scarce.
Therefore, the synergetic effect has been poorly
investigated.

In this context, the aim of this work was to evaluate
the effect of inorganic salts on phenol mineralization by
the photo-Fenton process. The mixture was composed
of the following sodium salts: sodium chloride (NaCl),
sodium nitrate (NaNO3), sodium sulfate (NaSO4), sodi-
um carbonate (Na2CO3), and monosodium phosphate
(NaH2PO4). This study was conducted using the statistic
tool of fractional factorial and central composite rotat-
able design (CCRD).

2 Materials and Methods

2.1 Materials

All of the reagents that were used were of analytical
grade and supplied by VETEC: sulfuric acid (H2SO4),
Na2CO3, sodium chloride (NaCl), phenol (C6H5OH),
NaH2PO4, sodium hydroxide (NaOH), potassium io-
dide (KI), NaNO3, anhydrous sodium sulfite
(Na2SO3), hydrogen peroxide (H2O2) (30 %), sodium
sulfate (Na2SO4), and ferrous sulfate heptahydrate
(FeSO4·7H2O).

2.2 Apparatus and Analytical Procedure

Synthetic effluent was prepared from the dissolution of
phenol and sodium salts into distilled water. For each
experiment, 4 L of effluent were prepared. Sodium
sulfate heptahydrate (FeSO4·7H2O) and H2O2 (30 %)
were used as Fenton reagents.

Experiments were carried out in a tubular photo-
chemical reactor that consists of four modules and is
connected to a mixing tank. At the center of each reactor
module, a quartz tube for the effluent circulation was set.
Fluorescent lamps (Sylvania, black light, 40 W) were
used as a UVA radiation source (320–400 nm) for each
reactor module. A centrifuge pumpwas used for effluent
circulation in the system.

Effluent pH was adjusted between 2.5 and 3.0 with
an H2SO4 dilute solution. Then, ferrous sulfate was
added into the reaction medium. H2O2 dosages were
carried out in system in a predetermined reaction time
at 0, 20, and 45 min. Samples were collected at
predetermined times (0, 5, 10, 15, 20, 30, 45, 60, and
90 min) and an inhibitor solution was added (NaOH,
Na2SO3, and KI—0.1 N) in order to interrupt the reac-
tion. Samples were filtered (0.45 μm, Millipore) before
the analysis of total organic carbon (TOC, V-
CPH/Shimadzu). For all experiments, concentrations
of TOC(initial), Fe

2+, and H2O2 were kept constant in
200 ppm, 1 mM, and 200 mM, respectively.

2.3 Experimental Design

The full factorial design is denoted byNk, whereN is the
number of levels of the dependent variable, and k is the
number of independent variables (Box et al. 2005). The
experimental region is described by Eq. 5, where yi is
the answer in the condition of i; xi are the coded levels
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for the independent variables; β0, βi, βii, and βij are
adjustable model parameters; ε is the random error
associated with this measure (Trinh and Kang 2011).
The coefficients estimation of the polynomial model
was arrived at by the least squares method.

yi ¼ β0 þ
X

i¼1

n

βixi þ
X

i¼1

n

βiix
2
iþ

X

i< j

n

βijxix j þ ε ð5Þ

It is possible, through the execution of a fraction of
the full factorial design, to obtain the same information,
in most cases, of the most important effects with a lower
number of assays (Teófilo and Ferreira 2006). This type
of design is known as fractionated factorial, generally
represented by 2k−b, where k is the number of variables,
and b is the size of the fraction.

A fractional factorial design (25−1) was applied to
identify the independent variables with more influence
on the response variable. Concentrations of NaCl,
Na2SO4, Na2CO3, and NaH2PO4 were selected as inde-
pendent variables, and the efficiency of phenol mineral-
ization was selected as a response variable. Table 1
presents codified levels of the variables studied, where
(−1) represents the inferior level, (0) the central point,
and (+1) as the higher level.

A full factorial design was performed to enlarge the
range of anion concentration studied in order to better
evaluate the effects of independent variables on the
response. A CCRD was applied in order to evaluate
the effect of NaCl and Na2SO4 concentrations upon
the efficiency of phenol mineralization. Table 2 presents
the codified values of independent variables. In all
cases, the order of the experiments was random in order
to avoid any interference with the results.

3 Results and Discussion

3.1 Kinetics of Phenol Mineralization

Preliminary experiments were carried out in order to
evaluate the effects of NaCl, NaNO3, NaSO4, Na2CO3,
and NaH2PO4 concentrations on mineralization and to
establish levels of independent variables in the experi-
mental design. Figure 1 shows the mineralization kinet-
ics for the following conditions: salt-free effluent
(Fig. 1a), effluent containing 100 ppm of each salt
(Fig. 1b), and effluent containing 500 ppm of each salt
(Fig. 1c). The efficiency of phenol mineralization (η)
was calculated by the Eq. 6, where TOC0 and TOC are
the initial total organic carbon concentrations and at time
t, respectively.

η %ð Þ ¼ 100−
TOC

TOC0
� 100

� �
ð6Þ

As can be seen in Fig. 1, the increasing of salt
concentration reduces the mineralization efficiency.
Similar results were observed by other researchers
(Bacardit et al. 2007). The mineralization efficiency in

Table 1 Fractional factorial design 25−1 for the phenol
mineralization

Variable xi −1 0 +1

[NaCl] ppm x1 100 245 390

[Na2SO4] ppm x2 100 245 390

[Na2CO3] ppm x3 100 245 390

[NaH2PO4] ppm x4 100 245 390

[NaNO3] ppm x5 100 245 390

Table 2 Central composite rotatable design (CCRD) for phenol
mineralization

Variable xi −1.41 −1 0 +1 +1.41

[NaCl] ppm x1 0.04 857.90 2,928.95 5,000 5,857.86

[Na2SO4] ppm x2 0.04 857.90 2,928.95 5,000 5,857.86
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Fig. 1 Efficiency of mineralization: (a) wastewater without salts,
(b) effluent with 100 ppm of each salt, and (c) effluent with
500 ppm of each salt
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the absence of salts in 60min of a reaction was complete
(Fig. 1a). However, with 100 ppm (Fig. 1b) and
500 ppm (Fig. 1c) of each salt, at 120 min of reaction,
this efficiency was reduced to 85 and 14%, respectively.

This inhibitor effect may be attributed to the follow-
ing factors (Laat et al. 2004): (1) complexation reactions
between ferrous and ferric ions can alter the distribution
of reactive species, (2) precipitation reactions lead to the
decreasing of dissolved iron concentration, (3) forma-
tion of radicals and radical ions with less oxidation
capacity (Cl−•, Cl2

−•, and SO4
−•) and hydroxyl radical

scavenger, and (4) oxidation reaction involving these
inorganic radicals (Eqs. 7 and 8).

•OHþ An−→A• n−1ð Þ−ð Þ þ −OH ð7Þ

Fe2þ þ A• n−1ð Þ−ð Þ→Fe3þ þ An− ð8Þ

where Fe2+ represents all the iron species, An− the inor-
ganic anions, and A·((n−1)−) the radical anions.

3.2 Fractional Factorial Design

Figure 2 shows the mineralization kinetics to the exper-
iments 0 to 15 according to the fractional factorial
design presented in Table 3. Figure 2a shows minerali-
zation kinetics to the experiments 0 (absence of salts)
and 1, 2, 3, 5, and 9, where the total salt concentration
was 790 ppm. In the curves 1, 2, 3, and 5, the sodium
monophosphate concentration was at the inferior level
(−1), whereas further variables alternated between the
maximum and minimum conditions, according to the
experimental design presented in Table 3. Curve 9 pre-
sents mineralization efficiency that is lower than the
other conditions, where sodium monophosphate con-
centration is at level +1. In comparing curve 9 to the
others, it is clear that the inhibitor effect was caused by
monophosphate on phenol mineralization when leaving
level −1 to +1. Experimental conditions from the runs 4,
6, 7, 8, and 10 to 15 (Table 3) correspond to salt total
concentration of 1,370 ppm. As can be seen in Fig. 2b,
the runs 4, 6, 7, and 8 (x4 in level −1) present better
mineralization efficiency when compared to the effi-
ciency of the runs 10 to 15 (x4 in level +1). This
indicates that the increase of H2PO4

− ions concentration
in the reaction medium significantly affects the phenol
mineralization.

Table 3 shows a comparison between the observed
and predicted values of phenol mineralization at 90 min
of reaction. The coefficients were determined by corre-
lating the experimental data with the response function
(yi) using Statistica 7.0 software. The response function is
presented in terms of the efficiency of phenol minerali-
zation (y), with R2=0.95. The model was described con-
sidering the interactions between two variables (Eq. 9).

y ¼ 54:89þ 1:91x1 þ 1:17x2 þ 0:11x3−27:01x4
−4:46x5 þ 4:41x1x2−2:38x1x3−1:32x1x4
þ 0:71x1x5−0:19x2x3−1:27x2x4−0:45x2x5
þ 2:41x3x4−1:16x3x5−4:87x4x5

ð9Þ
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Fig. 2 Efficiency of phenol mineralization according the coded
values of the experimental design for the variables x1, x2, x3, x4,
and x5. (a) Curve 0 (without salts), curve 1 (−1, −1, −1, −1, +1),
curve 2 (+1, −1, −1, −1, −1), curve 3 (−1, +1, −1, −1, −1), curve 5
(−1, −1, +1, −1, −1), curve 9 (−1, −1, −1, +1, −1); (b) curve 4 (+1,
+1, −1, −1, +1), curve 6 (+1, −1, +1, −1, +1), curve 7 (−1, +1, +1,
−1, +1), curve 8 (+1, +1, +1, −1, −1), curve 10 (+1, −1, −1, +1,
+1), curve 11 (−1, +1, −1, +1, +1), curve 12 (+1, +1, −1, +1, −1),
curve 13 (−1, −1, +1, +1, +1), curve 14 (+1, −1, +1, +1, −1), and
curve 15 (−1, +1, +1, +1, −1)
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According to Eq. (9), the negative coefficients repre-
sent variables that negatively affect the mineralization
efficiency, whereas the positive ones are favorable to
this process. In Pareto’s graphic (Fig. 3), the values of
the standard effects are shown in horizontal bars. Those
factors that exceed the dotted line represent the variables
with a remarkable effect on the response variable, at a
95 % confidence level. From Fig. 3, it can be observed
that only the variable x4 is statistically significant.
According to diagrams of phosphate speciation, the
H2PO4

− ion predominates in pH=3 (Butler and Cogley
1998). This ion will react with dissolved iron, thereby
leading to the formation of complexes that reduce the
degradation rate (Eqs. 10 and 11).

Fe2þ þ H2PO
−
4→FeH2SO

1þ
4 ð10Þ

Fe3þ þ H2PO
−
4→FeH2SO

2þ
4 ð11Þ

To find out the composition of the salt mixtures that
led to less mineralization efficiency, i.e., where there is
the most inhibitor effect, contour curves were plotted
with all the combinations among the independent vari-
ables (Fig. 4). Figure 4d–f, j shows that the phosphate
concentration increasing from the inferior (−1) to the
superior (+1) level leads to a remarkable reduction of
efficiency. On the other hand, the effects of the concen-
tration of the other salts were not remarkable for the
response variable, as it is shown in Fig. 4a–c, g–i. The
most highlighted phosphate effect can be attributed to the
precipitation reactions between iron and phosphate ions.

The lack of statistical significance of the other anions
NO3

−, Cl−, SO4
2−, and CO3

2− upon the response variable
represents that, in the concentration range studied, these
variables do not affect phenol mineralization. Anions
NO3

− and CO3
2 do not react with iron ions in order to

form complexes. Its main inhibitor effect is attributed to
the hydroxyl radical scavenging (Eqs. 12 and 13) (Riga
et al. 2007; Devi et al. 2011). Thus, the reaction between
Fe(III) and hydrogen peroxide is not suppressed.

NO−
3 þ •OH→NO•

3 þ −OH ð12Þ

CO2−
3 þ •OH→CO•−

3 þ −OH ð13Þ
The literature reports that both chloride and sulfate

ions lead to the reduction of organic dye mineralization
(Riga et al. 2007; Devi et al. 2011), whereas chloride
ions can reduce the phenol mineralization (Maciel et al.
2004) in an aqueous solution by photo-Fenton. Based
on this, a new experimental design was performed with
chloride and sulfate as independent variables, according
to the levels presented in Table 2.

The standard deviation of the responses at the central
point (runs 17 to 22 in Table 3) was 10.3 %. This value
may be attributed to the experimental procedure once it
was necessary and the dilution of the samples for the
TOC measurements due to the high content of salts. In
this set of experiments, the system comprised five salts
increasing the mixture operations, thereby contributing
to the increment of the experimental error. This is also
coherent with the studied system with two salts present-
ing a lower standard deviation (1.7 %) of the central
points (see runs 9 to 13 of Table 5). Analysis of variance
(ANOVA) indicates a fractional factorial model with
95 % of confidence (Table 4). Correlation between the
experimental data and calculated values by the model

Table 3 Coded levels for the fractional factorial design used for
the response surface methodology (RSM) analysis of the inorganic
ions in phenol mineralization

Run x1 x2 x3 x4 x5 Observed
mineralizationa

(%)

Predict
mineralizationa

(%)

0 – – – – – 100 –

1 −1 −1 −1 −1 1 83.0 81.7

2 1 −1 −1 −1 −1 81.3 80.0

3 −1 1 −1 −1 −1 77.7 76.4

4 1 1 −1 −1 1 100.0 98.7

5 −1 −1 1 −1 −1 83.2 81.9

6 1 −1 1 −1 1 75.5 74.2

7 −1 1 1 −1 1 76.0 74.7

8 1 1 1 −1 −1 88.9 87.6

9 −1 −1 −1 1 −1 36.4 35.1

10 1 −1 −1 1 1 18.1 16.8

11 −1 1 −1 1 1 10.0 8.7

12 1 1 −1 1 −1 42.0 40.8

13 −1 −1 1 1 1 27.4 26.1

14 1 −1 1 1 −1 35.1 33.8

15 −1 1 1 1 −1 40.4 39.2

16 1 1 1 1 1 23.8 22.5

17 0 0 0 0 0 46.2 54.9

18 0 0 0 0 0 61.4 54.9

19 0 0 0 0 0 41.2 54.9

20 0 0 0 0 0 67.4 54.9

21 0 0 0 0 0 42.9 54.9

22 0 0 0 0 0 47.9 54.9

aMineralization efficiency at 90 min
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phenol mineralization by
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was satisfactory (R2=0.9520). Test F (Fisher distribu-
tion) was applied to the obtainedmodel, to verify that the
model is predictive for the concentration range studied.

3.3 Central Composite Rotatable Design

The Central Composite Rotatable Design (CCRD) was
performed according to the levels presented in Table 2.
Table 5 shows the codified values and mineralization
efficiencies that were observed for each condition tested
at 60 min. Mineralization efficiencies ranged from 81 to
94 %, when the highest and lowest sodium chlorite
concentrations were used, respectively. The mineraliza-
tion data that were obtained by design were correlated in
order to obtain the coefficients of response function for
the dependent variables (Eq. 14).

y ¼ 90:07−3:81x1−1:14x21−0:23x2−0:68x
2
2 þ 1:64x1x2

ð14Þ

From Pareto’s diagram, as shown in Fig. 5, it is
observed that only the sodium chlorite concentration
was statistically significant, and the effect of this vari-
able is negative upon mineralization efficiency. Sulfate
and chloride anions act in the inhibition of the reaction
through the formation of complexes with iron ions and
in the hydroxyl radical scavenging (Eqs. 15–24). The
radicals formed Cl•(Eº=2.41 V), SO4

•−(Eº=2.43 V) and
HO2

•(Eº=1.80 V) are also an oxidant species, but they
reduce the degradation rate because of their lower

oxidation potential in relation to that of hydroxyl radical
(Siedlecka et al. 2007).

SO2−
4 þ HO•→SO−•

4 þ HO− ð15Þ

Fe2þ þ SO2−
4 ↔FeSO4 ð16Þ

Table 4 Analysis of variance
(ANOVA) for phenol
mineralization

Design Source Sum of
squares

Degrees of
freedom

Mean
square

F value Ftabulated

Fractional factorial Model 13,038.02 15 869 7.94 3.94

Residual 657.13 6 110 – –

Lack of fit 96.95 1 97 0.87 6.61

Pure error 560.17 5 112 – –

Total 13,695.14 21

R2=0.9520

R2adj=0.8321

Central composite
rotatable

Model 133.08 5 26.62 11.03 3.97

Residual 10.30 7 1.47 – –

Lack of fit 6.37 3 2.12 0.68 6.59

Pure error 4.42 4 1.11 – –

Total 143.38 12

R2=0.8798

R2adj=0.7939

Table 5 Coded levels for central composite rotatable design used
for the RSM analysis of the inorganic ions in phenol
mineralization

Run x1 x2 Observed
mineralizationa (%)

Predict
mineralizationa (%)

0 – – 100 –

1 −1.41 0 93.6 93.2

2 1.41 0 81.0 82.4

3 −1 1 89.8 90.2

4 −1 −1 94.1 93.9

5 1 −1 84.5 83.0

6 1 1 86.8 85.8

7 0 −1.41 88.1 89.0

8 0 1.41 88.2 88.4

9 0 0 89.4 90.1

10 0 0 88.5 90.1

11 0 0 88.6 90.1

12 0 0 91.9 90.1

13 0 0 92.0 90.1

aMineralization efficiency at 60 min
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Fe3þ þ SO2−
4 ↔FeSOþ

4 ð17Þ

SO2−
4 þ •OH→SO•−

4 þ −OH ð18Þ

SO•−
4 þ H2O2→SO2−

4 þ HO−•
2 þ Hþ ð19Þ

Cl− þ •OH þ Hþ→Cl• þ H2O ð20Þ

Cl• þ H2O2→HO•
2 þ Cl− þ Hþ ð21Þ

Cl• þ HO•→ ClOH½ �−• ð22Þ

Fe2þ þ Cl−↔FeClþ ð23Þ

Fe3þ þ Cl−↔FeCl2þ ð24Þ

-.373304

-1.01457

-1.70099

1.860073

-6.09047

p=,05

Standardized Effect Estimate (Absolute Value)

X2 (L)

X2 (Q)

x2 (Q)

x1x2

x1 (L)

Fig. 5 Pareto’s graph for
phenol mineralization by
photo-Fenton as a function of
sodium chloride (x1) and
sodium sulfate (x2)
concentrations

Fig. 6 Contour plots of phe-
nol mineralization efficiency
as a function of the coded
values of the sodium chloride
(x1) and sodium sulfate (x2)
concentrations
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The contour curve in Fig. 6 shows the chloride in-
crease, from the inferior level (−1.41) to the superior (+
1.41), which leads to a considerable decrease in effi-
ciency. On the other hand, the concentration effect of
sulfate is lower. The results of the ANOVA are presented
in Table 4. The correlation between the experimental
data and calculated values by the CCRD model was
satisfactory (R2=0.8798). Applying the Fisher distribu-
tion (F test), it was possible to observe that the model
was significative and predictive. Thus, this model can be
used to estimate mineralization efficiency in other ex-
perimental conditions of the domain studied in this
work.

4 Conclusions

The experimental design results pointed out that phenol
mineralization by photo-Fenton can be strongly affected
by the presence of inorganic salts. Phenol mineralization
efficiency ranged from 10 to 100 %, and this was
quantified as a function of the concentration and type
of the inorganic anions for the different sodium salts
studied. The mineralization inhibition order was found
to be: H2PO4

− ≫ Cl− > SO4
2− > NO3

− ≈ CO3
2. Among

the evaluated salts, sodium monophosphate and sodium
chloride presented the highest inhibition in the phenol
mineralization. The ANOVA revealed: (1) good adjust-
ment between the observed and predicted values (R2=
0.95 and R2=0.88, for fractional factorial design
outlining and CCRD, respectively) and (2) according
to Fisher distribution, the model obtained was consid-
ered significative and predictive.
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