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Phenol is an organic pollutant found in various types of industrial wastewater. Due to its bactericidal properties, it is difficult to
eliminate it by classic treatment methods. In this work, the degradation of this compound by Fenton reaction at mild temperature
and pressure conditions is studied. An experimental design was applied in order to quantify the influence of operating parameters
on the efficiency of this method. The field of study was defined between 20 and 50°C for the temperature, 1 and 4g L! for the
phenol concentration, 10 and 28 for the H,O, to phenol molar ratio, and 0.02 to 0.08 for the Fe(II) to phenol concentration ratio.
It was shown that the temperature and the amount of catalyst have a strong influence. A model giving the decrease of COD was
established. The COD decrease was between 40% and 72% and phenol had totally disappeared.

1. INTRODUCTION

During its use in industrial processes, water may be polluted
by different compounds. The effluents must be treated before
dumping to limit the environmental impact. However, some
compounds are difficult to eliminate because of their high
chemical stability and/or their high concentration.

Phenol, which is largely used in chemical industry, is
one of these compounds. In France, phenol in liquid efflu-
ents amounted to 54 tons in 2000 [1]. In addition to its
organoleptic properties (it gives a characteristic taste and
odor to water even at low concentrations), it is also a bac-
tericide. So its treatment by classic water treatment meth-
ods (including a biological treatment step) is difficult at high
concentrations. Thus, its degradation by a specific method
should be performed directly after its production before it is
sent to the sewage treatment plants.

An efficient method may be the use of an advanced ox-
idation process: Fenton, photo-Fenton, Os/UV, O3/H;0,,
03/UV/H;0;. Generally, these methods lead to high degra-
dation ratios [2, 3, 4, 5].

This study is based on the use of the Fenton reaction. The
objective of this method is the formation of hydroxyl radi-
cals, HO", through the decomposition of hydrogen peroxide
H,0; catalyzed by iron in the form Fe(II). These radicals,
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having a short lifetime, are some of the most powerful oxi-
dizers in water and allow the degradation of a lot of organic
compounds.

Previous studies showed that the concentrations of phe-
nol, iron, and hydrogen peroxide, and temperature, and pH
have a significant influence on the efficiency of this method.
The aim of this study is to quantify the influence of these pa-
rameters by modeling the efficiency of the reaction measured
by chemical oxygen demand (COD) decrease, expressed in
percentage. The experiments were performed to a factorial
experimental design.

2. PRELIMINARY CONSIDERATIONS

2.1. Fenton’s reaction

H,0, is largely used in oxidation processes. Its oxidizing
properties are not only due to the presence of an active oxy-
gen atom in the molecule, but also to its ability to partici-
pate in radical reactions, with the homolytic cut of the O—O
bound leading to the formation of the HO" radical. This abil-
ity is enhanced by the presence of compounds able to activate
these radical decomposition mechanisms.

Fenton’s reaction is based on the following principle: in
the presence of Fe(Il) as a catalyst, a succession of reactions
induces the formation of hydroxyl radicals, used to oxidize
the organic pollutant [6, 7]:

(K=76.5Lmol 's™").
(1)

Fe?*+H,0, — Fe**+HO + HO™
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TaBLE 1: Matrix of experiments (A) and experimental results (Y).
N Reduced coordinates Real variables Response
X, X X3 Xy [Phenol] (gL™")  nm,0,/Nphenol  [F€**]/[phenol]  T(°C) y = COD decrease (%)
1 -1 -1 -1 -1 1 10 0.02 20 41.5
2 1 -1 -1 -1 4 10 0.02 20 44
3 -1 1 -1 -1 1 28 0.02 20 50
4 1 1 -1 -1 4 28 0.02 20 40
5 -1 -1 1 -1 1 10 0.08 20 59
6 1 -1 1 -1 4 10 0.08 20 61
7 -1 1 1 -1 1 28 0.08 20 50
8 1 1 1 -1 4 28 0.08 20 65
9 -1 -1 -1 1 1 10 0.02 50 51.5
10 1 -1 -1 1 4 10 0.02 50 58
11 -1 1 -1 1 1 28 0.02 50 55
12 1 1 -1 1 4 28 0.02 50 52.5
13 -1 -1 1 1 1 10 0.08 50 72
14 1 -1 1 1 4 10 0.08 50 72
15 -1 1 1 1 1 28 0.08 50 71
16 1 1 1 1 4 28 0.08 50 68

Fe(II) can be regenerated in the following way:

Fe’* + H,0, + H,0
= FeOOH?** + H;0"
FeOOH?*' — HO, + Fe**

Fe’*+HO?* — Fe?" + O,+H*

(Keg = 3.1 x1077), @
(K=27x10"%71, (3)

(K <2x10°Lmol s™).
(4)

Firstly, hydroxyl radicals attack the phenol to form cate-
chol and hydroquinone [8]. The decomposition of these by-
products then gives ring opened products such as glyoxalic,
formic, oxalic, fumaric, maleic acids, which can be easily re-
moved by biological treatment.

In order to avoid the decomposition of H,0,, reaction
(2) must be inhibited by limiting the amount of H,O, in
the reaction medium. This can be achieved if it is introduced
continuously. The pH of the reaction mixture, on the other
hand, must be kept between 2 and 4, firstly in order to avoid
the formation of Fe complexes that can decrease the effi-
ciency of the catalyst and secondly to favor the formation of
a stable and electrophilic structure via solvation of a proton
by an H,O, molecule [6].

2.2. Experimental design

The objective of an experimental design is to quantify the
impact of the experimental factors on the efficiency of the
treatment by establishing a mathematical model: efficiency =
f(factor 1, factor 2,...). Here, a first-degree model design
was applied, and the relation obtained was (for n variables)

i=n n-1 n
y=aot Z a; X; + 2 zainin

i=1 i=1 j>i
n-2n-1 n (5)
+ Z Z ZaiijinXk +oe,

-2 n—1
=1 j>i k>j

where y is the response of the system (decrease of COD), X;
is the reduced coordinate of variable i, g; is the coefficient of
the model.

The maximal value of the field of study was associated
to the reduced coordinate +1, and the minimal value to the
reduced coordinate —1.

For a 4-variable experimental design, 16 coefficients have
to be determined. The experimental design consists in setting
up a system of equations to find these coefficients by investi-
gating the field of study of every variable. Hence, the resolu-
tion requires 16 different equations:

y1=ao+ar X+ +a1234X1,1X21 X351 X415

Y16 = do t a1 X116 + + + - + 41234X1,16X2,16X3,16 X4, 16>

(6)

where y; is the response of the system to experiment j, X;; is
the value of variable i for experiment j.

The experimental design used for this study is presented
in Table 1. The previous system of equations can be repre-
sented in a matrix shape as follows:

(Y) = (A) - (a), (7)

where (Y) is the matrix of the results, (A) is the matrix of the
experimental design, and (a) is the matrix of the coefficients.
As ('M - M)~! - (M - M) = (I), by multiplying every
member of the previous equation by (‘A - A)™! - (YA), the
following equation is obtained:
(a)=(A-A)"-("A) - (V). (8)
This relation allows all of the coefficients of the model to be
determined.
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3. EXPERIMENTAL SETUP

3.1. Procedure

The experiments were carried out in a thermostated batch
reactor of 1 L equipped with a reflux condenser and a me-
chanical stirrer (Figure 1). A volume of 500 mL of solution
of phenol and Fe(II) was introduced into the reactor un-
der stirring at a constant temperature value. The hydrogen
peroxide was introduced continuously by means of a peri-
staltic pump. The liquid samples, taken via the drain valve,
were analyzed in order to follow the evolution of phenol con-
centration and COD degradation. Immediately before mea-
surement, the excess of H,O, remaining in the samples was
removed by adding an equivalent amount of sodium sul-
fite.

3.2. Materials and methods of analyses

The catalyst in the form of FeSO4, 7H,O, the phenol in the
form of crystals, the 30% hydrogen peroxide, and the sodium
sulfite came from VWR, Paris, France. Other compounds
used for the determination of by-products were obtained
from Sigma Aldrich, Lyon, France. All the solutions were pre-
pared with distilled water.

The phenol and the by-products were analyzed by HPLC
(model SS Wakosil II 5C18RS), equipped with a UV detec-
tor (A = 210nm) by using as a mobile phase a mixture of
acetonitrile : water / 50 : 50 in a flow of 1 mL min~!. The
COD was measured by method 8000 of HACH with the spec-
trophotometer DR/2000.

4. EXPERIMENTAL RESULTS

4.1. Preliminary experiments

First a series of experiments was conducted to determine the
limit duration of the reaction: it seems that after two hours,
while the reaction was as slow as possible (low temperature
and low concentration of catalyst) the COD value (Figure 2)
does not change. A limit of two-hour duration was thus re-
tained for all the experiments.

Furthermore, HPLC analyses showed that the phenol dis-
appeared in the first minutes of the reaction, and that the
main by-products formed were catechol, hydroquinone, ox-
alic acid, acetic acid, and formic acid. Small amounts of
maleic acid and acrylic acid were also detected.

4.2. Experimental design

Four variables were retained for this experimental design: the
initial phenol concentration (X;), the ratio of the amount of
hydrogen peroxide to that of phenol introduced (X;), the ra-
tio of the concentration of Fe(II) to the concentration of phe-
nol (X3), and the temperature (Xy). The injection duration
for the peroxide was fixed after about 40 minutes and the pH
was fixed at 3 at the beginning of the reaction by the addition
of 1 M sulfuric acid. The fields of study were chosen accord-
ing to the conditions usually met in the industry (Table 2).
The response, y, of the system was the percentage of decrease
of the COD, y = 100 - [(CODinitial/ CODfina1)/CODiniial |
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FiGure 2: Evolution of phenol concentration and COD.
TaBLE 2: Field of study of experimental parameters.
Variable Level —1 Level +1
[Phenol], lgL! 4gL7!
NH,0, /nphenol 10 28
[Fe(II)]/[phenol]o 0.02 0.08
Temperature 20°C 50°C

The dilution effect due to the addition of H,O, and a so-
lution of sodium sulfite was taken into account. The response
of each experiment is presented in Table 1.

The matrix resolution allowed to calculate the various co-
efficients of the model is shown in Table 3.

4.3. Repeatability and validation of the model

The experiment at the central point of the model (the value
of the coordinates of all the variables is 0: [phenol], =
2.5g LY, ny,0,/Mphenot = 19, [Fe(ID)]/[phenol] = 0.05 and
T = 35°C) has been repeated five times. The decreases of
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TasLE 3: Coefficients of the model.

Direct terms

Second-order interaction

Third-order interaction Fourth-order interaction

Constant term ap 56.9 an -0.7
[Phenol], a 0.7 ars 1.1
NH,0,/Nphenol a, -0.5 aiy -0.5
[Fe(II)]/[phenol], as 7.8 a; -0.8
Temperature ay 5.6 Aoy —-0.4
a3y 0.4

ains 2.0 a1234 -1.2
a4 -0.8 — —
ai34 -2.0 — —
)34 0.4 — —

70 7

COD decrease (%)

45

nH,0;,/phenol

-1 -0.5 0 0.5 1

—m— Phenol = +1
—&- Phenol = -1

Ficure 3: Interaction X, X,.

COD were respectively 57.8%, 58.4%, 56.8%, 57.7%, 58.5%.
So, the average result of these experiments was 57.8% and the
standard deviation was 0ey, = 0.7, which was in good agree-
ment with the 56.9% predicted by the model and allowed to
verify its linearity. The variance 02 on every coefficient was
calculated according to the relation

2

o,
2 exp _
0® = 3 =0.028, 9)
where
aezxp = 0.46, k = 16 (number of experiments).  (10)

The standard deviation o on every coefficient is then
0.17. Given the value of the coefficients (Table 3), these were
all significant.

5. DISCUSSION

5.1. Treatment efficiency

The average decrease of COD for all the experiments was of
56.9% (ap) and some experiments showed decreases up to
70% (experiments 13, 14, 15). Furthermore, HPLC analyses

showed that phenol disappeared during the first few minutes
of the treatment. Oxidation by Fenton’s reaction is an effi-
cient method to eliminate phenol.

5.2. Influence of the variables

Table 3 shows that two of the first-order coefficients were rel-
atively high (a3 = 7.8 and a4 = 5.6), whereas the other two
were much lower (a; = 0.7 and a, = 0.5). According to
these results, in the chosen field of study, the amount of cat-
alyst and the temperature had an important influence on the
efficiency of the method. The initial concentration of phe-
nol and the quantity of hydrogen peroxide introduced were
shown to have less impact on the final result.

Moreover, these coefficients indicate that the higher the
temperature and the quantity of iron were, the more im-
portant the COD decrease becomes. The average decrease of
COD was of 49% with low iron concentrations and of 64.7%
with high concentrations. This could be due to the inefficient
regeneration of the catalyst. Moreover, the average decrease
was of 51.3% at 20°C and of 62.5% at 35°C.

It was different for the other two variables. The average
decrease of COD was of 56.2% for [phenol]y = 1gL™! and
of 57.5% for [phenol]y = 4gL~!. Also, 57.3% of the COD
were eliminated at low concentrations of H>O, and 56.4%
for high concentrations. These results show that it was not
necessary to introduce hydrogen peroxide in excess since the
reaction was not as effective in these conditions. In view of
these results, the optimal value of the latter variable may even
be lower than the low limit chosen.

5.3. Interactions between variables

The study of the interactions between variables shows the im-
pact of one variable on another affecting the efficiency of the
treatment. According to the values of the second-order coef-
ficients, three interactions seemed to be significant: the inter-
actions between X; and X, (a;; = —0.7), between X, and X3
(a13 = 1.1), and between X, and X3 (a3 = —0.8).

In Figure 3, the interaction between variables [phenol]g
and ny,0,/Nphenol is presented. This figure shows that for low
pollutant concentrations, the quantity of H,O, did not have
much effect on the efficiency of the treatment, but for high
phenol concentrations, better results were obtained with a
lower concentration of peroxide. This lack of efficiency can
be attributed to a parasitic decomposition of H,O, when it
was in excess amount in the reaction medium.

There is also a strong interaction between variables X;
and Xj. The previous results showed that the higher the
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amount of catalyst was, the more effective the reaction was.
Figure 4 shows that this effect was more significant when the
concentration of phenol was high.

Figure 5 shows the interaction between variables X, and
X3. The effect was less significant here than for the previ-
ous interactions. Previous results had shown that the reac-
tion was slightly more effective when there was less hydrogen
peroxide present. The study of the interactions showed that
the higher the concentration of catalyst was, the more signif-
icant this effect becomes.

Other interactions of the second degree were not signifi-
cant.
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FIGURE 6: Interaction X; X, X;5.

Results indicate that two interactions of the third degree
are not negligible: a1,3 = 2 and a;34 = —2. Figure 6 shows
the interaction between variables X, X;, and X;. It appears
that the influence of the interaction X;X, was enhanced by
variable X3.

6. CONCLUSION

The Fenton reaction is an effective method for the treatment
of phenol: in the experimental conditions used, this pollu-
tant was totally removed during the first few minutes of treat-
ment, and, after two hours of treatment, a decrease of COD
from 40% to 72% was obtained. Moreover, carboxylic acids
of low molecular weight were detected. These can be easily
removed by biological treatment.

An experimental design was applied to quantify the in-
fluence of four variables (temperature, concentrations of
hydrogen peroxide, iron, and phenol) on the efficiency of
the treatment. In the field of study considered, the domi-
nating parameters for the COD decrease were temperature
and iron concentration. The concentration of [phenol]y and
amount of H,O, were less influent. Moreover interactions
between these variables (phenol and iron, phenol and hydro-
gen peroxide, and iron and hydrogen peroxide) were signifi-
cant.

The model shows that for any given concentration of
phenol, the value of the parameters which lead to the desired
COD decreases. Other considerations (e.g., the cost of the
treatment) can be used in order to find the optimal combi-
nation given the operating circumstances.

The model indicates that an excess of hydrogen peroxide
does not improve the efficiency of the treatment. Moreover,
analysis shows that mineralization is incomplete. So, there
may exist an optimal value for the amount of H,O,, still
lower than the minimal value chosen for the experimental
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design, which would increase the efficiency of the process.
Further research to determine the optimal value could be car-
ried out by using the method Uniplex.
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