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Abstract

The Fenton oxidation process was applied in the treatment of an actual high
concentration nonylphenol Ethoxylates (NPEOs) wastewater. The effects of
H,0, dosage, molar ratio of H,O,/Fe?* (Fe** dosage), pH value and reaction
time on the degradation of NPEOs were investigated. The orthogonal experi-
ment indicated that the order of degree of influence on the COD removal was
molar ratio of H,O,/Fe?**, reaction time, dosage of H,O,, and initial pH. The
single-factor tests were carried out to determine the optimal conditions, and
the results were H,O, dosage of 76.32 mmol/L, molar ratio of H,O,/Fe** of 3,
pH value of 5 and reaction time of 2 h. Under the optimum operation condi-
tions, the COD removal efficiency was 85.6% and the effluent could be mixed
with other wastewater into the large-scale biological treatment system.
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1. Introduction

Nonylphenolethoxylates (NPEOs) are a group of nonionic surfactants that are
most often used in detergents, emulsifiers, and dispersing agents in household,
agricultural, and industrial applications [1]. As a consequence of the extensive
use, discharge of NPEOs occurs in the environment via industrial effluents and
domestic sewage. NPEOs can be biodegraded to generate nonylphenol (NP) and
short chain NPEOs which are more toxic, more lipophilic and more persistent
than the parent substance [2] [3].

Low concentration NPEOs in water environment can be treated by biological
[4], advanced oxidation [5] [6], photocatalytic [7] and adsorption [8] methods.
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However, although high concentration NPEOs wastewater is discharged by fac-
tories, very few data is available on the treatment of industrial effluent. The
presence of high concentration NPEOs in biological treatment plants may cause
serious problems, such as production of a large amount of foams, the loss of mi-
croorganisms in bio-reactor. In some enterprises, this wastewater is often treated
by the distillation process, which is not only costly, but also produces a lot of
higher concentration of NPEOs waste liquid. New environmental problems have
been produced.

Fenton is a simple and effective process for industrial wastewater treatment.
In this process, hydrogen peroxide is added to wastewater in presence of ferrous
salt, generating species that are strongly oxidative with respect to organic com-
pounds present. Hydroxyl radicals (-OH) are traditionally regarded as the key
oxidizing species in the Fenton processes, though high valence iron species and
alkoxyl radicals have also been proposed. The classical Fenton free radical me-
chanism in the absence of organic compounds mainly involves the sequence of
reactions below. [9] [10] [11] [12]

Fe’* +H,0, — Fe* +-OH+OH" (1)
Fe* +H,0, — Fe’* +-O0H +H* (2)
OH + H,0, - -O0H + H,0 (3)
OH +Fe* —> Fe* + OH" (4)
Fe*" +-O0H — Fe*" +O,H" (5)
Fe*" +-O0OH +H" — Fe*" +H,0, (6)
200H - H,0, +0, )

Although Fe** can be reduced to Fe** through Equation (2), the rate is several
orders of magnitude slower than that of Fe?*-Fe** conversion through Equation
(1). And the formed Fe’* may precipitate to iron hydroxides, particularly as pH
is increased.

In this study we have evaluated reactions of Fenton’s reagent with high con-
centration NPEOs wastewater. Various parameters, including pH, Fe?* and H,0,
dosages, reaction time, have been fully discussed. The optimal reaction condi-

tions have been determined.

2. Experimental Section
2.1. Chemicals

The NP,EO [n = 10 (NP,,EQ)] wastewater was obtained from a chemical enter-
prise in China. The COD of this actual wastewater was 12,000 £ 500 mg/L and
its pH was about 6.5. All chemicals were purchased from Sinopharm Chemical
Reagent Co., Ltd. (China).

2.2. Experimental Procedure

The Fenton process started when the required FeSO, dosage was added into the
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beaker containing 100 mL wastewater, stirred by a magnetic stirrer with a de-
sired speed (300 rpm). In addition, the initial pH of the wastewater was adjusted
by adding diluted sulfuric acid (1 mol/L) or sodium hydroxide solutions (1
mol/L), then quickly added quantitative H,O,. Samples were collected after 2 h
unless otherwise noted. And COD of each sample was measured after sedimen-

tation. All experiments were performed at ambient temperature.

2.3. Orthogonal Experimental Design

Depending on the reaction mechanism of Fenton reaction, four parameters of
H,0, dosage (A), H,O,/Fe** molar ratio (B), initial pH (C) and reaction time (D)
were selected as influencing factors in the orthogonal experiment. Three levels

were selected for each factor (shown in Table 1).

2.4. Analytical Methods

Chemical oxygen demand (COD) was determined by potassium dichromate
method according to Standard Methods. The pH was measured by a PHS-2F pH

meter.

3. Results and Discussion
3.1. Results of Orthogonal Experiment

The results of the orthogonal experiment were shown in Table 2.

As can be seen from the orthogonal experiment and range analysis, the order
of degree of influence on the COD removal rate was molar ratio of H,O,/Fe**,
reaction time, dosage of H,O,, and the initial pH. In this orthogonal experiment,
when the initial COD concentration was 12000 mg/L, the optimal reaction con-
ditions were determined: H,O, dosage 76.32 mmol/L, the molar ratio of 2 and

initial pH of 5.0. The reaction time was 1 h.

3.2. Single Factor Experiment

In order to determine the most optimal conditions, single factor experiments

were analyzed after orthogonal experiment.

3.2.1. Effect of Initial pH

According to the results of orthogonal experiment and relevant literatures [13]

Table 1. Factors and levels of orthogonal experiment.

Factor A Factor B Factor C Factor D
Parameters H:0: dosage [H,0,]/[Fe?*] Initial pH Reaction time
(mmol/L) (molar ratio) (h)
Labels A B C D
Level 1 57.24 2 3 0.5
Level 2 66.78 3 4 1
Level 3 76.32 4 5 2
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[14], selected H,O, dosage of 76.32 mmol/L, molar ratio of H,O,/Fe** of 3, reac-
tion time of 2 h, and the effect of initial pH on COD removal were investigated

(shown in Figure 1).

As shown in Figure 1, there was a significant impact of pH on the COD re-

moval. The optimal initial pH was 5, the COD removal reached highest with

83.5%. When the initial pH of the wastewater was increased from 6 to 7, the

COD removal significantly reduced. It might be because that the reaction system

generated Fe** and Fe’* hydroxide, while inhibiting the Fe** catalysis, reducing

Table 2. Results of orthogonal experiment and range analysis.

Experiment COD removal
Factor A Factor B Factor C Factor D
Number %
1 1 1 1 1 52.5
2 1 2 2 2 82.2
3 1 3 3 3 18.2
4 2 1 2 3 79.1
5 2 2 3 1 69.0
6 2 3 1 2 62.1
7 3 1 3 2 83.8
8 3 2 1 3 82.7
9 3 3 2 1 42.9
Ki 152.9 215.4 197.3 164.4
K> 210.2 233.9 204.2 228.1
Ks 209.4 123.2 171 180
ki 51 71.8 65.8 54.8
ka 70.1 78 68.1 76
ks 69.8 41.1 57 60
R 19.1 36.9 11.1 21.2
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Figure 1. Effect of initial pH on the treatment efficiencies of the Fenton process.
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the production rate of -OH. [12] When the pH was less than 3, the Fenton rea-
gent oxidation was also inhibited. This might be due to the plenty of H* reacted
with H,O,, generation [H;0,]* which was more stable and inhibited the produc-
tion of -OH [15]. In addition, the excess of H* would react with -OH, thereby
reducing the oxidation Fenton reagent [16].

In this study, the efficiency of COD removal was still high when the initial pH
was 6. But the pH of all effluent after Fenton process was less than 3. This
showed that the pH of the wastewater was decreasing in the reaction process
which may be due to the production of some intermediate products, such as
nonylphenoxy carboxylic acids (NPEC) [17] [18]. It was speculated that the op-
timal pH in reaction process was still in the range of 3 - 4, which was coincident

with the values reported in the literatures.

3.2.2. Effect of H,0, Dosage

Selected molar ratio of H,O,/Fe** of 3, reaction time of 2 h, the initial pH of 5,
and the effect of H,O, dosage on COD removal was investigated, the test results
were shown in Figure 2.

It could be seen from Figure 2, with the amount of H,O, from 9.53 mmol/L to
47.7 mmol/L, COD removal quickly increased from 5.4% to 80.1%. Increasing
the dosage of H,O, to 85.86 mmol/L, the efficiency of COD removal grew
slowed slightly. When the H,O, concentration was higher than 85.86 mmol/L,
the removal rate decreased slightly instead of increasing. This could be seen
from the Equation (3), when the H,O, dosage was large, the excess of H,O, had
quenching effect with the generation of -OH [19]. Therefore, the optimal dosage
of H,O, was determined as 76.32 mmol/L.

3.2.3. Effect of Reaction Time
Figure 3 showed the effect of reaction time on COD removal in the condition of
H,0, dosage of 76.32 mmol/L, molar ratio of H,O,/Fe*" of 3, the initial pH of 5.
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Figure 2. Effect of H.O: dosage on the treatment efficiencies of the Fenton process.
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It could be seen form Figure 3 that in the first 1.5 h, COD removal increased
significantly with the reaction time, then stabilized at 76.9% - 84.1%. The reac-

tion time of 2 h was preferably selected.

3.2.4. Effect of Molar Ratio of H,0,/Fe2*

Fe?* was a necessary condition to produce -OH, since in Fenton reaction the rate
of Fe** restoring to Fe** was very slow, the concentration of Fe** determined the
amount of generation of -OH. Selected H,O, dosage of 76.32 mmol/L, reaction
time of 2 h, the initial pH of 5, and the effect of molar ratio of H,O,/Fe** on

COD removal was investigated, the test results shown in Figure 4.
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Figure 3. Effect of reaction time on the treatment efficiencies of the Fenton process.
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Figure 4. Effect of [H.0:]/[Fe**] on the treatment efficiencies of the Fenton process.
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As can be seen from Figure 4, with the molar ratio of H,O,/Fe?* increased (the
concentration of Fe?* decreased), the efficiency of COD removal increased from
64.5% to 80.1%. Continued to reduce the dosage of Fe**, the COD removal re-
duced. When the molar ratio of H,O,/Fe*" increased to 6, the COD removal rate
was only 17.6%. The phenomenon was consistent with other research results.

The appropriate molar ratio of H,O,/Fe** could promote Equation (1), gene-
rating -OH quickly. When the molar ratio of H,O./Fe** was too low (the Fe**
concentration was too high), it would promote the Equation (4), resulting in the
consumption of -OH to reduce the rate of the reaction. When the molar ratio of
H,0,/Fe** was too high (the Fe** concentration was too low), the generation
of -OH was very limited and the COD removal was reduced. Therefore, the op-

timum molar ratio of H,O,/Fe** was 3.

3.3. The Optimum Condition

From the orthogonal experiment and the single-factor experiment, we deter-
mined the optimum conditions: H,O, dosage of 76.32 mmol/L, molar ratio of
H,0,/Fe** of 3, pH value of 5 and reaction time of 2 h. Under the optimum con-
ditions, the repeatable experiments of the NPEOs wastewater by Fenton oxida-
tion process had been carried out 10 times. And the average COD removal rate
was 85.6%.

4. Conclusions

Fenton oxidation of Nonylphenol Ethoxylate-10 (NP},EOs) in actual wastewater
was investigated. Orthogonal experiment and single factor experiments were
carried out to assess the optimum condition leading to the maximum removal of
the surfactants. The main results obtained during the investigation were the fol-
lowing:

The orthogonal experiment indicated that the order of degree of influence on
the COD removal rate was molar ratio of H,O,/Fe*!, reaction time, dosage of
H,0,, and initial pH.

The single-factor tests were carried out to determine the optimal conditions:
H,0, dosage of 76.32 mmol/L, molar ratio of H,O,/Fe** of 3, pH value of 5 and
reaction time of 2 h. Under the optimum operation conditions, the average COD

removal rate was 85.6%.
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