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In this study, a novel electrochemical
method for treating wastewater containing
benzene compounds was investigated. In the
electrolytic cell, the organic compound is

ionized or is oxidized by direct electrolysis on

RFORE R kR

the anode. Meanwhile, this method applied
H,0, and ferrous ions to produce hydroxyl
radicals for oxidizing the contaminants, in
which ferrous ion is regenerated via the
reduction of ferric ion on the cathode.

Based on the experimental results, the
optimum operation conditions could be found
and then they will be the basis of reactor
design and operation. In this study, variation
of the hydrogen peroxide and the ferrous ion
dosages was used to investigate the reaction
behavior and reaction rate (r(t)) at 0.008M,
0.006M, 0.004M, 0.002M of aniline. In the
meantime using the electro-Fenton method to
obtain the initial reaction rate (r(0)) at initial
aniline concentrations of 0.008M, 0.006M,
0.004M, and 0.002M. The
decreased with decreasing the ratio ( r(t)/r(0)),

degradation

smaller than 1. The reason is intermediate
competing with aniline. Results also show that
the aniline degradation was first order reaction.
At low hydrogen peroxide concentration and
long reaction time the intermediate inhibition

1S more obvious.

Key word: electro-Fenton process, benzene

compounds, kinetic model
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Effect of inorganic anions on the oxidation of benzene compounds by electro-
Fenton process

Ming-Chun Lu “, Jin Anotai ”, Wang-Ping Ting “, Yao-Hui Huang

“ Department of Environmental Resources Management, Chia Nan University of Pharmacy and Science Tainan
717, Taiwan (mmclu@mail.chna.edu.tw)
Y Department of Environmental Engineering, King Mongkut’s University of Technology Thonburi, Bangkok,
Thailand
) Department of Chemical Engineering, National Cheng Kung University, Tainan 701, Taiwan

Abstract

An electro-Fenton method, which is very efficient for the degradation of organic pollutants in toxic
chemicals and dyed wastewater treatment, are investigated in this study. A large quantity of anions are
often present in wastewater, and their influence on the oxidation of organic chemicals by electro-
Fenton is yet unknown. Therefore, this study selected four anions, namely H,PO,’, CI, NO5™ and Cl1O,
to explore the effects of ion species on the electro-Fenton process. Aniline and nitrobenzene were
selected as the target compounds. The experimental conditions were setup as follows, [CsHsNO,]=1.0
x10” M, [CeHsNH,]=1.0 x107 M, [Fe’*]=1.80 x10° M, initial pH=2.0, [H,PO,], [CI], [NO;],
[CI0,1=1.0 x10® M, current density=33.3 A/m’. Results show that anions inhibited the aniline
oxidation. For the decomposition of nitrobenzene in the electro-Fenton process, only phosphate
inhibited the reaction while the other three enhanced the decomposition rate. However, for the
decomposition of aniline, all the four anions retarded the reaction. Phosphate was also the most
inhibited species.

Keywords

Electro-Fenton process; inorganic anions; ferrous ion; hydrogen peroxide; wastewater.

Introduction

The degradation of organic pollutants by chemical oxidation affords an alternative route to the
biological processes, especially at high concentration of the toxic chemicals. Of the advanced
oxidation processes (AOPs), Fenton process has been used to treat wastewaters bearing biologically
refractory organic substance!'l. It combines hydrogen peroxide and ferrous salt, and is an effective
process for various types of organic contaminants. This process has several features in treating
wastewaters. For example, the hydroxyl radicals generated rapidly in this process can oxidize a variety
of organic chemicals'.

The drawback of Fenton's method for destruction of organics is the production of a significant amount
of ferric hydroxide sludge that needs further separation and disposal. Another drawback of Fenton's
reagent is that the overall oxidation process is considerably slowed down after conversion of ferrous
from ferric. Therefore, several authors have recently reported the application of the electrochemical
method in Fenton's reagent””. Those studies can be generally divided into three groups. The first group
is electrogenerated hydrogen peroxide combined with ferrous ion in an acidic solution'*. The second
group utilizes H,O, and electrogenerated ferrous ion. The last group called Fenton sludge recycling
system, which combines a Fenton process and an electrolyzer for reduction of the ferric sludge to
ferrous ion. This process is required to operate optimally under an extremely strong acidic condition to

reduce the ferric sludge".
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The concentration of hydroxyl radicals is affected by background impurities present in the water
stream. The inorganic anions such as chloride ions are very common in most of wastewaters. Chloride
ion may be the final product of parent chlorinated compounds, and it is speculated that the
accumulation of chloride ions may inhibit the Fenton process to a significant degree'®. A large
quantity of anions are often present in wastewater, and their influence on the oxidation of organic
chemicals by electro-Fenton is yet unknown. Therefore, this study selected four anions, namely
H,PO,, CI', NO;™ and ClOy to explore the effects of ion species on the electro-Fenton process.

Materials and Methods

In this study, a novel electrochemical method for treating wastewater contained benzene compounds
was investigated. In the electrolytic cell, the organic compound was ionized or oxidized by direct
electrolysis on the anode. Meanwhile, this method applied H,O, to produce hydroxyl radical and
oxidize the contaminants, and then ferrous ion is produced via the reduction of ferric ion on the
cathode. The anode was a titanium foundation stone coated with RuO,/IrO, (DSA) and the cathode
was stainless steel. The nitrobenzene and aniline was prepared in pure water at room temperature.
After the pH adjustment, reaction was adding ferrous ions and inorganic anions; afterwards the H,O,
and the power supply were initiated. The Merck Company manufactured all of the used reagents in
this experiment. Electro-Fenton reaction was stopped instantly by adding NaOH to the reaction
mixtures after sampling. The samples were then filtration to remove precipitates before analysis.
Nitrobenzene and aniline were analyzed by an HP4890 gas chromatography with a flame ionization
detector and an HP-5 column (0.53 mm in inside diameter, 15 m long).

Results and Discussion

Fig. 1 shows the effect of phosphate on the removal of nitrobenzene. From this figure, it can be found

that phosphate inhibited the degradation of benzene under all experimental conditions. Theoretically,

phosphate can react with ferrous and ferric ions to form the complex as followings'”".

Fe** + H,PO, — FeH,PO," > K=10>"................... (1)

Fe’* + H,PO, — FeH,PO,* > K=10"%.................. )

vV o——o
08 |- X \ \O
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A
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Fig. 1 - Effect of phosphate on the removal of nitrobenzene
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(experimental conditions: [C¢HsNO,]=1.0 X102 M ; [Fe**]=1.80 x10”° M ; [H,0,]=1.90 M ; pH=
2.0 ; current density=33.3 A/m? ; [H,PO,1=1.0 x10° M ; A. direct electrolysis ; B. direct
electrolysis with phosphate : C. electro-Fenton ; D. electro-Fenton with phosphate)

In the electro-Fenton system, ferrous ion acts the role of catalysis, and is regenerated from ferric ion.
Therefore, if the concentration of iron species is decreased by the complexation reaction, the amount
of hydroxyl radicals is reduced, leading to the reduction of oxidation rate™. As shown in Fig. 1, the
concentration of nitrobenzene almost cannot be detected after 20 min. of reaction. However, in the
presence of phosphate, the reaction was delayed; it needed 30 min to completely oxidize this chemical.
Fig. 2 shows the effect of phosphate on the removal of aniline. The results are totally different from
those in Fig. 2. Aniline was more difficult to be removed than nitrobenzene. In the presence of
phosphate, the oxidation ratios of aniline were above 35 % after 60 min of reaction. It is assumed that
ammonium ions were released in this reaction, which can also form the complex compounds with
ferric and ferrous ions. By this complexation reaction, the removal of aniline was then inhibited.
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Fig. 2 - Effect of H,PO, on the removal of aniline

(experimental conditions : [CéHsNH,]=1.0 x10? M ; [Fe**]=1.80 x10° M ; [H,0,]=1.90 M ; pH
=2.0 ; current density=33.3 A/m* ; [H,PO,]=1.0 x10” M ; A. direct electrolysis ; B. direct
electrolysis with phosphate ; C. electro-Fenton ; D. electro-Fenton with phosphate)

Chloride is an excellent electrolyte for the electrolytic process because it can increase the conductivity
to increase the current efficiency. Additionally, hypochlorous acid with high oxidative ability may be
generated in this process, leading to the increase in the reaction rate. As shown in Fig. 3, chloride ion
had not a significant effect on the direct electrolysis of nitrobenzene but promoted the oxidation rate of
this chemical in the electro-Fenton process. However, chloride ions may compete hydroxyl radicals

with organics, and then form the complexes with ferric ions, shown as below!”,

OH* +Cl'+H —=Cl' + H,O..ooooiviiiin, 3)
Fe¥* + Cl — FeCl™ ... o 4)
FeCl*" + Cl = FeCl ..o (5)
FeCl," + Cl > FeCls..coooooiiiiiiiiiiiiiiieeeee (6)
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Fig. 3 - Effect of CI" on the removal of nitrobenzene

(experimental conditions : [CeHsNO,]=1.0 x10? M ; [Fe**]1=1.80 x10° M ; [H,0,]=1.90 M : pH
=2.0 ; current density=33.3 A/m?; [CI1=1.0x10° M ; A. direct electrolysis ; B. direct
electrolysis with chloride ; C. electro-Fenton ; D. electro-Fenton with chloride)

Therefore, chloride ion can play a positive role as well as negative one in the reaction. In Fig. 4, the
electrolytic decomposition of aniline was enhanced in the presence of chloride ions. When chloride
ions appeared in the electro-Fenton system, they inhibited the aniline oxidation. In addition to Eq. (3)
to (6)[9], the formation of chloramines is possible another inhibition factor. As mentioned above,
hypochlorous acid can be produced during the electrolytic process, which might result in the formation
of monochloramine, dichloramine and trichloramine since ammonium ions were released in the
decomposition of aniline. By these reactions, the promoted effect on the aniline decomposition was
deleted,[lgl]nd therefore, chloride ions reduced the decomposition rate of aniline in the electro-Fenton
process™ .

NH3(aq) + HOCI — NH2C1 + HQO .......... (7)
NH,CI + HOCI — NHCl, + H,0........... (8)
NHCI, + HOCI — NCl; + H,O............ 9)
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Fig. 4 - Effect of CI on the removal of aniline
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(experimental conditions:[CeHsNH,]=1.0 x10> M ; [Fe**]=1.80 x10° M ; [H,0,]=1.90 M ; pH=
2.0 ; current density=33.3 A/m? ; [CI'T=1.0 x10” M ; A. direct electrolysis : B. direct electrolysis
with chloride ; C. electro-Fenton ; D. electro-Fenton with chloride)

Fig. 5 depicts the effect of nitrate on the reactions; this ion inhibited the decomposition of
nitrobenzene in the direct electrolytic process but increased that in the electro-Fenton one. The
decomposition rate is very high in the beginning of the reaction. Almost nitrobenzene molecules were
oxidized before 8 min of reaction time in the presence of nitrate.
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Fig. 5 - Effect of NO; on the removal of nitrobenzene

(experimental conditions: [C¢HsNO,]=1.0 x10% M ; [Fe**1=1.80x10° M ; [H,0,]=1.90 M ; pH=
2.0 ; current=33.3 A/m” ; [NO;]=1.0x10° M ; A. direct electrolysis ; B. direct electrolysis with
nitrate ; C. electro-Fenton ; D. electro-Fenton with nitrate)

However, the reverse results were obtained in the decomposition of aniline as shown in Fig. 6. Nitrate
can increase the decomposition ratio of aniline in the electrolytic process. However, when applied in
electro-Fenton process, it inhibited the decomposition reaction initially, and then had the same
removal ratio with the reaction in the absence of nitrate after 30 min. of reaction. Ammonium ions
may be produced in the direct electrolytic and electro-Fenton systems. In the former process, aniline
was decomposed directly, but in the last one, the production of hydroxyl radicals was is the main way
to oxidize aniline. In addition, nitrate might be reduced to ammonium on the cathode surface. Since
these chemicals containing —-NO, and -NH,, it should a multiple interaction.
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Fig. 6 - Effect of NO;™ on the removal of aniline

(experimental conditions : [CeHsNH,]=1.0 x10? M ; [Fe**]=1.80 x10° M ; [H,0,]=1.90 M ; pH
=2.0 ; current density=33.3 A/m’® ; [NOs]=1.0x10° M ; A. direct electrolysis ; B. direct
electrolysis with nitrate ; C. electro-Fenton ; D. electro-Fenton with nitrate)

Perchlorate is the most inert among the ions applied in this study. As shown in Fig. 7, perchlorate
inhibited the electrolytic decomposition of nitrobenzene in the beginning of the reaction but had not
the significant effect after 60 min of reaction. In the electro-Fenton process, 0.01 M of nitrobenzene
was completely degraded in 20 min. in perchlorate-free solution, but the reaction rate was enhanced in
the presence of perchlorate; nitrobenzene cannot be detected after 10 min. Fig. 8 illustrates the effect
of perchlorate on the aniline decomposition. Perchlorate seemed to have a slightly enhanced effect on
the reaction but it was not significant. However, in the electro-Fenton process, it inhibited obviously
the reaction rate.
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Fig. 7 - Effect of C1O, on the removal of nitrobenzene

(experimental conditions : [CeHsNO,]=1.0 x10> M ; [Fe**]1=1.80 x10° M ; [H,0,]=1.90 M ; pH
=2.0 ; current density=33.3 A/m” ; [C10,]=1.0 x10° M ; A. direct electrolysis ; B. direct
electrolysis with perchlorate ; C. electro-Fenton ; D. electro-Fenton with perchlorate)

In summary, for the decomposition of nitrobenzene in the electro-Fenton process, only phosphate
inhibited the reaction while the other three enhanced the decomposition rate. However, for the
decomposition of aniline, all the four anions retarded the reaction. Phosphate was also the most
inhibited species.
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Perchlorate is the most inert among the ions applied in this study. As shown in Fig. 7, perchlorate
inhibited the electrolytic decomposition of nitrobenzene in the beginning of the reaction but had not
the significant effect after 60 min of reaction. In the electro-Fenton process, 0.01 M of nitrobenzene
was completely degraded in 20 min. in perchlorate-free solution, but the reaction rate was enhanced in
the presence of perchlorate; nitrobenzene cannot be detected after 10 min. Fig. 8 illustrates the effect
of perchlorate on the aniline decomposition. Perchlorate seemed to have a slightly enhanced effect on
the reaction but it was not significant. However, in the electro-Fenton process, it inhibited obviously
the reaction rate.
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Fig. 8 - Effect of C1O4on the removal of aniline

(experimental conditions : [CéHsNH,]=1.0 x10> M ; [Fe**]1=1.80 x10”° M ; [H,0,]=1.90 M : pH
=2.0 ; current density=33.3 A/m* ; [ClO,]=1.0 x10° M ; A. direct electrolysis ; B. direct
electrolysis with perchlorate ; C. electro-Fenton ; D. electro-Fenton with perchlorate)

Conclusion

Four anions, namely H,PO,’, CI', NO;™ and ClOy, were selected to explore the effects of ion species on
the decomposition of aniline and nitrobenzene in the electro-Fenton process. Among the ions,
phosphate has the highest inhibition on the oxidation reaction The main reason for the suppression of
phosphate ions is the formation of phosphate/iron species complex, which then reduced its ability in
catalyzing hydrogen peroxide to produce hydroxyl radicals. Although the same experimental condition
was carried out, the effect of anions on the different target compounds was different. Consequently,
chemical structure is also a key factor affecting the oxidation reaction.
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