
Korean J. Chem. Eng., 25(1), 112-117 (2008)
SHORT COMMUNICATION

112

†To whom correspondence should be addressed.
E-mail: rhadum@cnu.ac.kr

Degradation of 2,4-dichlorophenol in aqueous solution by sono-Fenton method

Praveena Juliya Dorathi. Ranjit*, Kandasany Palanivelu*,** and Chang-Soo Lee**,***,†

*Centre for Environmental Studies, Anna University, Chennai-600 025, India
**BK21 E2M Program, ***Department of Chemical Engineering,

Chungnam National University, Yuseong-gu, Daejeon 305-764, Korea
(Received 20 February 2007 • accepted 23 May 2007)

Abstract−This study presents the results of the Sono-Fenton process for the degradation of 2,4-dichlorophenol (DCP).
The influential parameters such as H2O2, Fe2+ and pH for the Sono-Fenton process were investigated. Sono-Fenton meth-
od was found to be the best one for degradation efficiency of DCP when compared with that of the Fenton process.
The optimum concentrations for the degradation of DCP using conventional Fenton’s method were found to be 20 mg/
L of Fe2+ and 580 mg/L of H2O2 at pH 2.5. In the case of Sono-Fenton, the optimal concentrations were found to be
10 mg/L of Fe2+ and 400 mg/L of H2O2 at pH 2.5. Sono-Fenton method resulted in the reduction of required Fe2+ con-
centration (50%) and H2O2 concentration (31%). In addition, this method could be applicable even at pH 5.0 and a de-
gradation efficiency of DCP was 77.6%. Kinetic studies for the degradation of DCP proved that the degradation of
DCP tends to follow pseudo first order reaction and the rate constant was found to be 7×10−4 min−1.
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INTRODUCTION

Chlorophenols are toxic chemicals which are used in many indus-
trial applications such as petrochemicals, pesticide, dye and dye in-
termediates, and paint [1]. Especially, 2,4-dichlorophenol (DCP) is
an important chemical precursor for manufacture of a widely used
herbicide, 2,4-dichlorophenoxy acetic acid (2,4-D) [2]. However,
DCP may cause some pathological symptoms and changes to human
endocrine systems. Their mode of exposure is through the skin and
gastrointestinal tract.

Several treatment methods have been investigated for the degra-
dation of chlorophenols including biological methods and physical-
chemical methods [3,4] but they are found to be ineffective for the
degradation of DCP. Simple physical methods including adsorp-
tion [5] and liquid membrane [6] are not effective in reducing the
toxicity of chlorophenols since it merely transfers the chemical from
one form to the other. On the other hand, chemical methods [7] such
as chlorination, permanganate oxidation etc. lead to formation of
toxic intermediate due to incomplete degradation. Hence, research
for finding a more efficient way of destroying these chlorophenols
has become necessary. Advanced oxidation processes (AOPs) are
advanced wastewater treatment processes, which are used to oxi-
dize organic compounds that are resistant to the conventional meth-
ods of treatment. This method involves generation of free hydroxyl
radical, which acts as a strong oxidizing agent. Many studies have
been done on the degradation of chlorophenols by different types
of AOPs, namely, electrochemical oxidation [8], ozonation [9,10],
photo-Fenton [11] and sonochemical method [12]. Application of
ultrasound in the frequency range of 30-1,000 KHz leads to the gen-
eration of hydroxyl radicals from water [13]. Organic compounds
could be degraded by sonolytic process because the generation of

hydroxyl radicals, acoustic cavitation bubbles, and ultrasonic power
induces splitting of water molecules [14,15]. Therefore, a sonolytic
process combined with other techniques can be a promising way
for the degradation of DCP [16]. The classical Fenton process has
been used for the treatment of wide range of aromatics such as chlo-
robenzene [17], phenols [18], aromatic amines [19] and chlorophe-
nol [20]. Environmentally benign and easily handlable, Fenton’s
reagents as well as lower cost compared to other techniques are the
main advantages of this method. Combination of Fenton with sonol-
ysis, Sono-Fenton process, can be applied to increase the mineral-
ization efficiency of the organic compounds.

Thus, this study was to investigate the beneficial effect of ultra-
sonic waves on the degradation of 2,4-dichlorophenol (DCP) by
Fenton’s method (Sono-Fenton method). The influential factors for
the degradation of DCP in Sono-Fenton method were evaluated.

MATERIALS AND METHODS

1. Chemicals
2,4-Dichlorophenol, hydrogen peroxide, and ferrous sulphate hep-

tahydrate were of analytical grade. All the solutions were prepared
with high purity water. The initial pH of the solution was adjusted
with analytical grade sulphuric acid.
2. Experimental Setup for Fenton Processes
2-1. Fenton Process

Experiments were conducted in batch mode. The reactor was a
600 mL beaker with a reactant volume of 500 mL. Concentration
of simulated wastewater (200 mg/L of DCP) was used. The exper-
iments were carried out at room conditions. The addition of hydro-
gen peroxide to the reaction mixture marked the beginning of the
reaction. The solution was well mixed with a magnetic stirrer. Sam-
ples were periodically collected at specified intervals and the reac-
tion was stopped immediately by adding 0.1 M sodium hydroxide.
Analytical samples were stored in plastic bottles at 4 oC.
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2-2. Sono-Fenton Process
Experimental condition was identical to the Fenton process. The

reactor was immersed into the ultrasonic bath (Sonorex; Type-RK
52, Germany) where the ultrasonic wave frequency was 35 kHz.
3. Analytical Methods

The DCP concentration was determined spectrophotometrically
by 4-amino antipyrine method [21] (Method No. 5530D, APHA
1998). The absorbance was measured at 500 nm in a Spectronic 20
Genesys spectrophotometer. The concentration of hydrogen perox-
ide was quantitatively assessed by iodometric titration method [22].
COD for the samples were measured to determine the degradation
efficiency. An open reflux dichromate titrimetric method as stan-
dard procedure [21] (Method No. 5220B, APHA 1998) was em-
ployed for COD measurements. Mineralization efficiency was cal-
culated by using the TOC values of the sample. The TOC analyzer
used was micro C model 1997 (Analytica Jena, Germany) with auto
sampler liquid injector ALS-C-104. Samples were pretreated by
adjusting the pH to 2.0 with 10% H3PO4 solution to remove any
inorganic carbon formed during oxidation reaction and were ana-
lyzed immediately without storage.
4. Degradation Efficiency (DE) and Mineralization Efficiency
(ME)

The measured results of the degradation and mineralization effi-
ciency in the process were calculated as follows

(1)

A=Initial concentration of DCP/ Initial COD in mg/L.
B=Final concentration of DCP/ Final COD in mg/L.

ME (%)

(2)

RESULTS AND DISCUSSION

The addition of Fenton’s reagent mixture generates hydroxyl rad-
ical, which degrades the organic compound

H2O2+Fe2+→OH−+HO+Fe3+ (3)

Eq. (3) indicates that reaction with one mole of H2O2 and Fe2+

generates 1 mole of hydroxyl radical theoretically as per Fenton.
The generation of hydroxyl radical depends not only on the con-
centration of H2O2, but also concentration of Fe2+ as well as pH. When
this reaction is coupled with an ultrasonic wave, it is called Sono-
Fenton process. The degradation studies on DCP were investigated
by Sono-Fenton method. The efficiency of thismethod was com-
pared with the degradation efficiency of Fenton. Detailed studies
on the Sono-Fenton method were carried out for the optimization
of ferrous and hydrogen peroxide concentrations in Fenton’s reagent
and the pH of the process.
1. Comparison of Sono-Fenton and Fenton on the Degrada-
tion of DCP

The influence of an ultrasonic wave on Fenton’s process (Sono-
Fenton) for the degradation of DCP was compared with the degra-
dation efficiency of the Fenton method with respect to the decrease

of the DCP concentration. Both of the experiments were carried
out simultaneously as described earlier. The optimum conditions
for the comparative study were chosen based on the earlier studies
conducted on the degradation of DCP using Fenton’s method [23].
The optimized conditions were H2O2 (580 mg/L), Fe2+ (20 mg/L),
and pH 2.5 when DCP (200 mg/L) was treated in 2 h. While ferrous
ion and hydrogen peroxide were added to the reaction mixture con-
taining DCP, the color of the solution rapidly changed from color-
less to turbid yellow. Within half an hour of the reaction time, the
color of the solution changed to yellow and then a clear solution
was obtained.

Fig. 1 shows the degradation efficiencies of both the processes.
Sono-Fenton was found to be efficient in comparison with Fenton.
This sonolytic degradation enhancement may be attributed to the
following reactions.

a) Direct pyrolytic degradation of solute molecules occurs due
to the enormous changes in both temperature and pressure during
the collapse of the cavitation bubble. The potential energy of the
liquid surrounding the bubble is transformed both into the kinetic
energy of the moving liquid and into the internal energy of the bub-
ble contents. At this time the internal energy as well as local tem-
perature and pressure will be very high and likely to increase the
reaction rates. The fragmentation of the solute results in generation
of reactive free radicals, which further causes the degradation of
other solute molecules [24].

b) Pyrolysis of water vapor yields hydroxyl and hydrogen radi-
cals (Eq. (4)). The hydrogen free radical reacts with oxygen mole-
cule to form hydroperoxyl free radical (Eq. (5)) [13].

(4)

(5)

The hydroperoxyl and hydroxyl radical combine to form hydrogen

DE = 
A − B( )

A
----------------- 100×

= 
Initial TOC value in mg/L − Final TOC value in mg/L( )

Initial TOC value in mg/L
------------------------------------------------------------------------------------------------------------------------------------- 100×

H2O        O• H + H•))))))

H2O        H•
 + O2

Fig. 1. Comparison of degradation efficiencies of DCP by Sono-
Fenton and Fenton (Condition: DCP=200 mg/L, Fe2+=20
mg/L, H2O2=580 mg/L, pH=2.5).
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peroxide [17]. It is shown in Eq. (6) and (7).

(6)

(7)

Hence, more hydrogen peroxide is generated in the system inter-
nally, which will ultimately increase the efficiency of Fenton’s pro-
cess and reduce the amount of hydrogen peroxide needed from out-
side the system.

a) The oxygen formed in Equation 8 leads to the formation of
hydroxyl radical in the presence of ultrasonic waves [25].

(8)

(9)

b) Super critical water oxidation: During sonolysis, it was proposed
that super critical water is present in a small thin shell around the
bubble. According to the previous result, this mode of destruction
is expected to be secondary in importance because the fraction of
water in the super critical water state is estimated to be on the order
of 0.0015 parts out of 100 parts of water [26].

The final degradation efficiency of DCP showed 91% and 71%
by Sono-Fenton and Fenton methods, respectively. The enhance-
ment of the degradation efficiency resulted from sonolysis, which
is well matched with the result of the Sonoelectrochemical Fenton
method for the degradation of 2,4-D and DCP [27].
2. The Effect of Operating Parameters on the Degradation
of DCP by Sono-Fenton Method

Hence, further experiments were conducted to find the effects of

operating parameters such as H2O2, Fe2+, and pH of the solution.
2-1. Effect of Hydrogen Peroxide Concentration

The effect of hydrogen peroxide was studied with a focus on the
reduction of its required concentration in the Sono-Fenton method.
The internal production of hydrogen peroxide (Eqs. (4) and (9))
makes it possible to operate even at the reduced concentration of
initial hydrogen peroxide. The same experiments were also per-
formed for Fenton’s method as a control.

The influence of peroxide concentration was also examined by
the decreasing concentration of H2O2 from 580 mg/L to 300 mg/L.
Three sets of experiments were performed for Fenton and Sono-
Fenton. In each set, the peroxide concentration was varied. The con-
centration of Fe2+ was maintained constant within the set but was
different in all the three sets (10, 15, 20 mg/L).

The degradation and mineralization efficiencies at different perox-
ide concentrations are presented in Table 1, 2, and 3. As expected,
the degradation efficiency decreases as the peroxide concentration
decreases. In the first set of experiments, the Fe2+ concentration was
maintained at 20 mg/L and initial H2O2 concentration was varied.
For the Sono-Fenton method, the degradation efficiencies for H2O2

concentrations at 580 and 300 mg/L were found to be 88.7% and
82.8%, respectively. The decrease in the degradation efficiency was
just 5.9%.

In the second set of experiments, the Fe2+ concentration was main-
tained at 15 mg/L and the degradation efficiencies were found to
be 86.7 and 80.0% for 580 and 300 mg/L of H2O2, respectively,
with the difference in the efficiency being 6.7%. 10 mg/L of Fe2+

was kept constant for the third set. The corresponding degradation

2•OH        H2O2

HO2
•         H2O2

O2        2O))))))

O + H2O        2•OH

Table 1. Effect of hydrogen peroxide concentration on the degradation and mineralization efficiency of DCP at 20 mg/L of Fe2+ by Sono-
Fenton (S.F) and Fenton (F) methods (Conditions: DCP=200 mg/L and pH=2.5)

Initial hydrogen peroxide concentration (mg/L)
580 500 400 300

S.F F S.F F S.F F S.F F
Degradation efficiency (%) 88.7 70.0 86.2 69.0 83.3 53.3 82.8 48.3
Mineralization efficiency (%) 85.6 39.1 83.2 36.1 79.6 27.4 75.2 25.6

Table 2. Effect of hydrogen peroxide concentration on the degradation and mineralization efficiency of DCP at 15 mg/L of Fe 2+ by Sono-
Fenton (S.F) and Fenton (F) methods (Conditions: DCP=200 mg/L and pH=2.5)

Initial Hydrogen peroxide concentration (mg/L)
580 500 400 300

S.F F S.F F S.F F S.F F
Degradation efficiency (%) 86.7 68.5 82.7 65.5 81.0 53.3 80.0 45.7
Mineralization efficiency (%) 84.6 35.4 80.2 31.5 73.5 24.8 68.7 19.3

Table 3. Effect of hydrogen peroxide concentration on the degradation and mineralization efficiency of DCP at 10 mg/L of Fe2+ by Sono-
Fenton (S.F) and Fenton (F) methods (Conditions: DCP=200 mg/L and pH=2.5)

Initial Hydrogen peroxide concentration (mg/L)
580 500 400 300

S.F F S.F F S.F F S.F F
Degradation efficiency (%) 83.1 64.3 81.7 61.5 79.7 50.3 74.1 35.9
Mineralization efficiency (%) 77.5 30.9 74.3 29.1 68.7 22.5 54.5 15.3
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efficiencies for 580 mg/L and 300 mg/L of H2O2 were found to be
83.1 and 74.1% where the difference in the efficiency was 9.0%.
The decrease in efficiency within each set can be attributed to the
decrease in the H2O2 concentration, but the difference between the
initial and final degradation efficiencies is due to the reduction in
Fe2+ concentration.

The difference between the degradation efficiencies of Sono-Fen-
ton and Fenton increased within each set as the concentration of
H2O2 decreased from 580 to 300 mg/L. In the first set, the differ-
ence between Sono-Fenton and Fenton was 18.7% at 580 mg/L of
H2O2 and was 34.5% at 300 mg/L of H2O2. Similarly, in the second
set the difference between Sono-Fenton and Fenton was found to be
18.2 and 35.3%. In the last set, the difference was 18.8 and 38.2%,
respectively. The decrease of efficiency in Sono-Fenton was negli-
gible when compared with Fenton. It should be noted that the re-
duction of H2O2 concentration is given more importance than that
of Fe2+. In general, degradation of H2O2 produces harmless prod-
ucts (H2O and O2). Thus, although a higher concentration of H2O2

is used, it cannot cause serious problem in the effluent, which will
be discharged after treatment. However, the concentration of Fe2+

is critically important in the treated effluent. It is necessary to reduce
the required concentration of Fe2+ while maintaining the degrada-
tion efficiency as 80%.

High degradation efficiency of Sono-Fenton when compared with
Fenton may result from the continuous generation of H2O2 within
the system apart from the H2O2 amount added from outside after
the reduction of hydrogen peroxide concentration up to 31%. In
the case of Fenton, the only source of hydrogen peroxide was added
externally. Hence, the degradation is dependent on the concentra-
tion of H2O2. The mineralization efficiency was almost the same as
that of degradation efficiency for DCP in the case of Sono-Fenton,
where there was large difference between the degradation and min-
eralization efficiency in the Fenton method because the mineraliza-
tion of the intermediate products formed immediately after the de-
gradation of DCP.
2-2. Effect of Ferrous Ion Concentration

Next, we carried out investigations to find the effect of ferrous
ion at lower concentration. The catalytic role of iron as well as the
sonolytic generation of ferrous ion suggests the feasibility of Sono-
Fenton at reduced ferrous concentration. As mentioned in the previ-
ous section, the experiments were conducted in three sets while the
Fe2+ concentration was also reduced from 20 mg/L to 10 mg/L. The
degradation efficiency of DCP (200 mg/L and pH 2.5) was calcu-
lated. Tables 1, 2 and 3 show the degradation efficiencies of DCP
for various concentrations of hydrogen peroxide and ferrous ion.

As indicated before, an increase in the difference between initial
and final degradation efficiencies (5.9 to 9%) at various H2O2 con-
centrations was observed in Sono-Fenton. This due to the decrease
in the ferrous ion concentration from first set to third set. As ex-
pected, the Sono-Fenton showed a promising result with effective
degradation of DCP even at lower concentration of hydrogen per-
oxide and ferrous ion. The optimal concentration of Fenton’s reagent
for the degradation of DCP by Sono-Fenton was found to be 10
mg/L of Fe2+ and 400 mg/L of H2O2.
2-3. Effect of pH

Based on the previously examined results (H2O2=400 mg/L, Fe2+=
10 mg/L), investigation of the efficiency of Sono-Fenton at neutral

pH was conducted. It is well known that Fenton’s processes are effi-
cient in the acidic range from pH 2 to 4 [20]. Since the degradation
efficiency of Sono-Fenton is different from the Fenton process, we
investigated the possibility of DCP degradation at various ranges
of pH using the Sono-Fenton method.

Fig. 2 shows that Sono-Fenton was efficient from pH 2.5 to pH
5.0 while degradation efficiency was maintained at 77.6%. The larger
difference in the degradation efficiency between pH 2.5 and 7 was
found to be 22.6% in Sono-Fenton, whereas it was 31.5% in the
Fenton method. As the pH was increased, Sono-Fenton was more
efficient than the Fenton. The high efficiency resulted from the con-
tinuous production of hydroxyl radical with respect to the change
of pH, which effectively degrades DCP in system. Therefore, Sono-
Fenton could be applicable even at slightly acidic pH 5, which might
alleviate the problem caused by the acidic effluent from the treat-
ment plants during Fenton’s method.
3. Kinetics of DCP Degradation by Sono-Fenton Method

In the Sono-Fenton method, the generated hydroxyl radicals play
a predominant role in the degradation of DCP. The hydroxyl radical
could attack DCP and degrade it as shown below:

(10)

Thus, the rate of degradation of DCP can be expressed as follows:

(11)

The concentrations of Fe2+, H2O2 and pH were maintained at 10
mg/L, 400 mg/L and 5.0, respectively. The hydroxyl radical speci-
fied in Eqs. (10) and (11) is the total concentration of the hydroxyl
radicals formed from the the Sono-Fenton process. This hydroxyl
radical is assumed to be present in excess for the reaction. Hence,

C6H4OHCl2 DCP( ) + O• H        2Cl− + Oxidized product

d DCP[ ]
dt

------------------- = − k DCP[ ]0 •OH[ ]

Fig. 2. Effect of pH on the degradation efficiency with respect to
decrease in COD concentration by Sono-Fenton (S.F) and
Fenton (F) methods (Conditions: DCP=200 mg/L, Fe2+=10
mg/L and H2O2=400 mg/L).
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the kinetics can be assumed to follow pseudo-first order.
The obtained data was plotted in Fig. 3. The rate constant of the

reaction could be determined by the slope of the plotted graph [28].
The reaction rate constant was calculated to be 7×10−4 min−1. This
result is similar to previous work on the degradation of p-CP using
the Fenton method by Kwon et al. [20] and confirms that the de-
gradation of DCP follows a pseudo-first order reaction.

CONCLUSIONS

The Sono-Fenton method showed promising results for the de-
gradation of DCP when compared with Fenton. There was around
50% reduction in the Fe2+ concentration and 31% reduction in the

H2O2 concentration. The Sono-Fenton process proved a broad range
of working pH. The degradation kinetics of DCP follows pseudo
first order reaction and the reaction rate constant was 7×10−4 min−1.
Based on the present investigations, Sono-Fenton can be applied to
degrade DCP from wastewater and can reduce the amount of re-
quired hydrogen peroxide and ferrous ion. In addition, Sono-Fenton
is a green process because it is well adopted at near neutral pH. There-
fore, Sono-Fenton will be a viable alternative technology to the ex-
isting methods for treating DCP in wastewater. Scale-up studies
with higher frequency of sonication may bring down the cost of
this process for industrial applications. Further studies are required
in these aspects.
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