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Abstract
Background, aim, and scope Chlorinated volatile organic
compounds (CVOCs), widely used in industry as solvents
and chemical intermediates in the production of synthetic
resins, plastics, and pharmaceuticals, are highly toxic to the
environment and public health. Various studies reported
that Fenton’s oxidation could degrade a variety of chlori-
nated VOCs in aqueous solutions. In acidic conditions,
ferrous ion catalyzes the decomposition of H2O2 to form a
powerful •OH radical. In this study, wastewater from wash
of ion-exchange resin containing typical CVOC, 1,2-
dichloroethane, was treated using Fenton’s oxidation. To
reduce environmental load and processing costs of waste-
water, Fenton process as a simple and efficient treatment
method was applied to degrade 1,2-dichloroethane of wash
water.
Materials and methods The water samples were collected
from three different washing stages of ion-exchange resin.
The degradation of 1,2-dichloroethane and total organic
carbon (TOC) of wash water of ion-exchange resin by

Fenton process was studied with response surface method
(RSM). Design of the experiments was conducted by
central composite face, and factors included in three models
were Fe2+ and H2O2 doses and treatment time. Relevant
quadratic and interaction terms of factors were investigated.
Results According to ANOVA, the model predicts well
1,2-dichloroethane reduction of all water samples and TOC
reduction of samples 2 and 3. The Fe2+ and H2O2 doses
used in the present study were most suitable when
1,2-dichloroethane concentration of the wash water is about
120 mg L−1. In that case, Fenton’s oxidation reduced
1,2-dichloroethane and TOC up to 100% and 87%,
respectively, according to the RSM model. With 90-min
reaction time and H2O2 dose of 1,200 mg L−1, the required
Fe2+ doses for 1,2-dichloroethane and TOC were 300 and
900 mg L−1, respectively. The optimal H2O2/Fe

2+ stoichio-
metric molar ratio was between 4–6. Then, concentration of
Fe2+ was low enough and the amount of residual sludge can
thus be reduced. It seems that most of TOC and part of 1,2-
dichloroethane were removed by coagulation.
Discussion Up to a certain extent, increase of Fe2+ and
H2O2 doses improved the removal of 1,2-dichloroethane
and TOC. High Fe2+ doses increased the formation of
ferric-based sludge, and excessive H2O2 doses in sample 2
decreased the degradation of 1,2-dichloroethane. Excess
amount of hydrogen peroxide may scavenge hydroxyl
radicals, thus leading to loss of oxidative power. Also, the
residual hydrogen peroxide of different samples increased
with increasing H2O2 dose and H2O2/Fe

2+ molar ratio and
decreasing treatment time probably also due to scavenging
reactions. Due to the saturated nature of 1,2-dichloroethane,
the oxidation mechanism involves hydrogen abstraction
before addition of hydroxyl radical, thus leading to lower
rate constants than for direct hydroxyl radical attack, which
for one increases the treatment time.
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Conclusions Complete removal of 1,2-dichloroethane was
attained with initial concentration <120 mg L−1. Also, TOC
degraded effectively. Wash water with higher concentration
of 1,2-dichloroethane requires longer treatment times and
higher concentrations of Fe2+ and H2O2 for sufficient 1,2-
dichloroethane removal.
Recommendations and perspectives Due to the results
achieved in this study, Fenton’s oxidation could be
recommended to be used for organic destruction of wash
water of ion-exchange resin. Residual sludge, the main
disadvantage in Fenton process, can be reduced by
optimizing the ferrous dose or by using heterogeneous
treatment where most of the reusable iron remains in the
solid phase.
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1 Background, aim, and scope

The presence of chlorinated volatile organic compounds
(CVOCs) has been identified as one of the most serious
environmental concerns in recent years. These compounds
are widely used in industries as solvents, dry cleaners,
degreasers, and chemical intermediates in the production of
synthetic resins, plastics, and pharmaceuticals. Such com-
pounds are highly toxic to the environment and public
health (Musialik-Piotrowska and Mendyka 2004). These
non-biodegradable compounds are conventionally removed
from the liquid phase by adsorption on granulated activated
carbon, gas stripping, and biological methods. These
methods, however, are costly and require further disposal
of spent activated carbon, thus increasing treatment cost.
Gas stripping results in secondary air pollution after target
compounds have been removed from liquid phase into the
air, while biological processes are not suitable due to their
slow kinetic reactions in an anaerobic environment (Janda
et al. 2004).

Recently, advanced oxidation processes (AOPs) with
strong oxidizing hydroxyl radicals (•OH) have been applied
as one of the most promising technologies to degrade
recalcitrant compounds into smaller and more biodegrad-
able compounds (Gogate and Pandit 2004a, b; Kurniawan
et al. 2006). A simple, efficient AOP, Fenton’s oxidation,
where Fe2+/H2O2 mixture produces •OH radicals in a very
cost-effective way, has received recent attention (Gogate
and Pandit 2004a; Pignatello et al. 2006). Iron salt is locally
available and non-toxic, while hydrogen peroxide is
inexpensive and an environmentally friendly oxidant. No
special equipment is needed and there is no mass transfer
limitation due to Fenton’s homogeneous catalytic nature

(Lopez et al. 2004). Ferrous ion and hydrogen peroxide are
employed under acidic conditions where Fe2+ acting as a
catalyst is oxidized to Fe3+ and a strong oxidizing hydroxyl
radical is formed from H2O2. Because ferric ions are
coagulants, the Fenton process can therefore have the dual
function of oxidation and coagulation in the treatment
process (Badawy and Ali 2006).

In Fenton’s oxidation, the decomposition of hydrogen
peroxide in acidic solution is initiated according to Eq. 1.
With the presence of organics, additional reactions occur
(Eqs. 2–7; Walling 1975).

Initiation:

H2O2 þ Fe2þ!�OHþ OH� þ Fe3þ ð1Þ

Propagation:

�OHþ RH ! H2Oþ R� ð2Þ

R� þ H2O2 ! ROHþ�OH ð3Þ

R� þ Fe3þ ! Fe2þ

þ product regenerate Fe2þ for chain initiation
� �

ð4Þ

Termination:

R�þ�OH ! ROH ð5Þ

2R� ! product dimerð Þ ð6Þ

R� þ Fe2þ ! Fe3þ þ RH ð7Þ

The efficiency of Fenton’s oxidation relies on the
generation rate and the concentration of oxidizing agents
formed during Fenton’s reaction. Operational parameters
that directly influence the efficiency of the process are
source of iron catalyst (e.g., ferrous or ferric salt),
concentrations of iron and hydrogen peroxide and their
ratio, pH, temperature, and treatment time (Kušić et al.
2007). Due to a variety of process variables, it is reasonable
to use statistical methods for the optimization of these
variables with a reduced effort on experimentation. Several
studies with promising results have focused on the use of
response surface method (RSM) applied to Fenton’s
oxidation for wastewater treatment (Benatti et al. 2006;
Grčić et al. 2009; Zhang et al. 2009). RSM is used to
study the relationship of the factors and responses and to
evaluate the relative significance of the factors (Myers and
Montgomery 2002).
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Many studies have demonstrated that Fenton’s oxidation
has been capable of degrading a variety of chlorinated
VOCs in aqueous solutions (Tang and Huang 1997; Tang
and Tassos 1997; Chen et al. 2001; Teel et al. 2001; Seol
and Javandel 2008; Grčić et al. 2009). In the oxidation of
chlorinated VOCs, the oxidation by-products include CO2,
H2O, and, as the only chlorinated by-product, HCl. If the
pollutants contain more chlorine atoms than hydrogen
atoms, they cannot be efficiently converted to HCl
(Musialik-Piotrowska and Mendyka 2004).

The studied wastewater was derived from wash of ion-
exchange resin containing residual 1,2-dichloroethane.
Based on the Finnish Government Decree on Substances
Dangerous and Harmful to the Aquatic Environment 1022/
2006 (http://www.finlex.fi/fi/laki/alkup/2006/20061022),
1,2-dichloroethane is a toxic substance which must not be
directly discharged into surface water or the sewer of a
water supply and sewerage plant. According to this
legislation, the total concentration of 1,2-dichloroethane in
seawater and inland surface water should be <10 μg L−1.
The aim of this study was to reduce the concentration of
1,2-dichloroethane in wash water below 10 mg L−1, which
then dilutes for sufficient level in the sewerage plant.

To reduce environmental load and processing costs of
wastewater, it is desirable to find a simple and efficient
treatment method for the wash water of ion-exchange resin.
In this context, this paper estimates the effects of reaction
conditions using RSM on degradation of 1,2-dichloroethane
and total organic carbon (TOC) of the wash water in
Fenton’s oxidation.

2 Materials and methods

2.1 Wash water of ion-exchange resin

Wastewater samples were collected from Finex Oy (Finland)
which produces tailor-made ion-exchange resins and perfor-
mance polymers. The wastewater contains residual 1,2-
dichloroethane which is involved in the sulfonation of
polymers. The wash process, daily water consumption
40–60 m3, includes washing and cooking cycles where
impurities of polymers are removed. In the present study, the
water samples were collected from three different wash
process stages. Physicochemical properties of untreated
water samples are presented in Table 1.

2.2 Experimental setup

The effects of Fe2+ and H2O2 doses and reaction time on
the degradation of 1,2-dichloroethane of wash water of ion-
exchange resin were investigated. The H2O2/Fe

2+ stoichio-
metric molar ratio ranged from 0.9 to 8.2, while the initial

pH was 3–4. Fe2+ dose was 300, 600, or 900 mg L−1,
whereas H2O2 dose was 500, 1,000, or 1,500 mg L−1.
Mixing time was 30, 60, or 90 min. The chemical doses and
time were selected based on preliminary tests. Experimental
design was conducted to vary all these factors simulta-
neously over a set of planned experiments and then connect
the results by means of a mathematical model. The total
required number of runs for this design was 17 (eight for
the factorial design, three for the central point, and six for
the expansion) for each wastewater sample.

About 0.5 L of wastewater was treated using Fenton’s
oxidation at ambient temperatures. After introducing a
required amount of 1.0 M FeSO4⋅7H2O, the oxidative
reactions were initiated by adding H2O2 (30%, 500–
1,500 mg L−1) all at once. The sample was magnetically
stirred in a closed, foil-covered reactor at a constant
agitation speed. At designated time, the solution was
clarified at quiescent conditions before sampling. Since
the ferrous and ferric ions interfere with the determination
of residual H2O2, the oxidized iron was first precipitated by
adjusting the pH to 8.2 by 0.5 M NaOH. The supernatant
was collected for chemical analyses of 1,2-dichloroethane
and TOC.

2.3 Chemical analyses

The pH and the temperature of water samples were
measured by WTW pH 340i/SET pH meter equipped with
Sentix 41 pH electrode. The amount of organic material in
the samples was determined as TOC using Shimadzu TOC-
VCPH analyzer (SFS-EN 1484). The concentration of 1,2-
dichloroethane was analyzed using GC-MS equipped with
headspace by SGS Inspection Services Oy (Finland;
SGSF146, based on ISO 11423-1:1997 and ASTM
D2789). Residual H2O2 was measured semiquantitatively
by Merckoquant® Peroxide test stripes. Reagents used in
the experiments were all of analytical grade provided by
J.T. Baker, Merck, or VWR.

2.4 Experimental design and RSM

Data were analyzed by RSM using multiple linear
regression (MLR). RSM was undertaken using Umetrics
MODDE 8.0 and design of the experiments using central

Table 1 1,2-Dichloroethane and TOC content and pH of untreated
water samples

Water sample 1,2-Dichloroethane (mgL−1) TOC (mgL−1) pH

Sample 1 480 160 3.3

Sample 2 120 110 3.0

Sample 3 35 17 4.2
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composite face. Factors of three RSM models were Fe2+

and H2O2 doses and reaction time, and their range and
levels are presented in Table 2. Responses included in the
models were the removal of 1,2-dichloroethane and TOC.

Based on the prediction residual sum of squares
(PRESS), the predictive power of an MLR is indicated by
Q2 and calculated as:

Q2 ¼ 1� PRESS

SS
ð8Þ

where SS is the sum of the squares of observed Y corrected
for the mean.

If Q2 > 0.7 or larger, the model has good predictive
ability and small prediction errors. R2 is the fraction of the
variation of the response explained by the model, and “R2

adjusted” is adjusted for degrees of freedom. Model validity
compares model error to pure error. If model validity is
larger than 0.25, there is no significant lack of fit in the
model. Reproducibility was calculated from the replications
at the center points according to Eq. 9:

Reproducibility ¼ 1� MSPure error
MSTotal corrected

: ð9Þ

MSPure error is the mean square of the pure error, while
MSTotal corrected is the mean square from the total sum of
squares where the constants sum of squares was subtracted.

3 Results

3.1 RSM model quality

According to analysis of variance (ANOVA) in Table 3, the
RSM model accurately predicted the removal of 1,2-
dichloroethane in all water samples and the removal of
TOC in samples 2 and 3. The removal of TOC in sample 1
had low R2 and Q2 values due to the pure error of the
measurements based on the reproducibility values. The
model validities were good for all 1,2-dichloroethane
removals, suggesting that the lacks of fit of the responses
were not significantly larger than that of the pure errors. For
TOC removal in sample 2, the model had the lack of fit.
TOC removals in samples 1 and 3 had significant pure

errors. According to the model quality values, RSM was a
suitable method to study the effects of reaction conditions
on 1,2-dichloroethane removal during Fenton’s oxidation.

Normalized coefficients of the models are presented in
Fig. 1. The quadratic term of reaction time and the
interaction term of H2O2 dose with Fe2+ dose were included
in the model of sample 1 (Fig. 1a). In the model of sample
2, the quadratic term of H2O2 dose and the interaction term
of H2O2 dose with Fe2+ dose were included (Fig. 1b). The
quadratic term of Fe2+ dose, the interaction term of H2O2

dose with Fe2+ dose, as well as the interaction terms of
reaction time with H2O2 and Fe2+ doses were included in
the model of sample 3 (Fig. 1c). Square terms or interaction
terms that were not significant at 95% confidence level to
any of the responses were not included in the models.

3.2 Effects of reaction conditions on sample 1

All factors included in the model, namely, H2O2 and Fe2+

doses, reaction time, quadratic term of reaction time, and
interaction term of H2O2 dose with Fe2+ dose, influenced
1,2-dichloroethane removal at 95% confidence level. The
operational factor affecting TOC removal was Fe2+ dose,
which predominantly contributed to the removal of 1,2-
dichloroethane (see Fig. 1a).

Increasing the reaction time from 30 to 60 min improved
especially 1,2-dichloroethane removal, but also TOC
removal, but further increment did not enhance removal
efficiency (Fig. 2a, b). In both cases, the degradation
substantially improved with an increase in Fe2+ dose. By
increasing H2O2 dose, Fe2+ dose can be optimized
accordingly. According to the RSM model, the highest
removal of 1,2-dichloroethane and TOC were 72% and
35% at initial concentration of 480 and 160 mg L−1,
respectively. The H2O2 and Fe2+ doses and reaction time
for both responses were 1,500 mg L−1, 900 mg L−1, and
75 min. This suggests that Fenton’s oxidation with these
reaction conditions could not generate treated effluent that
meet the requirement of the final concentration of 1,2-
dichloroethane (≤10 mg L−1).

3.3 Effects of reaction conditions on sample 2

The following factors of the model affected the removal of
1,2-dichloroethane: H2O2 and Fe2+ doses, reaction time, the
quadratic term of H2O2 dose, and the interaction term of
H2O2 dose with Fe2+ dose. TOC removal depended on the
H2O2 and Fe2+ doses at 95% confidence level (see Fig. 1b).

Increasing the reaction time slightly improved the
degradation of 1,2-dichloroethane, but it did not enhance
TOC removal (Fig. 3a, b). By increasing H2O2 dose up to a
certain level, the degradation of 1,2-dichloroethane sub-
stantially improved, and in that case, low concentration of

Table 2 Factor levels of central composite face

Variable Factor range and levels

−1 0 1

X1, Fe
2+ dose (mg L−1) 300 600 900

X2, H2O2 dose (mg L−1) 500 1,000 1,500

X3, reaction time (min) 30 60 90
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Fe2+ is sufficient. However, an increase in Fe2+ dose
and keeping low concentration of H2O2 even reduced
1,2-dichloroethane removal. TOC removal improved with
an increase in the concentration of Fe2+. By increasing
H2O2 dose, Fe2+ dose can be optimized accordingly.
According to the RSM model, Fenton’s oxidation reduced
1,2-dichloroethane and TOC up to 100% and 87% with
initial concentration of 120 and 110 mg L−1, respectively.
With 90-min reaction time and H2O2 dose of 1,200 mg L−1,
the required Fe2+ doses for 1,2-dichloroethane and TOC
were 300 and 900 mg L−1. The 1,2-dichloroethane
concentration <10 mg L−1 was also reached within
30 min and H2O2 and Fe2+ doses of 900 and 300 mg L−1.

3.4 Effects of reaction conditions on sample 3

According to the model, Fe2+ dose, reaction time, the
quadratic term of Fe2+ dose, and the interaction terms of
Fe2+ dose with H2O2 dose and reaction time were the key
factors that controlled the removal of 1,2-dichloroethane at
95% confidence level. TOC removal was affected by Fe2+

dose, reaction time, the quadratic term of Fe2+ dose, and the
interaction terms of H2O2 dose with Fe2+ dose and reaction
time (see Fig. 1c).

Increasing the treatment time improved both 1,2-dichlo-
roethane and TOC removal (Fig. 4a, b), and thus, H2O2 and
Fe2+ doses can be decreased. According to the RSM model,

the highest removal efficiencies for 1,2-dichloroethane and
TOC were 100% and 89% with initial concentration of 35
and 17 mg L−1, respectively. With 90-min reaction time and
H2O2 dose of 1,500 mg L−1, the Fe2+ dose for 1,2-
dichloroethane and TOC were 800 and 900 mg L−1,
respectively. The initial concentrations of 1,2-dichloroeth-
ane and TOC were so low that with all tested combinations
of reaction time and H2O2 and Fe2+ doses, the remaining
concentrations of 1,2-dichloroethane and TOC were under
10 mg L−1. So from the economical point of view, the
lowest doses and reaction time are sufficiently efficient for
the degradation.

4 Discussion

Fenton’s reaction initiates with reactions between H2O2 and
Fe2+ generating hydroxyl radicals and Fe3+ (Eq. 1).
Generally, the degradation rate of the pollutants improves
with increasing Fe2+ concentration due to its role in
initiating the decomposition of H2O2 until further addition
of Fe2+ becomes inefficient (Kušić et al. 2007). High Fe2+

dose increases the treatment efficiency also by coagulation
due to the high concentration of ferric coagulant. It should
be noted that excess addition of Fe2+ can result in the
generation of high amount of ferric-based sludge after
neutralization (Gogate and Pandit 2004a; Sun et al. 2007).

Table 3 ANOVA of the model

Variable Sample 1 Sample 2 Sample 3

1,2-Dichloroethane TOC 1,2-Dichloroethane TOC 1,2-Dichloroethane TOC

R2 0.96 0.78 0.98 0.89 0.96 0.92

R2 adjusted 0.94 0.69 0.96 0.84 0.93 0.86

Q2 0.90 0.48 0.92 0.69 0.76 0.68

Regression

Degrees of freedom 5 5 5 5 7 7

Sum of squares 0.08 476 0.05 4,369 0.02 1,828

Mean square 0.02 95.2 0.01 874 0.003 261

p value 0.00 0.002 0.00 0.00 0.00 0.00

F value 49.4 7.96 81.60 16.6 31.5 15.1

Lack of fit (model error)

Degrees of freedom 9 9 8 8 7 7

Sum of squares 3.59E−03 121 1.07E−03 523 6.39E−04 41.6

Mean square 3.99E−04 13.4 1.34E−04 65.3 9.14E−05 5.93

p value of lack of fit 0.00 0.316 0.184 0.035 0.395 0.990

F value of lack of fit 1.15E+11 2.52 4.81 28.0 1.85 0.104

Pure error (replicate error)

Degrees of freedom 2 2 2 2 2 2

Sum of squares 6.94E−15 10.7 5.57E−05 4.68 9.87E−05 114

Mean square 3.47E−15 5.33 2.79E−05 2.33 4.94E−05 57
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Generally, in the present study, increasing concentration of
Fe2+ resulted in better removal of 1,2-dichloroethane and
especially TOC, but also higher amount of ferric-based
sludge was generated. Due to the coagulation effects of
Fenton’s reaction (Badawy and Ali 2006), it seems that

especially TOC but also a part of 1,2-dichloroethane were
removed by coagulation (shown by tentative analysis of
precipitate).

In practical applications, the efficient degradation of
organic compounds requires sufficient dose of hydrogen

Fig. 1 Normalized coefficients
of models: a sample 1, b sample
2, c sample 3 (Hyd hydrogen
peroxide, Iro iron(II), Tim time)
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peroxide in order to generate enough hydroxyl radicals. But
when the so-called critical concentration of hydrogen
peroxide is exceeded, the degradation of organic compounds
decreases with increasing concentration of hydrogen perox-

ide. In this case, hydroxyl radicals may be scavenged by
hydrogen peroxide, which results in the formation of hydro-
peroxyl radicals (Kušić et al. 2007; Sun et al. 2007). These
are considerably weaker oxidants than the hydroxyl radicals

Fig. 3 Contour plots of 1,2-dichloroethane removal (a) and TOC removal (b) of sample 2 with different treatment times

Fig. 2 Contour plots of 1,2-dichloroethane removal (a) and TOC removal (b) of sample 1 with different treatment times
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(Pignatello et al. 2006; Kušić et al. 2007) and can react with
Fe2+ and Fe3+, therefore leading to the loss of oxidative
power. Decreased degradation of 1,2-dichloroethane after a
certain hydrogen peroxide dose was clearly evident in the
case of sample 2 (see Fig. 3a). Also, the residual hydrogen
peroxide of different samples increased with increasing H2O2

dose and H2O2/Fe
2+ molar ratio, while decreased treatment

time increased the residual hydrogen peroxide. The residual
hydrogen peroxide could be a consequence of the scavenging
reaction of Fe2+ by hydroxyl radicals (Pignatello et al. 2006),
but also of the recombination of hydroxyl radicals (Munter
2001).

The pH values of water samples were not adjusted
because the optimum pH for Fenton’s oxidation has been
observed to be around 3 in most studies (Kang and Hwang
2000; Neyens and Baeyens 2003; Kušić et al. 2007). At pH
higher than 4, free Fe2+ ions decrease due to the formation
of ferrous complexes and the precipitation of ferric
hydroxides. Also, the oxidation potential of hydroxyl
radicals decreases with increasing pH (Lindsey and Tarr
2000; Gogate and Pandit 2004a). Hydrogen peroxide is the
most stable in the pH range of 3–4, but after that, its self-
decay increases with increasing pH (Kang and Hwang
2000).

Fenton’s oxidation was reported to degrade more
effectively unsaturated CVOCs than saturated CVOCs
(Devine and Wieland 1992; Tang and Huang 1997;
Kastanek et al. 2007). For example, in the treatment of

contaminated groundwater, unsaturated vinyl chloride and
1,1-dichloroethene were reported to degrade completely,
whereas the removal of saturated 1,2-dichloroethane was
only 33% (Devine and Wieland 1992). Evidently, longer
reaction times and higher concentrations of Fe2+ and H2O2

are required for sufficient 1,2-dichloroethane removal
mainly due to the difficulty of removing chloride atoms
from saturated aliphatic compound (Tang and Huang 1997).
The first step in the oxidation of 1,2-dichloroethane is
hydrogen abstraction instead of the addition of hydroxyl
radical and subsequent chlorine atom cleavage (Lal et al.
1988):

ClCH2 � CH2Clþ�OH ! H2Oþ ClCH2��CHCl ð10Þ

ClCH2��CHCl ! Cl� þ CH2 ¼ CHCl ð11Þ

The formed unsaturated bond is then attacked by
hydroxyl radicals. The rate constants for hydrogen abstraction
are several orders lower than rate constants for direct hydroxyl
radical attack (Walling 1975; Tang and Huang 1997).
Generally, in the present study, longer reaction times
and higher concentrations of Fe2+ and H2O2 improved
1,2-dichloroethane removal.

The Fe2+ and H2O2 doses used in the present study were
most suitable when 1,2-dichloroethane concentration of the
wash water is around 120 mg L−1. According to results,

Fig. 4 Contour plots of 1,2-dichloroethane removal (a) and TOC removal (b) of sample 3 with different treatment times
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using the H2O2/Fe
2+ stoichiometric molar ratio between

4–6, the remaining concentrations of 1,2-dichloroethane
was under 10 mg L−1. In that case, low concentration of Fe2
+ was enough, and thus, the residual sludge can be reduced.
In optimal treatment conditions (H2O2 dose 900 mg L−1

and Fe2+ dose 300 mg L−1), the amount of sludge was
500 mg L−1. Estimated costs for chemicals and sludge
treatment will be about 2.90 EUR per cubic meter.. Higher
doses are required for higher 1,2-dichloroethane concen-
trations, but by increasing the reaction time, the doses can
be reduced. On the other hand, due to the fluctuations of
1,2-dichloroethane concentration in wastewater, additional
treatment process should be considered to meet surely the
required effluent concentration.

The wash water with 1,2-dichloroethane concentration
about 28 mg L−1 was also tested with UV photolysis and
UV/H2O2 oxidation process (Vilhunen et al. 2009). The
highest removal of 1,2-dichloroethane and TOC (70% and
31%) was achieved in 60 min with H2O2 concentration of
200 mg L−1 and UV radiation (intensity of UV light
(254 nm) was 24.4 mW/cm2). Evidently, UV/H2O2 oxidation
process can be suitable for waters with low concentration of
1,2-dichloroethane, but higher concentrations need more
effective methods such as Fenton’s oxidation.

5 Conclusions

The wash water of ion-exchange resin containing residual
1,2-dichloroethane was treated by classic Fenton’s oxidation.
The influence of Fe2+ and H2O2 doses and reaction time on
the degradation of 1,2-dichloroethane and TOC was inves-
tigated by RSM. Water samples were collected from three
different washing stages of ion-exchange resin.

According to ANOVA, the model predicts well 1,2-
dichloroethane reduction of all water samples and TOC
reduction of samples 2 and 3. The Fe2+ and H2O2 doses
used in the present study were most suitable when 1,2-
dichloroethane concentration of the wash water is around
120 mg L−1. In that case, the Fenton’s oxidation was
effective to degrade 100% of 1,2-dichloroethane and 78%
of TOC according to the RSM model. With 90-min reaction
time and H2O2 dose of 1,200 mg L−1, the required Fe2+

doses for 1,2-dichloroethane and TOC were 300 and
900 mg L−1, respectively. The 1,2-dichloroethane concen-
tration <10 mg L−1 was also reached within more
economical reaction conditions: 30 min and H2O2 and
Fe2+ doses of 900 and 300 mg L−1, respectively. The
optimal H2O2/Fe

2+ stoichiometric molar ratio was between
4–6. Thus, low concentration of Fe2+ was sufficient and the
residual sludge can be reduced. It seems that most of TOC
and part of 1,2-dichloroethane were removed by coagulation.
Longer treatment times and higher concentrations of Fe2+ and

H2O2 or combined treatment processes are required for wash
water with higher concentration of 1,2-dichloroethane.

6 Recommendations and perspectives

Due to the promising results achieved in this study,
Fenton’s oxidation may be recommended to be used for
organic destruction of wash water of ion-exchange resin.
Residual sludge, the main disadvantage in Fenton’s
oxidation, can be minimized by optimizing the ferrous
dose or by using heterogeneous treatment where most of
the reusable iron remains in the solid phase. Although
classic Fenton’s oxidation has low operational costs and
simple equipment, heterogeneous Fenton’s oxidation as a
more economical alternative together with integrated
treatment and also pilot-scale experiments are recommended
for further study.
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