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Abstract

The decolorization kinetics of three commercially used Procion H-exl dyes was studied using a Fenton-like reagent. The effect of the major
system parameters (pH, concentration of H2O2 and Fe3+ and initial dye concentration) on the kinetics was determined. For comparison, the effect
of the use of UV irradiated Fenton-like reagent and of Fenton reagent on the kinetics was also examined. In addition, mineralization rates and the
biodegradability improvement as well as the effect of the addition of Cl−, CO3

2− or HCO3
− on the decolorization rates was studied. The reactions

were carried out in a 300 ml stirred cylindrical reactor with the capability of UV irradiation. The dye half-life time goes through a minimum with
respect to the solution pH between 3 and 4. It also exhibits a broad minimum with respect to Fe3+ and H2O2 at molar ratios of H2O2/Fe3+ from
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bout 100 to 10. The addition of CO3
2− and HCO3

− substantially reduces the decolorization rates, while this effect is significantly less pronounced
ith Cl−. At an optimum range of parameters, the mineralization rate (TOC reduction) is very slow for the Fenton-like process (TOC decrease

rom an initial 49.5 to 41.1 mg/l after 30 min and to only 35.2 mg/l after 600 min), but it increases significantly for the photo-Fenton-like process
to TOC values of 39.7 and 11.4 mg/l, respectively). The biodegradability, as expressed by the BOD/COD ratio, increases significantly from an
nitial value of 0.11–0.55 for the Fenton-like and to 0.72 for the photo-Fenton-like processes.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Liquid waste streams from textile dyeing industries are one
f the most challenging effluents to treat successfully. One must
ither reduce the COD/BOD ratio, which usually ranges from 3
o 6, to values below 1.5 so that a subsequent biological treatment
an be applied, or reduce the total COD to acceptable values,
sually below 80 mg/l. The difficulty in treating these effluents
rises from several factors, which are characteristic of most tex-
ile industry waste streams. Firstly, effluents containing dyes
ave a high COD to BOD ratio making it impossible to treat them
y activated sludge treatment. Secondly, dyes found in effluents
ome from different production lines and can therefore vary
ignificantly in their molecular structure, not only from indus-
ry to industry but also within a given processing plant. Given
he fact that dye oxidation kinetics can be greatly affected by

olecular structure, this inhomogeneity makes waste treatment

∗ Corresponding author. Tel.: +30 2410 684333; fax: +30 2410 610803.
E-mail address: papapoly@teilar.gr (G. Papapolymerou).

by oxidation difficult. Thirdly, other substances, usually various
electrolytes, are added to the dyeing bath to improve color fast-
ness, and this usually complicates the oxidation kinetics. Last,
the dyeing bath pH greatly affects the oxidation kinetics, and the
pH values of textile waste effluents are high, usually around 11.

Reactive dyes are most troublesome, because they are found
in relatively high concentrations in textile industry effluents and
because of the toxicity that many of them exhibit. Given the fact
that their use is widespread (an estimated 50% of all dyes used
by the textile industry are reactive), they are of great concern in
regions where textile industries are concentrated. Azo dyes in
particular, constitute almost 80% of the reactive dyes. Most azo
dyes are not biodegradable by aerobic treatment processes [1],
but they can be decolorized by anaerobic treatment [2–4]. This
treatment results in the cleavage of the nitrogen double bond, and
the resulting fragments, which are aromatic amines, are proven
carcinogens [5]. However, the toxicity of these wastes can be
reduced significantly with the use of aerobic treatment, which
converts these aromatic amines into less harmful products [2].

In many textile industries, a combination of physical treat-
ment followed by biological oxidation to reduce the non-dye
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.11.016
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Nomenclature

C0,DYE initial dye concentration (mg/l)
C0,FeCl3 initial FeCl3 concentration (%, w/w)
C0,H2O2 initial H2O2 concentration (%, w/w)
kobs observed pseudo 1st order reaction rate constant

(1/s)
PCH Procion Crimson H-exl dye
PNH Procion Navy H-exl dye
PYH Procion Yellow H-exl dye
t1/2 half-life time (s)
TOC0 initial total organic carbon concentration (mg/l)

BOD is used for the treatment of effluents. However, it has long
been recognized that physical treatment alone, which involves
coagulation and sedimentation of the dyes to form a sludge and
adsorption on activated carbon, is not sufficient [6–9]. In many
industries, after physical treatment, the clear fluid is sent to a bio-
logical plant, while the resulting sludge is disposed of illegally,
therefore posing a significant hazard to the ecosystem. Other
research has focused on treating textile effluents by activated
sludge oxidation followed by membrane separation [10].

Lately, much research has been carried out on the treatment
of textile industry effluents using advanced oxidation processes
(AOP). This research focuses mainly on three advanced oxi-
dation methods, namely (1) treatment with ozone or photo-
chemical oxidation methods (either UV + O3 or UV + H2O2)
[11–13]; (2) photocatalysis (TiO2 or other semiconductor par-
ticles + hν) [14–18]; (3) Fenton or Fenton-like reactions (Fe2+

or Fe3+ + H2O2) and photo-Fenton reactions [19–22]. The end
effect of all these three methods is the production of hydroxyl
radicals (OH.), which have a very strong oxidative potential
(E0 = +2.80 V), second only to fluorine [23].

In this paper, Fenton-like reactions were used for the decol-
orization of dilute solutions of three commercial dyes, namely
Procion Navy H-exl, Procion Crimson H-exl and Procion Yel-
low H-exl. All three dyes belong to the category of azo dyes
and are reactive dyes. The aim of the study is to examine in
detail the effect of the major system parameters on the decol-
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This method seems to decolorize dyes with a variety of molec-
ular structures. The rate of decolorization seems to be affected
very little by structure, making it an attractive option for the
treatment or pre-treatment of textile effluents containing a wide
range of dyes. In the literature, Fenton and Fenton-like reactions
for the treatment of textile effluents are very efficient in a pH
range between 2 and 5 [24–27]. Furthermore, in most papers, it
is mentioned that the optimum pH value is around 3 [26,28–32].
This is a disadvantage, as the effluent pH in most textile indus-
tries using reactive dyes is around 11.

The general mechanism using Fenton reagents, via which the
hydroxyl radicals are produced, is a number of cyclic reactions,
which utilize the Fe2+ or Fe3+ ions as a catalyst to decompose
the H2O2. These ions are regenerated in their original state at the
end of the cyclic reactions according to the following scheme of
reactions [26,32–34]:

Fe2+ + H2O2 → Fe3+ + OH− + OH• (1)

Fe2+ + OH• → Fe3+ + OH− (2)

Fe3+ + H2O2 ↔ Fe OOH2+ + H+ (3)

Fe OOH2+ → Fe2+ + OOH• (4)

Fe2+ + OOH• → Fe3+ + −OOH (5)

F 3+ • 2+ +

H
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rization kinetics and compare the decolorization kinetics of the
hree dyes. The parameters, which are examined separately, are
he solution pH, the concentration of H2O2, the concentration of
he Fe3+ ions and the initial dye concentration. Concentrations
f Fe3+ ions and of H2O2 were varied by three orders of mag-
itude while the solution pH was varied from 1 to more than
0. Thus, the decolorization kinetics is studied in a wide range
f system parameters. In addition, for comparative reasons, the
ffect of the use of UV irradiated Fenton-like reagent (photo-
enton-like process) and also Fenton reagent (Fenton process)
n the decolorization kinetics specifically of Procion Navy H-exl
s also examined. Because of the addition of ions such as Cl−,
O3

2− and HCO3
− to the bath solution in textile industries, the

ffect of these ions on the decolorization rates is here examined.
t optimum reaction conditions, the mineralization rate and the
iodegradability improvement are also examined.
e + OOH → Fe + O2 + H (6)

2O2 + OH• → H2O + OOH• (7)

More than 25 reactions occur, several involving the dye
olecule, but the above seven are the most significant involv-

ng ions and radicals. When a Fenton-like reagent is used, the
equence of reactions begins with reaction (3). There are many
ibliographic sources which report that Fenton reagent is more
ffective than Fenton-like reagent [31–33,35]. However, in most
ases it seems that it does not matter whether Fe2+ or Fe3+ is used.
he above sequence of reactions begins very quickly if there is
n abundant supply of H2O2 and of dye. In cases, though, where
eactants are in small concentrations (<10–25 mg/l H2O2), the
se of Fe2+ is more effective [36].

This reaction scheme is very attractive because Fe2+ or Fe3+

ons reagents are inexpensive, while H2O2 is also relatively inex-
ensive and is environmentally safe [27]. Two disadvantages of
he method are: the highly to moderately acidic environment
pH 2–5) which has to be used [37], and the need to recover the
e2+ or Fe3+ ions at the end of the treatment. Major potential
pplications of this method are in the treatment of effluents from
he textile industry, as well as from the cosmetic, pesticide and
etergent producing industries [38].

. Materials and methods

All experiments were conducted in a stirred 300 ml batch
yrex cylindrical reactor of diameter 7 cm and height 17 cm,
hich was fitted with a concentric quartz tube with diameter
.5 cm and height 15 cm. Into the quartz tube a lamp emitting
n an appropriate range was inserted. For the photo-Fenton-like
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Table 1
Characteristics of the Procion H-exl dyes used

Dye Source Reacting group Concentration (mg/l) Λmax (nm) Absorbance

Procion Navy H-exl BASF Aminochlorotriazine 200 605.0 3.32
Procion Crimson H-exl BASF Aminochlorotriazine 200 549.5 3.15
Procion Yellow H-exl BASF Aminochlorotriazine 200 412.5 2.86

experiments the emitted wavelength was 254 nm. Also, the reac-
tor was fitted with an air inlet and an air outlet, and the reactor
contents were stirred continuously. The temperature of the reac-
tor was held constant at 20 ± 1 ◦C.

At various intervals, samples were withdrawn from the reac-
tor and the concentration of the dye was determined by spec-
trometric analysis using Beer’s law. Absorption spectra for the
determination of the dye concentration were taken with a Shi-
madzu UV–vis 2401 PC automatic Spectrophotometer (190 nm
– 1100 nm). Absorption was linear for all dyes up to about
250 mg/l. Experiments were repeated and data were found to
be reproducible to within better than ±20%. Solutions of stan-
dard concentration of 200 mg/l were prepared, kept in the dark
and replaced every 3–4 days. TOC values were determined with
the use of Shimadzu 5000 TOC analyzer. COD and BOD val-
ues were determined after the excess hydrogen peroxide was
neutralized with sodium sulfite.

Table 1 gives the relevant information for the three dyes that
were used, namely Procion Navy H-exl (PNH), Procion Crimson
H-exl (PCH) and Procion Yellow H-exl (PYH). All of them are
azo dyes having in common the group aminochlorotriazine as
the fiber reacting group. The maximum absorption of the three
dyes is at 605.0, 549.5 and 412.5 nm, respectively.

Firstly, the H2O2 was added to the dye solution and then the
pH was adjusted to the desired value by the addition of a few
drops of either HNO or NaOH. Following the pH adjustment,
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is a measure of the reaction course at an intermediate stage when
half of the dye is decolorized; the percent decolorization after
either 10 min or 1 h reaction time is a measure of the reaction
course at a relatively late stage.

3. Results and discussion

3.1. Fenton-like reagent (H2O2/Fe3+)

3.1.1. Effect of pH
Fig. 1 shows the dependence of the decolorization half-life

time on the solution pH for all three dyes at a given initial concen-
tration of dye, FeCl3 and H2O2. It must be noted here that curves
in all figures are drawn between experimental data for the pur-
pose of elucidating them. The following can be observed from
Fig. 1: (1) the dependence of the decolorization half-life time
(t1/2) on the solution pH is similar for all three Procion H-exl dyes
examined; (2) the decolorization t1/2 goes through a relatively
broad minimum at an acidic pH ranging from 3 to 4 depending
on the particular dye type; (3) in highly acidic solutions (below
pH 2 for PNH and 3 for PCH and PYH), the decolorization rates
become significantly slower with decreasing pH while a similar
behavior is also found in highly alkaline solutions, where above
pH 10 the decolorization half-life time becomes very large, and
(4) the decolorization of the PYH dye is much slower. There-
f
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he Fe3+ or Fe2+ ions were quickly added to the dye solution.
ll the solutions were of the appropriate concentration so that
nly up to 3 ml would be added to the 200 ml solution. This,
s it was verified by measurements, changed the initial con-
entrations only by approximately 1%. The Fe3+ and Fe2+ ions
ere provided from solutions of either FeSO4·7H2O (Merck)
r FeCl3·6H2O (Riedel de Haen). The H2O2 was from stock of
0% (w/w) (peridrol).

Samples were quickly withdrawn for spectrometric analysis,
s the speed of decolorization in the initial reaction times is very
ast. In order to obtain data at times close to zero, data were
xtrapolated. Dye half-life times (t1/2) were calculated from the
ime it takes for the dye concentration to reach half its initial
alue (C0). The half-life time is representative of the decoloriza-
ion rates, as in most experiments the absorbance versus time
urves were not found to cross each other. Another parameter
hat was used is the observed rate constant kobs for the decol-
rization reaction. As is discussed in 3.1.3, the constant kobs was
alculated by modeling the reaction as a first order reaction with
espect to the dye concentration and this was found to be the case
uring the initial reaction times (until about C = 1/4C0) of the
lot of C versus t. Therefore, the rate constant kobs is a measure
f the reaction rate course at a very early stage; the half-life time
ore, it seems that the optimum pH for the decolorization of
rocion H-exl dyes is in the range between 3 and 4. Generally,
rom the experimental data, it seems that decolorization rates
re significantly faster even in slightly acidic solutions (pH 5–6)
s compared to slightly alkaline ones, since the scale in Fig. 1 is
ogarithmic with respect to the decolorization half-life time. The
ndings of this study are consistent with other results reported

n the literature [24–32].

ig. 1. Variation of the half-life time t1/2 vs. pH for the Procion H-exl dyes
C0,DYE = 200 mg/l; C0,H2O2 = 0.1%, w/w; C0,FeCl3 = 0.02%, w/w).
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Fig. 2. Effect of the initial FeCl3 concentration on the half-life time t1/2 of the
PNH dye at various pH values (C0,H2O2 = 0.1%, w/w.; C0,PNH = 200 mg/l).

The drastic increase of the decolorization t1/2 in highly acidic
solutions is due to the drastic reduction of hydroxyl radicals
produced in the sequence of reactions (1) through (7). High
concentrations of hydrogen ions result in the reversal of Eq. (3).
Eq. (3) occurs via the following mechanism:

H2O2 ↔ HO2
− + H+ (8)

HO2
− + Fe3+ ↔ Fe OOH2+ (9)

In highly acidic conditions, H2O2 is stabilized and this inhibits
the production of the intermediate ion HO2

−, which reacts with
Fe3+ to produce Fe OOH2+. The Fe OOH2+ ion decomposes
to produce Fe2+, which is necessary in reaction (1) in order to
generate hydroxyl radicals [25,38]. Electron transfer through the
solution to Fe3+, which occurs by means of HO2

−, is therefore
hindered.

At highly alkaline pH, decolorization efficiency is reduced
because of the reduction in the solubility of Fe2+ and Fe3+ [30]
and the formation of Fe(OH)3 and Fe2O3·nH2O, resulting in
the decrease in Fe3+ ions in the solution and subsequently in
a reduction in the concentration of Fe2+ ions, which are more
efficient than Fe3+ ions because they directly produce OH• [25].
Also, if the pH is too high, the iron precipitates as Fe(OH)3 and
catalytically decomposes the H2O2 to oxygen, which reduces its
concentration in the solution, potentially creating a hazardous
situation [24,36].
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Fig. 3. Effect of the initial FeCl3 concentration on the decolorization efficiency
(t = 10 min) and the half-life time t1/2 of the Procion H-exl dyes (pH 3; C0,H2O2 =
0.1%, w/w; C0,DYE = 200 mg/l).

FeCl3 concentration, pH values between 2 and 3 give better
results.

The observed decrease in decolorization reaction rate at high
FeCl3 concentrations (>0.1%, w/w, FeCl3) is due to the fact that
Fe2+ concentrations increase rapidly through the reactions (3)
and (6) and scavenge hydroxyl radicals [24,39] through reaction
(2). At low Fe3+ concentrations (below 0.005%, w/w, FeCl3), the
decolorization rate decreases even more rapidly. This is due to
the lack of Fe3+ and subsequently of Fe2+, which is necessary for
the formation of hydroxyl radicals [36]. Therefore, at low Fe3+

concentrations the reaction is starved in OH•, while at high Fe3+

concentrations the OH• concentration is reduced because of the
scavenging effect by Fe2+, therefore giving an optimum range
between 0.005 and 0.1% (w/w) (Fig. 2).

Fig. 3 shows a comparison of the decolorization half-life
times and the percent decolorization versus the concentration
of FeCl3 for all three dyes at the optimum pH equal to 3 deter-
mined from Fig. 1. The H2O2 concentration and the initial dye
concentration were the same for all runs in Fig. 3. While the
qualitative appearance of the three curves is similar, it is obvious
that the PYH dye is much slower to decolorize. Decolorization
of the other two dyes, PNH and PCH, is fast at the optimum
intermediate range of FeCl3 concentrations between 0.005 and
0.1% (w/w). It is also remarkable that under this optimum range,
PNH and PCH are almost completely decomposed (98.63 and
93.20%, respectively) in only 10 min.
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.1.2. Effect of the initial FeCl3 concentration
The effect of the initial concentration of FeCl3 introduced

n the reaction mixture on the half-life time of PNH dye at
H 2, 3, 5, 7 and 9 is presented in Fig. 2. From this figure
t can be concluded that there is generally an optimum range
f FeCl3 concentration between 0.005 and 0.1% (w/w) (molar
atio of H2O2/Fe3+ = between 100 and 5, respectively) at which
1/2 is significantly decreased, independent the pH value, except
or pH 9, where probably the phenomenon of intense Fe sed-
mentation observed for FeCl3 initial concentrations between
.01 and 0.1% (w/w) (molar ratio of H2O2/Fe3+ = between 50
nd 5, respectively) strongly decreased Fe ions in the reac-
ion solution. It is also obvious that in this optimum range of
During the initial reaction times of the plot of C versus t
until about C = 1/4C0), the reaction was found to follow first
rder kinetics:

d(CDYE/dt) = kobsCDYE → −dCDYE

CDYE

= kobs dt → ln CDYE = −kobst + ln C0,DYE

(10)

he observed rate constant kobs, was obtained from the slope
f the dye absorbance or dye concentration versus time curve
ccording to Eq. (10) and is shown graphically versus the FeCl3
oncentration for all three dyes in Fig. 4. This Figure also
hows that there is an optimum range of FeCl3 concentration.
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Fig. 4. Effect of the initial FeCl3 concentration on the decolorization efficiency
(t = 10 min) and the reaction rate constant kobs of the Procion H-exl dyes (pH 3;
C0,H2O2 = 0.1%, w/w; C0,DYE = 200 mg/l).

Figs. 3 and 4 show that this optimum range in t1/2 and kobs
is wider for PNH and PCH dyes and occurs between 0.005 and
0.1% (w/w) FeCl3 (molar ratio of H2O2/Fe3+ = between 100 and
5, respectively).

From these two figures it is also obvious that all dyes show
similar qualitative behavior with respect to the dependence of
either t1/2 or kobs on the concentration of FeCl3. The PYH is the
most difficult to decompose and PNH the most sensitive to the
Fenton-like reagent. The time variation of the dye absorbance,
which is shown in Fig. 5 for all three dyes, also verifies this
conclusion. Finally, extended experiments for 1 h show that the
decolorization efficiency of PYH does not exceed 83.5% at
the optimum parameter values, while the corresponding decol-
orization efficiencies for PCH and PNH are 99.3 and 100%,
respectively.

3.1.3. Effect of the H2O2 concentration
Fig. 6 shows the dependence of the decolorization half-life

time of the PNH dye on the concentration of H2O2 at con-
stant dye initial concentration, pH and FeCl3 concentration.

F
0

Fig. 6. Effect of the initial H2O2 concentration on the half-life time t1/2 of the
PNH dye for pH 2–9 (C0,FeCl3 = 0.1%, w/w; C0,PNH = 200 mg/l).

The t1/2 almost coincides for a wide range of pH (2–7). The
optimum range of H2O2 concentrations is between 0.2 and 2%
(w/w) (molar ratio of H2O2/Fe3+ = between 10 and 100, respec-
tively). The t1/2 is very low (less than 50 s) at this optimum
range.

At low H2O2 concentrations and as the H2O2 concentration
is decreased, the t1/2 rapidly increases. This occurs because the
concentration of Fe2+ ions produced through reactions (3) and
(4) decrease rapidly with decreasing H2O2 concentration. As a
result, the production of hydroxyl radicals through Eq. (3) is
drastically reduced. At high H2O2 concentrations (above 2%,
w/w), the t1/2 tends to increase with increasing H2O2 concentra-
tion. This is most probably due to the scavenging of the hydroxyl
radicals by the H2O2 through Eq. (7) [26,31,39]. It was also
observed from the experiments that at high H2O2 concentrations
(above 2%, w/w), H2O2 decomposes into O2 and H2O, and this
results in a rapid increase in solution temperature, decreasing in
effect the oxidative power of the Fenton-like reagent because of
the large decrease in the concentration of H2O2 [36].

Figs. 7 and 8 show a comparison of the decolorization half-
life time and of the observed rate constant kobs between the three

F
(
0

ig. 5. Time variation of C/C0 ratio of the Procion H-exl dyes (pH 3; C0,FeCl3 =
.1%, w/w; C0,H2O2 = 0.2%, w/w; C0,DYE = 200 mg/l).
ig. 7. Effect of the initial H2O2 concentration on the decolorization efficiency
t = 10 min) and the half-life time t1/2 of the Procion H-exl dyes (pH 3; C0,FeCl3 =
.1%, w/w; C0,DYE = 200 mg/l).
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Fig. 8. Effect of the initial H2O2 concentration on the decolorization efficiency
(t = 10 min) and the reaction rate constant kobs of the Procion H-exl dyes (pH 3;
C0,FeCl3 = 0.1%, w/w; C0,DYE = 200 mg/l).

different dyes versus the initial H2O2 concentration. The decol-
orization efficiency (t = 10 min) is also shown in the graphs. The
other parameters, pH, C0,FeCl3 and C0,DYE, are constant at all
runs in Figs. 7 and 8. From these figures, it can be deduced that
the dependence of t1/2 and the rate constant kobs on the H2O2 ini-
tial concentration is similar for the PNH and PCH dyes through-
out the H2O2 concentration range. At this range, the half lifetime
dramatically decreases to the lowest levels, 12.1 s for PNH and
45 s for PCH. However, PYH exhibits a narrower minimum
between 0.7 and 2% (w/w) (molar ratio H2O2/Fe3+ = between
34 and 100), and beyond that, t1/2 increases very sharply. At this
minimum, t1/2 is 435 s.

It is important to note from Figs. 7 and 8, that PNH can
be decomposed at more than 95% in only 10 min when the
H2O2 initial concentration is between 0.2 and 2% (w/w). Under
the same conditions, the decomposition (t = 10 min) of PCH
approaches 90%. Further experiments showed that after 1 h
reaction time, an almost complete decomposition is achieved
(97–99.5%). The highest decolorization efficiency of PYH after
10 min reaction time is only 57.7% at C0,H2O2 = 1% (w/w)
(molar ratio of H2O2/Fe3+ = 50). Therefore, PYH is more stable
than either PNH or PCH with respect to the examined parameters
(kobs, t1/2 and decolorization efficiency).

3.1.4. Effect of the initial dye concentration
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Fig. 9. Effect of the initial PNH dye concentration and pH on the half-life time
t1/2 (C0,H2O2 = 0.1%, w/w; C0,FeCl3 = 0.02%, w/w).

model (−d(CDYE/dt)) = kobs CDYE), for the very early stages of
the reaction. This also explains, as it can be observed from Fig. 5,
the initial rapid drop in the absorbance versus time and subse-
quently the near leveling off of the absorbance. This implies
that Fenton and Fenton-like reagents are most efficient for a
pre-treatment of textile dye effluents. A combination process
like a photo-Fenton, as shown in paragraph 3.2, or a Fenton-
photocatalytic process may accelerate dye decolorization after
the initial rapid decolorization measured in Fenton and Fenton-
like processes, and is currently being examined.

A second observation made from Fig. 9 is that beyond an
initial dye concentration ranging from 100 to 250 mg/l, depend-
ing on pH, there is no further decrease in the dye decolorization
t1/2. This is probably due to the formation of dimmer molecules
[39] through a sequence of reactions from single dye molecules;
decolorization of the dimmer molecule is more difficult, leading
to the leveling off of t1/2 in Fig. 9.

Finally, from Fig. 10, which shows the rate constant kobs and
the 10 min decolorization efficiency for the dye PNH versus the
initial dye concentration (at pH 3), it can be seen that the reaction
rate constant kobs, and consequently the initial reaction rate, as
well as the decolorization efficiency, are proportional to C0,PNH,
in most of its variation range.

F
k
C

The effect of the initial PNH dye concentration on the decol-
rization half-life time at a wide range of pH values is presented
n Fig. 9. All runs were conducted at the optimum pH and
enton-like reagent concentrations. Dye concentrations are var-

ed from 50 to 300 mg/l. From Fig. 9, we can observe that below
threshold concentration depending on the solution pH, t1/2

ncreases with decreasing dye concentration. At the optimum
H 3, the reaction slows down below a dye concentration equal
o 100 mg/l. Therefore, methods of waste treatment based on
enton and Fenton-like reactions should be more efficient when

iquid waste effluents have a high level of organic pollutants.
Generally, these methods are strongly dependent on the initial

oncentration of the organic substrate [32,37]. This is also con-
istent with the modeling of the reaction as a first-order kinetic
ig. 10. Effect of the initial PNH dye concentration on the reaction rate constant

obs and the decolorization efficiency (t = 10 min) (pH 3; C0,H2O2 = 0.1%, w/w;

0,FeCl3 = 0.02%, w/w).
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Fig. 11. Comparison between Fe3+/H2O2 and Fe2+/H2O2 reagent effect on
the decolorization efficiency (t = 10 min) and t1/2 for the PNH dye vs. pH
(C0,PNH = 200 mg/l; C0,H2O2 = 0.1%, w/w; mol H2O2/mol Fe3+ or Fe2+ = 24).

3.2. Comparison with Fenton and photo-Fenton-like
processes

3.2.1. Fenton-like and Fenton processes
Fig. 11 presents a comparison between the Fenton-like and

the Fenton processes. In these experiments, the Fe3+ and Fe2+

concentrations as well as the molar ratios of H2O2/Fe3+ and
of H2O2/Fe2+ are the same and equal to 24. The initial con-
centration of PNH is the same in all experiments (=200 mg/l).
From Fig. 11, it seems that the use of Fenton reagent is
more efficient than the use of Fenton-like reagent. This is due
to reaction sequence (1) through (7). Use of a Fenton-like
reagent necessitates additional steps, reactions (3) and (4), in
order to produce Fe2+, which then must react with H2O2 to
produce hydroxyl radicals. Another observation is that while
the t1/2, using a Fenton-like reagent, goes through a mini-
mum with respect to pH, the corresponding t1/2 using a Fen-
ton reagent remains low and flat throughout the pH range
studied.

Regarding decolorization efficiency after a 10 min reaction
time, the two methods achieve nearly identical decolorization
efficiencies in the pH range between 3 and 5. The Fenton reagent
gives better results at a pH equal to 2 and at a pH higher than
5. At pH 3, decolorization efficiencies are about 84% for both
methods, while at pH 2, decolorization efficiencies are 94 and
100% for the Fenton-like and Fenton processes, respectively.
A
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Fig. 12. UV radiation effect on the Fenton like reaction for the PNH dye
(C0,PNH = 200 mg/l; pH 7; C0,H2O2 = 0.1%, w/w).

like and photo-Fenton-like) does not differ much. However, as
the reaction progresses and as the decolorization rate drops, the
photo-Fenton-like process increases the decolorization rate sig-
nificantly.

Clearly, the following processes are occurring syn-
chronously, contributing to the increase of the decolorization
efficiency:

[A] A Fenton-like process producing hydroxyl radicals through
reaction step 1,

[B] A photolytic process producing hydroxyl radicals through:

H2O2 + hν ↔ 2OH•

[C] Photoreduction of aqueous ferric ions:

Fe3+ + hν ↔ Fe2+

This reproduction of Fe2+ enhances the production of
hydroxyl radicals from reaction (1)

[D] Production of hydroxyl radicals from the (FeOH)2+ inter-
mediate product:

Fe3+ + H2O ↔ (FeOH)2+ + H+

2+ 2+ •

[

f
r
c
t
a

ll these results are in accordance with other studies reported
n the literature [31–33,35].

.2.2. Fenton-like and photo-Fenton-like processes
Fig. 12 shows a comparison between the Fenton-like pro-

ess and the photo-Fenton-like process (UV-irradiated-Fenton-
ike reagent). Runs were made for two different concentra-
ions of FeCl3, equal to 0.02 and 0.5% (w/w) (molar ratio of

2O2/Fe3+ = 24 and 1, respectively), at constant H2O2 and PNH
ye concentrations. From the time course of the absorbance
eadings, it can be concluded that in the early stages of the
eaction, the decolorization rate for the two processes (Fenton-
(FeOH) + hν → Fe + OH

E] Production of dye radical intermediates from Fe3+-R
chelates (R = dye molecule) which are degraded much
faster:

Fe3+-R + hν → Fe3+-R + R•

In the early stages of the reaction, process A is very fast, much
aster than the other processes; however, as the decolorization
ate drops rapidly with time, the combined contribution of pro-
esses B, C, D and E to dye decolorization predominates over
hat of process A and increases the decolorization rate, as has
lso been reported in the literature [11,23,40,41].
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Fig. 13. Salt effect on the PNH decolorization by Fenton-like reaction
(C0,PNH = 200 ppm; C0,H2O2 = 0.2%, w/w; C0,FeCl3 = 0.1%, w/w; pH 3).

3.3. Effect of Cl−, CO3
2− and HCO3

− addition on the
decolorization rates

Fig. 13 shows the effect of adding various amounts of the
Cl− (from NaCl), CO3

2− (from Na2CO3) and HCO3
− (from

NaHCO3) ions on the decolorization rates of dye solutions con-
taining 200 mg/l PNH. The molar concentrations of these ions
shown in Fig. 13 are in the range of typical concentrations used
in the textile industry. Two points are evident from Fig. 13: (1) At
the same concentrations of these three ionic species (0.01 M),
the HCO3

− and CO3
2− ions (especially CO3

2−) slow down
significantly the dye decolorization rate, while it takes rela-
tively very high concentrations of Cl− to reduce significantly
the decolorization rate; (2) when Cl− is added to the solution,
decolorization efficiencies (expressed by the C/C0 ratio) become
equal to the decolorization efficiency of the solution without Cl−
addition at reaction times from 10 to 45 min, depending on the
concentration of Cl− in the solution, while the decolorization
efficiencies of solutions containing either CO3

2− or HCO3
−

do not exhibit such a trend. It is therefore evident, that CO3
2−

and HCO3
− ions decrease substantially the decolorization effi-

ciencies, while Cl− decreases the decolorization efficiency to a
smaller extent and only in the early stages of the reaction.

3.4. TOC reduction and biodegradability increase

(
t
(
(
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d
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m

Fig. 14. Time variation of C/C0 and TOC/TOC0 ratio for the Fenton, Fenton-like
and photo-Fenton-like processes (pH 3; C0,PNH = 200 ppm; C0,H2O2 = 0.2%,
w/w; mol H2O2/mol Fe3+ or Fe2+ = 10; TOC0 = 49.5 mg/l).

about 40 mg/l after 1 h reaction time for the Fe3+/H2O2 process
and to about 39 mg/l for the Fe2+/H2O2 process, showing no fur-
ther significant reduction with time. However, the TOC values
are greatly reduced in the photo-Fenton like process (254 nm).
After 1 h, the TOC value for the Fe3+/H2O2/UV process falls to
about 34 mg/l and after 4.5 h the TOC value is about 20 mg/l.

Fig. 15 shows the change in COD, BOD and the BOD/COD
ratio for solutions of the same composition using the Fenton-
like (Fe3+/H2O2) and photo-Fenton-like (Fe3+/H2O2/UV) pro-
cesses. It is evident that the reduction of COD values follows
that of TOC in Fig. 14. However, while COD values decrease
with time, the BOD values increase, leading to an increase of the
BOD/COD ratio. This ratio at time zero is only 0.11 indicating
that only a small fraction of the organic load is biodegrad-
able, but it increases significantly to about 0.55 and 0.70, for
the Fe3+/H2O2 and the Fe3+/H2O2/UV processes, respectively,
after a 2 h treatment. Thus, biodegradability, as expressed by the
BOD/COD ratio, increases significantly with treatment time.

Hence, treatment, especially with the combined method of
photo-Fenton-like (Fe3+/H2O2/UV), greatly increases the min-
eralization rates and also increases the biodegradability of the
organic load, making this process (photo-Fenton-like) attractive
for the treatment of textile effluents. It seems attractive to use

F
a
w

Fig. 14 shows the reduction of the TOC/TOC0 ratio
TOC0 = 49.5 mg/l is the TOC value at t = 0) versus decoloriza-
ion time of solutions containing 200 mg/l PNH using the Fenton
Fe2+/H2O2), Fenton-like (Fe3+/H2O2) and photo-Fenton-like
Fe3+/H2O2/UV) methods. This is done at an optimum com-
ination of the system parameters determined earlier, where
ecolorization rates are fastest. For comparison, the reduction
f the C/C0 ratio using these three methods is also shown.
t can be noted that C/C0 decreases similarly for all three
rocesses. Evidently, using a photo-Fenton-like process does
ot improve decolorization efficiencies, since decolorization
fficiencies after 30 min are already about 95% for both the
e2+/H2O2 and Fe3+/H2O2 processes. TOC values fall much
ore slowly than the C/C0 values. They fall from 49.5 mg/l to
ig. 15. Time variation of BOD, COD and BOD/COD ratio for the Fenton-like
nd photo Fenton-like processes (pH 3; C0,PNH = 200 ppm; C0,H2O2 = 0.2%,
/w; C0,FeCl3 = 0.1%, w/w).
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a combined treatment of textile effluents, including a photo-
Fenton-like process in the first stage in order to increase the
biodegradability followed by a biological treament such as acti-
vated sludge to further reduce the COD.

4. Conclusions

From this study, it was concluded that the rate of the decol-
orization of the three Procion H-exl dyes is strongly dependent
on the solution pH, the H2O2 concentration, the ferric ion con-
centration and the initial dye concentration. More specifically:

• The solution pH strongly influences the decolorization reac-
tion rate. The optimum pH range is between 3 and 4. How-
ever, a pH up to 7 can be used without significantly slowing
down the reaction rate. Below pH 2, the decolorization rate
decreases rapidly.

• At a constant H2O2 concentration (equal to 0.1%, w/w), the
decolorization half-life time goes through a flat minimum with
increasing FeCl3 concentration. This optimum range for PNH
and PCH dyes occurs between 0.005 and 0.1% (w/w) FeCl3.
After only a 10 min reaction time, PNH and PCH dyes are
almost completely decolorized.

• At a constant FeCl3 concentration equal to 0.1% (w/w), the
half-life time and decolorization efficiency of PNH and PCH

•

•

•

•

•

•

These results are encouraging because they show that dyes
of Procion H-exl type can be successfully decolorized by using
Fenton-like processes in which the system parameters are appro-
priately adjusted. Furthermore, effluent biodegradability is sig-
nificantly increased and combined processes such as photo-
Fenton-like processes can be used to further reduce the COD of
textile effluents. Further research is currently being conducted
to examine the decolorization efficiency of combined processes,
especially in alkaline pH.

Acknowledgement

This research was sponsored by the program “Archimedes-
Environment” funded by the European Union and the Ministry
of Education of Greece.

References

[1] U. Pagga, D. Brown, The degradation of dye-stuffs. Part II. Behaviour
of dyestuffs in aerobic biodegradation tests, Chemosphere 15 (4) (1986)
479–491.

[2] D. Brown, B. Hamburger, The degradation of dyestuff. Part III.
Investigation of their ultimate degradability, Chemosphere 16 (1987)
1539–1553.

[3] C.M. Carliell, S.J. Barclay, N. Naidoo, C.A. Buckley, Microbial decol-

[

[

[

[

[

[

are optimized in H2O2 concentration between 0.2 and 2%
(w/w). For PYH, the optimum range of H2O2 concentration
is much narrower and the decolorization rate is much slower.
All the experimental results show that generally PYH is the
most stable dye and PNH is the least stable. Also, the kobs, t1/2
and decolorization efficiency for all three dyes show relatively
similar dependence on the solution pH and the concentrations
of FeCl3, H2O2 and dye. PNH and PCH have similar values
of kobs, t1/2 and decolorization efficiency, especially in the
optimum range.
The decolorization rate is faster when the initial dye concen-
trations are above 200 mg/l. Rates are significantly lower at
low initial dye concentrations (below 200–100 mg/l depend-
ing on pH).
The speed of reaction Fe2+/H2O2 is faster than the speed of the
corresponding Fe3+/H2O2 reaction during their early stages.
However, the 10 min decolorization efficiencies of the two
processes are similar in the pH range between 3 and 5. Outside
this range, decolorization efficiencies become higher for the
Fenton process.
Addition of salts such as Na2CO3 and NaHCO3 significantly
reduces decolorization efficiencies. This effect is less pro-
nounced when adding NaCl.
TOC values drop much more slowly than the dye concen-
tration, but it was found that the combination of Fenton-like
reaction followed by UV irradiation (254 nm) increases sig-
nificantly the rate of TOC reduction.
Biodegradability, as expressed by the ratio BOD/COD, is sig-
nificantly increased. After a 2 h treatment, it increases from
0.11 to 0.55 for the Fe3+/H2O2 process and to 0.70 for the
Fe3+/H2O2/UV process.
orization of a reactive azo dye under anaerobic conditions, Water SA
21 (1) (1995) 61–69.

[4] S. Chinwetkitvanich, M. Tuntoolvest, T. Panswad, Anaerobic decol-
orization of reactive dye bath effluent by a two-stage UASB sys-
tem with Tapioca as a co-substrate, Water Res. 34 (8) (2000) 2223–
2232.

[5] G.L. Baughman, E.J. Weber, Transformation of dyes and related com-
pounds in anoxic sediment: kinetics and products, Environ. Sci. Technol.
28 (1994) 267–276.

[6] M.S. Bahorsky, Textiles, Water Environ. Res. 69 (1997) 658–664.
[7] K. Higashi, M. Yamane, S. Takeda, A. Kawahara, S. Wakida, Research

survey on prevention of pollution by wastewaters, Mizushorigijutsu 137
(1996) 187–200.

[8] P.C. Vandevivere, R. Bianchi, W. Verstraete, Treatment and reuse of
wastewater from the textile wet-processing industry: review and emerg-
ing technologies, J. Chem. Technol. Biotechnol. 72 (1998) 289–302.

[9] P. Grau, Textile industry wastewater treatment, Water Sci. Technol. 24
(1991) 97–103.

10] G. Ciardelli, L. Corsi, M. Marcucci, Membrane separation for wastew-
ater reuse in the textile industry, Resour. Conserv. Recycling 31 (2000)
189–197.

11] V. Karadimas, D. Spilios, V. Bontozoglou, G. Papapolymerou, Decol-
orization of Direct Blue and TRE Blue dyes, 2nd Panhellenic Scientific
Conference in Chemical Engineering, Conference Proceedings, Thessa-
loniki, Greece, 27–29 May 1999, pp. 85–89.

12] I. Arslan, I.A. Balcioglu, T. Tuhkanen, Advanced oxidation of synthetic
dyehouse effluent by O3, H2O2/O3 and H2O2/UV processes, Environ.
Technol. 20 (9) (1999) 921.

13] I. Arslan, I.A. Balcioglu, D.W. Bahnemann, Advanced oxidation of a
reactive dyebath effluent: comparison of O3, H2O2/UV-C and TiO2/UV-
A processes, Water Res. 36 (2002) 1143–1154.

14] L. Danfeng, G. Yihang, H. Changwen, J. Chunjie, W. Enbo, Preparation,
characterization and photocatalytic property of the PW11O397-/TiO2

composite film towards azo-dye degradation, J. Mol. Catal. A: Chem.
207 (2004) 181–191.

15] I. Arslan, I.A. Balcioglu, D.W. Bahnemann, Heterogeneous photocat-
alytic treatment of simulated dyehouse effluents using novel TiO2-
photocatalysts, Appl. Catal. B: Environ. 26 (2000) 193–206.



84 K. Ntampegliotis et al. / Journal of Hazardous Materials 136 (2006) 75–84

[16] I. Poulios, E. Panou, E. Mikropoulou, E. Kostopoulou, Degradation and
decolorization of Eosin Y in the presence of semiconducting oxides,
Appl. Catal. B: Environ. 41 (2003) 345.

[17] K. Tanaka, K. Padermpole, T. Hisanaga, Photocatalytic degradation of
commercial azo dyes, Water Res. 34 (1) (2000) 327–333.

[18] K. Venkata Subba Rao, A. Rachel, M. Subrahmanyam, P. Boule, Immo-
bilization of TiO2 on pumice stone for the photocatalytic degradation
of dyes and dye industry pollutants, Appl. Catal. B: Environ. 46 (2003)
77–85.

[19] S. Kang, C. Liao, S. Po, Decolorization of textile wastewater by
photo-fenton oxidation technology, Chemosphere 41 (2000) 1287–
1294.

[20] I. Arslan, I.A. Balcioglu, D.W. Bahnemann, Advanced chemical oxida-
tion of reactive dyes in simulated dyehouse effluents by ferrioxalate-
Fenton/UV-A and TiO2/UV-A processes, Dyes Pigments 47 (2000)
207–218.

[21] J. Feng, X. Hu, P.L. Yue, H.Y. Zhu, G.Q. Lu, Degradation of Azo-dye
Orange II by Photoassisted Fenton reaction using o novel composite of
iron oxide and silicate nanoparticles as a catalyst, Ind. Eng. Chem. Res.
42 (2003) 2058–2066.

[22] K. Swaminathan, S. Sandhya, A. Carmalin Sophia, K. Pachhade,
Y.V. Subrahmanyam, Decolorization and degradation of H-acid and
other dyes using ferrous-H2O2 system, Chemosphere 50 (2003) 619–
625.

[23] K. Wu, Y. Xie, J. Zhao, H. Hidaka, Photo-Fenton degradation of a
dye under visible light irradiation, J. Mol. Catal. A: Chem. 144 (1999)
77–84.

[24] L. Lunar, D. Sicilia, S. Rubio, D. Perez-Bendito, U. Nickel, Degradation
of photographic developers by Fenton’s reagent: condition optimiza-
tion and kinetics for metol oxidation, Water Resour. 34 (6) (2000)
1791–1802.

[

[

[

[28] J. Badara, C. Morrison, J. Kiwi, C. Pulgarin, P. Peringer, Degradation/
decoloration of concentrated solutions of Orange II. Kinetics and quan-
tum yield for sunlight induced reactions via Fenton type reagents, J.
Photochem. Photobiol. A: Chem. 99 (1996) 57–66.

[29] Y.W. Kang, K.-Y. Hwang, Effects of reaction conditions on the oxi-
dation efficiency in the Fenton process, Water Resour. 34 (10) (2000)
2786–2790.

[30] F.Q. Schafer, G.R. Buettner, Acidic pH amplifies iron-mediated lipid
peroxidation in cells, Free Radical Biol. Med. 28 (8) (2000) 1175–1181.

[31] E.G. Solozhenko, N.M. Soboleva, V.V. Goncharuk, Decolourization of
azodye solutions by Fenton’s oxidation, Water Resour. 29 (9) (1995)
2206–2210.

[32] Y.-S. Li, The use of waste basic oxygen furnace slag and H2O2 to
degrade 4-chlorophenol, Waste Manage. 19 (1999) 495–502.

[33] H. Gallard, J. De Laat, Kinetic modeling ff Fe(III)/H2O2 oxidation
reactions in dilute aqueous solution using atrazine as a model organic
compound, Water Resour. 34 (12) (2000) 3107–3116.

[34] F.J. Rivas, F.J. Beltran, J. Frades, P. Buxeda, Oxidation of P-
hydroxybenzoic acid by Fenton’s reagent, Water Resour. 35 (2) (2001)
387–396.

[35] B.G. Kwon, D.S. Lee, N. Kang, J. Yoon, Characteristics of P-
chlorophenol oxidation by Fenton’s reagent, Water Resour. 33 (9) (1999)
2110–2118.

[36] Fenton’s Reagent: iron-catalyzed H2O2, Industrial Wastewa-
ter, Reference Library Peroxide Applications, www.H2O2.com/
applications/industrial wastewater/fentonsreagent.

[37] G. Centi, S. Perathoner, T. Torre, M.G. Verduna, Catalytic wet oxidation
with H2O2 of homogeneous and heterogeneous Fenton-type catalysts,
Catal. Today 55 (2000) 61–67.

[38] D.-H. Ahn, W.-S. Chang, T.-I. Yoom, Dyestuff wastewater treatment
using chemical oxidation, physical absorption and fixed bed biofilm

[

[

[

25] L. Lunar, D. Sicilia, S. Rubio, D. Perez-Bendito, U. Nickel, Identification
of metol degradation products under Fenton’s reagent treatment using
liquid chromatography-mass spectrometry, Water Resour. 34 (13) (2000)
3400–3412.

26] M. Kitis, C.D. Adams, G.T. Daigger, The effects of Fenton’s reagent pre-
treatment on the biodegradability of nonionic surfactants, Water Resour.
33 (11) (1999) 2561–2568.

27] R. Andreozzi, V. Caprio, V. Insola, R. Marotta, Advanced oxidation
processes (AOP) for water purification and recovery, Catal. Today 53
(1999) 51–59.
process, Process Biochem. 34 (1999) 429–439.
39] W.Z. Tang, R.Z. Chen, Decolorization Kinetics and Mechanisms of

Commercial Dyes by H2O2/Iron Powder System, Chemosphere 32 (5)
(1996) 947–958.

40] I. Arslan, I.A. Balcioglu, Degradation of commercial reactive dyestuffs
by heterogeneous and homogeneous advanced oxidation processes: a
comparative study, Dyes Pigments 43 (1999) 95–108.

41] G. Ruppert, R. Bauer, G. Heisler, The photo-Fenton reaction- an effective
photochemical wastewater treatment process, J. Photochem. Photobiol.
A: Chem. 73 (1993) 75.


	Decolorization kinetics of Procion H-exl dyes from textile dyeing using Fenton-like reactions
	Introduction
	Materials and methods
	Results and discussion
	Fenton-like reagent (H2O2/Fe3+)
	Effect of pH
	Effect of the initial FeCl3 concentration
	Effect of the H2O2 concentration
	Effect of the initial dye concentration

	Comparison with Fenton and photo-Fenton-like processes
	Fenton-like and Fenton processes
	Fenton-like and photo-Fenton-like processes

	Effect of Cl-, CO32- and HCO3- addition on the decolorization rates
	TOC reduction and biodegradability increase

	Conclusions
	Acknowledgement
	References


