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bstract

The decolorization of azo dye C.I. Acid Yellow 23 (AY23) by Fenton process was investigated. The decolorization rate is strongly dependent

n the initial concentrations of the Fe2+ and H2O2. The optimum operational conditions were obtained at pH 3.
A kinetic model has been developed to predict the decolorization of AY23 at different operational conditions by Fenton process. The model

llows to simulate the system behavior involving the influence of hydrogen peroxide, Fe(II) and dye concentrations.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Synthetic dyes are the major industrial pollutants and water
ontaminants [1–3]. Wastewater from textile, paper, and some
ther industries contain residual dyes, which are not readily
iodegradable. Azo dyes, the largest class of synthetic dyes used
n food industries, are characterized by the presence of one or

ore azo bonds (–N N–) in association with one or more aro-
atic systems, which may also carry sulfonic acid groups. One

f them is Tartrazine or C.I. Acid Yellow 23 an azo dye present in
housands of foods and drugs. Many studies indicate that these
yes are toxic or carcinogenic. If these colorants come into con-
act along with certain drugs in the human body they can induce
llergic and asthmatic reactions in sensitive people. An addi-
ional difficulty is that, when present, these dyes are not normally
emoved by conventional wastewater treatment systems. There-
ore, the employment of these dyes must be controlled and the
ffluents must be treated before being released into the aquatic
nd terrestrial environment [4].

There are several methods used to decolorize the textile

astewater, but they cannot be effectively applied for all dyes

5]. Activated carbon adsorption process for the removal of dyes
s an accepted practice, but the cost of treatment is high. Ozone
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nd hypochlorite oxidations are effective decolorization meth-
ds, but they are not desirable because of the high cost of the
quipments, operating costs and the secondary pollution arising
rom the residual chlorine [6].

Recently, chemical treatment methods, based on the gen-
ration of hydroxyl radicals, known as advanced oxidation
rocesses (AOPs) has been developed [7]. It is one of the
otential alternatives to decolorize and to reduce recalcitrant
astewater loads from textile dyeing and finishing effluents.
his process implies generation and subsequent reaction of
ydroxyl radicals, which are the most powerful oxidizing species
fter fluorine [8]. Among these processes, the oxidation using
enton’s reagent has proven a promising and attractive treatment
ethod for the effective decolorization and degradation of dyes

9].

2O2 + Fe2+ → •OH + −OH + Fe3+ (1)

The Fenton system uses ferrous ions to react with hydrogen
eroxide, producing hydroxyl radicals with powerful oxidizing
bilities to degrade certain toxic contaminants [10].

Hydroxyl radicals may react with ferrous ions to form ferric
ons or react with organics:
OH + Fe2+ → −OH + Fe3+ (2)

OH + organics → products (3)
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0.05 and 0.067 and the concentration of H2O2 was kept constant
at 500 mg l−1. The initial concentrations of H2O2 used in this
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Hydroxyl radicals can also react with hydrogen peroxide to
roduce other radicals, and may also combine with each other
o produce hydrogen peroxide, which are shown below [10]:

OH + H2O2 → H2O + HO2
• (4)

OH + •OH → H2O2 (5)

Ferrous ions and radicals are produced during the reactions.
he reactions are shown in Eqs. (6)–(9) [10]:

2O2 + Fe3+ ↔ H+ + FeOOH2+ (6)

eOOH2+ → HO2
• + Fe2+ (7)

O2
• + Fe2+ → HO2

− + Fe3+ (8)

O2
• + Fe3+ → O2 + Fe2+ + H+ (9)

The reaction rate in Eq. (6) is much slower than that of Eq.
1). It can be derived that ferrous ions are consumed quickly,
ut reproduced slowly [10]. Consequently, the oxidation rate of
rganic compounds is fast when large amount of ferrous ions are
resent because large amount of hydroxyl radicals are produced.
owever, the Fenton reaction may slow down due to the slow

errous ion production. Gallard and De Laat [11] suggested that
he Fenton’s oxidation process (FOP) should be a simple first-
rder reaction, while Guedes et al. [12] believes that it should
e a second-order reaction. Because the information regarding
he kinetic study of the removal of AY23 by Fenton’s oxida-
ion is still limited, the use of hydrogen peroxide with iron salt
o degrade AY23 at various concentrations of Fe(II) and H2O2
as investigated in this study. A mathematical model was also
erived to predict the reaction kinetics and process performance
nder various reaction conditions in water.

. Experimental

.1. Materials

AY23 was obtained from Acros (USA) and used without fur-
her purification. Fig. 1 shows the chemical structure of this dye.

ydrogen peroxide solution (30%, w/w), NaOH and H2SO4
ere products of Merck (Germany). Ferrous sulfate hepthahy-
rate (FeSO4·7H2O) was used as a source of Fe2+ and purchased
rom Fluka (Switzerland).

Fig. 1. Chemical structure and absorption maxima of AY23.
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.2. Analytical methods

The pH of the solution is measured by using METTLER
OLEDO (MP 220) digital pH meter. The glassware was
overed with aluminum foil during the tests to minimize the
xposure of samples to light, in order to prevent any unwanted
ide reactions. Sample solutions were withdrawn at certain
ime intervals for spectrophotometric analyses. Calibration plot
ased on Beer–Lambert’s law was established by relating the
bsorbance to the concentration.

. Results and discussion

.1. Effect of pH

The pH value affects the oxidation of organic substances
oth directly and indirectly. The Fenton reaction is strongly pH
ependent. The pH value influences the generation of hydroxyl
adicals and thus the oxidation efficiency. Fig. 2 shows the effect
f the initial pH value during the use of the Fenton process.

maximum degradation of 97.4% at 20 min was obtained in
e2+/H2O2 process at pH 3. It can be seen from Fig. 2 that

he removal efficiency increases from 6.3% to 97.4% in Fenton
rocess after 20 min as a consequence of increasing pH of the
olution from 1 to 3. On the other hand increasing pH value from
to 7 decreases the color removal from 97.4% to 6.1% for FOP.
hese results are in agreement with those reported in previous
tudies [13].

.2. The effect of Fe(II) and H2O2 concentrations and
atios on AY23 decolorization

Iron in its ferrous and ferric forms acts as a photo-catalyst
nd requires a working pH below 4.0 [14]. To investigate the
ffect of catalyst, [Fe(II)] and [H2O2] were used in terms
f [Fe(II)]:[H2O2] ratios (FH). The initial concentrations of
e(II) used in this study were 8.37, 13.95, 19.53, 25.11 and
3.40 mg l−1, and the FH ratios were set at 0.016, 0.028, 0.039,
tudy were 50, 100, 200, 500 and 700 mg l−1, and the FH ratios
ere set at 0.0199, 0.0279, 0.06975, 0.1395 and 0.279 and the

ig. 2. Effect of pH on the decolorization of AY23 by Fenton process.
AY23]0 = 40 mg l−1, [H2O2]0 = 500 mg l−1, and [Fe2+]0 = 19.53 mg l−1.
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Fig. 5. The plot of t/(1 − C/C0) vs. t in FOP. [AY23]0 = 40 mg l−1,
[Fe2+]0 = 13.95 mg l−1, [H2O2]0 = 50, 100, 200, 500 and 700 mg l−1.
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ig. 3. The decolorization curves of the AY23 by FOP in various FH ratios.
AY23]0 = 40 mg l−1, [Fe2+]0 = 13.95 mg l−1, [H2O2]0 = 50, 100, 200, 500 and
00 mg l−1.

oncentration of Fe(II) was fixed at 13.95 mg l−1. The results
f a series of decay curves conducted under the above condi-
ions were summarized and shown in Figs. 3 and 4. In general,
he higher [Fe(II)] or [H2O2], the faster and more complete the
ecay of AY23. A rapid initial AY23 decay was observed in the
rst 5 min, followed by a much slower retardation stage, which
as likely due to the depletion of oxidants in the solution. The

ast reactive-stage was initiated by the hydroxyl radical (•OH)
esulting from the reactions between Fe2+ and H2O2 (Eq. (1)).
n this stage, hydrogen peroxide was consumed vigorously due
o the catalytic formation of •OH. In addition the Fe3+ pro-
uced from the FOP might also react with H2O2 to form weaker
adicals (such as •OOH), which further reduced the amount of
ydrogen peroxide in the solution [15]. As the [H2O2] grad-
ally is lowered to a trivial level, the retardation stage would
e initiated, where the low amount of oxidant in the solution
ecame the limiting factor. A number of researchers have pre-

iously suggested that the FOP should be a simple first-order
eaction, while others believe that it should be a second-order
eaction [15]. In this study a simpler and more accurate model
o forecast FOP has been proposed.

ig. 4. The decolorization curves of the AY23 by FOP in various FH ratios.
AY23]0 = 40 mg l−1, [H2O2]0 = 500 mg l−1, [Fe2+]0 = 8.37, 13.95, 19.53, 25.11
nd 33.40 mg l−1.
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ig. 6. The plot of t/(1 − C/C0) vs. t in FOP. [AY23]0 = 40 mg l−1,
H2O2]0 = 500 mg l−1, [Fe2+]0 = 8.37, 13.95, 19.53, 25.11 and 33.40 mg l−1.

.3. Kinetic model for AY23 decolorization with FOP

To fully utilize the results in real applications, a mathematical
odel was derived in this study to simulate the reaction kinetics,

s shown in Eq. (10):

C

C0
= 1 − t

m + bt
(10)

here C is the AY23 concentration at time t (min), and C0 is
he initial concentration of AY23 at time t = 0, and b and m are
wo characteristic constants relating to the reaction kinetics and
xidation capacities that will be discussed later. To solve the
onstants Eq. (10) can be linearized:

t

1 − C/C0
= m + bt (11)
y plotting t/(1 − C/C0) versus t (Figs. 5 and 6), a straight line
ith an intercept of m and a slope of b was obtained and the

esults are listed in Tables 1 and 2. The corresponding regression

able 1
he constants m and b for decolorization of AY23 (40 mg l−1) in the presence
f Fe2+(13.95 mg l−1) at different H2O2 concentrations (50, 100, 200, 300, 500
nd 700 mg l−1)

H m b

.0199 17.255 0.7284

.0279 11.078 0.8165

.0697 20.984 1.1493

.1395 30.293 1.255

.279 53.842 1.361



M.A. Behnajady et al. / Journal of Hazardous Materials 148 (2007) 98–102 101

Table 2
The constants m and b for decolorization of AY23 (40 mg l−1) in the presence of
H2O2 (500 mg l−1) at different Fe2+ concentrations (8.37, 13.95, 19.53, 25.11
and 33.40)

FH m b

0.016 43.449 0.6596
0.028 11.081 0.8165
0.039 3.6918 0.9471
0
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b = 1

10Nlog(1/b) log FH+Ilog(1/b)
(17)
.05 1.587 0.9811

.067 0.3942 1.002

esults with very high r2 ranging from 0.92 to 1.00 were observed
ndicating that the AY23 decay kinetics was well described by
he suggested model in Eq. (10). It is worthwhile to further ana-
yze the two characteristic constants (m and b) and rationalize
he model. For describing the reaction kinetics, the model was
lotted in Fig. 7, where the corresponding physical meanings
f m and b were therefore inspected by examining two extreme
ases in Eq. (10). On the other hand, the terms m and b can be
etermined by taking the derivation of Eq. (10) to give:

dC/C0

dt
= −m

(m + bt)2 (12)

hen t is very short or approaching zero, the slope at the original
an be resolved as:

dC/C0

dt
= − 1

m
(13)

nd its physical meaning is the initial AY23 removal rate in the
rocess. Therefore the higher 1/m shows the faster initial decay
ate of AY23. When t is long and approaching infinity, the recip-
ocal of constant b is the theoretical maximum AY23 removal
raction, which is equal to the maximum oxidation capacity of
OP at the end of the reaction:

1

b
= 1 − Ct→∞

C0
(14)

To quantify these two constants, it was found that m and b
an be correlated to the FH ratios, and the results are shown in
igs. 8 and 9, where the correlations can be formulated in the

ollowing equations:

og

(
1

b

)
= Nlog(1/b) log FH + Ilog(1/b) (15)

ig. 7. The linear form of the model used for describing the reaction kinetics.

F
i
1

ig. 8. Correlations of FH ratios with maximum oxididation capacity (1/b) and
nitial decay (1/m). [AY23]0 = 40 mg l−1, [Fe2+]0 = 13.95 mg l−1, [H2O2]0 = 50,
00, 200, 500 and 700 mg l−1.

og

(
1

m

)
= Nlog(1/m) log FH + Ilog(1/m) (16)

hich
ig. 9. Correlations of FH ratios with maximum oxididation capacity (1/b) and
nitial decay (1/m). [AY23]0 = 40 mg l−1, [H2O2]0 = 500 mg l−1, [Fe2+]0 = 8.37,
3.95, 19.53, 25.11 and 33.40 mg l−1.
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Fig. 10. Prediction of AY23 concentration by the proposed model in FOP.
[AY23]0 = 40 mg l−1, [Fe2+]0 = 13.95 mg l−1, [H2O2]0 = 50, 100, 200, 500 and
700 mg l−1.
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ig. 11. Prediction of AY23 concentration by the proposed model in FOP.
AY23]0 = 40 mg l−1, [H2O2]0 = 500 mg l−1, [Fe2+]0 = 8.37, 13.95, 19.53, 25.11
nd 33.40 mg l−1.

= 1

10Nlog(1/m) log FH+Ilog(1/m)
(18)

here N is the slope and I is the intercept of each equation.
t is very interesting to note that the 1/b and 1/m are inversely
roportional to the FH ratios: the higher the FH values, the lower
he 1/b and 1/m.

By substituting Eqs. (17) and (18) into Eq. (10), we obtain:

C

C0
= 1 − t

(1/10Nlog(1/m) log FH+Ilog(1/m) )

+ (1/10Nlog(1/b) log FH+Ilog(1/b) )t

(19)

or evaluation of Eq. (19) to predict of C/C0 at different
H ratios, a comparison between experimental and calculated

/C0 for decolorization of AY23 with FOP was shown in
igs. 10 and 11. From these plots, it can be seen that the results
btained from the model were in good agreement with the exper-
mental data.

[

[
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. Conclusions

The results showed that FOP is a powerful method for decol-
rization of AY23. A mathematical model has been derived
uccessfully to describe the reaction kinetics at various reac-
ion conditions. The corresponding parameters involved in this

odel have been identified as the initial AY23 decay rate and
he final oxidation capacity. The optimum conditions for the
ecolorization of AY23 in FOP were observed at pH 3. From
he results, as high as 98% of AY23 can be decolorized by
3.95 mg l−1 ferrous ions and 500 mg l−1 H2O2. Therefore, the
se of FOP to decolorize AY23 is practicable, but an accurate
valuation of doses is important to achieve a proper performance.
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