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Abstract: In this study, decolorization of Reaktoset Brilliant Orange P-2R and Telon Turquoise M-GGL dyes
in aqueous solution was investigated under Fenton (H,O,/Fe’*) and photo-Fenton (H,0./Fe**/UV)
oxidation reactions. At first, batch experiments were carried out to determine the effects of ferric ion and
hydrogen peroxide concentrations, as well as pH and mixing speed on the reaction rate to find optimum
conditions. The experiments denoted that the decolorization efficiencies of Fenton and photo-Fenton
processes were very close to each other for both dyes. During the second stage, the experimental data were
analyzed by using the zero, first and second-order and Behnajady-Modirshahla-Ghanbery (BMG) kinetic
models. BMG model provided the best correlation of the data. It was concluded that efficient color
removals of Reaktoset Brilliant Orange P-2R and Telon Turquoise M-GGL dyes could be obtained when
optimum conditions of Fenton and photo-Fenton oxidation processes were performed. In addition, the
results could provide fundamental knowledge for the real industrial operators to effectively treat as
mentioned dyes.
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1. INTRODUCTION

Nowadays, large amounts of dye effluents are released to the environment due to the rapid growth of
industry in most countries. Decolorization of dyes by efficient techniques is one of the major
engineering aspects of the control technologies. Dyes are classified as azo, anthraquinone, triphenyl-
methane, arylmethane, acridine, heterocyclic, polymeric dyes, cyanine, or phthalocyanine etc. based
on the chemical structure of the chromophoric group. Anthraquinone dyes have chromophore groups,
=C=0 and =C=C=, and can be precipitated or adsorbed only in small amounts [1]. Azo-dyes contain
the azo chromophoric group (-N=N-) in addition to aromatic systems and auxochromes (such as OH,
NH,, CO,H, —SO; and CI) [2]. Although azo dyes represent approximately 60—-70% of all dyes used
by the textile industry, anthraquinone dyes constitute the second largest class of textile dyes after azo
dyes [1]. About a million tones of dyes are produced each year and nearly a half of this production
contains azo dyes [3]. It is estimated that around 15% of the dye is lost during dyeing and finishing
processes and is released in wastewaters [4]. The discharge of dye wastewater in the environment is
described as very problematic to aquatic life and mutagenic to human [5]. Conventional techniques
such as chemical coagulation/flocculation, ozonation, activated carbon adsorption, and biological
treatment are used to treat the dye waste effluents [6]. Since many dyes are bio-recalcitrant, biological
treatment is insufficient to degrade many dye compounds [7]. Moreover, these methods usually do not
work efficiently as they are non-destructive, costly and merely involve the transfer of pollutants from
water to sludge. By this way, the secondary waste appears and that needs further disposal [6]. These
methods have technical and economical limitations because of the high cost, inefficiency for some
soluble dyes, producing large amount of sludge, and resulting in higher pollution potential than the
effluents because of the excessive use of chemicals [1]. Therefore, alternative technologies must be
developed to overcome these problems. Alternatively, advanced oxidation processes (AOPs) such as
homogeneous and heterogeneous photocatalysis are promising technologies which aim at the
decolorization and mineralization of a wide range of dyes to stable inorganic compounds or, at least,
their transformation into biodegradable or harmless products [2].
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Among AOPs, Fenton process is very promising since this system achieves high reaction yields, offer
a cost effective source of hydroxyl radicals and it is easy to operate and maintain [8]. Due to the low
rates of reaction at reasonable H,O, concentrations, oxidation of pollutants by H,O, alone is not
effective for high concentration of complex organic and inorganic compounds. Transition metal salts,
ozone and UV-light can activate H,O, to form hydroxyl radicals (HO«). Fenton’s reagent consists of
ferrous iron and hydrogen peroxide. Hydrogen peroxide and ferrous ions are usually more stable in
low pH values, initiate complex red-ox reactions and constitute highly reactive hydroxyl radicals [9].
The Fenton reagent has been found to be effective in treating various industrial wastewater
components including aromatic amines [10] and a wide variety of dyes [11,12] as well as many other
substances, e.g. pesticides [13,14] and surfactants [15,16]. Therefore, the Fenton reagent has been
applied to treat a variety of wastes such as those associated with the textile and chemical industries
[17]. Production of HO- radicals by Fenton reagent occurs by means of addition of H,O, to Fe*" salts

(Eq. (1)) [8]:
Fe’* +H;0,— Fe** + «OH + OH~ )

This reagent is an attractive oxidative system for wastewater treatment due to the fact that iron is very
abundant and non-toxic element and hydrogen peroxide is easy to handle and environmentally safe
[8]. The rate of organic pollutant degradation could be increased by irradiation with UV light
(UV/Fenton process). UV light leads not only to the formation of additional hydroxyl radicals but also
to recycling of ferrous catalyst by reduction of Fe** (Egs. (2) and (3)). In this manner, Fe (Il)
concentration is increased and the overall reaction is accelerated [18]:

H202 +hv — *OH + «OH (2)
Fe** + H,0 + hv — «OH + Fe** + H* (3)

Determination of optimum experimental conditions is essential for decolorization of dye wastewater
by Fenton and photo-Fenton oxidation in an economic way. The main objectives of this study were i)
to analyze pH, hydrogen peroxide and ferrous dosage, and mixing speed effects on decolorization
efficiencies of Reaktoset Brilliant Orange P-2R and Telon Turquoise M-GGL dyes by Fenton and
photo-Fenton oxidation processes; ii) to determine the decolorization kinetics at optimal conditions of
experimental parameters; iii) to establish the rate constants and correlation coefficients. Treatment
studies of these dyes are not found in the literature, so the results can provide essential knowledge for
the treatment of wastewater containing azo and anthraguinone dyes by Fenton and photo-Fenton
oxidation processes.

2. MATERIALS AND METHODS
2.1. Materials

Reaktoset Brilliant Orange P-2R (Setas) and Telon Turquoise M-GGL (Dystar) dyes were used
without further purification. Telon Turquoise M-GGL dye is synthesized from chemical intermediates
which form anthragquinone-like structures as its final state. The structure of Reaktoset Brilliant Orange
P-2R dye is based on azobenzene (Ph-N=N-Ph). Their chemical structures, molecular formulas and
molecular weights are demonstrated in Table 1. Reaktoset Brilliant Orange P-2R and Telon Turquoise
M-GGL dyes were coded as AO33 and AB279, respectively. The initial concentrations of dyes for all
experiments were 350 mg/L. The dye oxidation was achieved by Fenton’s reagent which was
composed of a mixture of FeSO,-7H,O (Merck) and H,O, (Merck, 35%). The pH of the reaction
mixture was adjusted by adding 1N NaOH and 1N H,SQO, solutions. Distilled water from Nive NS
108 purification system was used throughout this study. Reactions were triggered when hydrogen
peroxide was added to reaction mixtures.

2.2.Experimental Procedure

Batch experiments for Fenton and photo-Fenton oxidation were performed in Lovibond Jar Test. The
desired quantities of Fe** and H,O, were added to 500 mL beakers containing dye solutions (350
mg/L concentration). The Jar Test apparatus was proceed with rapid mixing of the reaction mixture at
300 rpm for 1 min, slow mixing at 100 rpm for 30 min, and then standstill for 30 min. Solution pH,
H,0, and FeS0O,-7H,0 dosages, temperature and mixing speed effects on degradation efficiency (%)
were investigated. The kinetics of the oxidation was followed by taking samples at regular time
intervals. UV-vis spectrums of dyes were recorded from 200 to 900 nm using Perkin Elmer Lambda
25 UV-Vis spectrophotometer. The maximum absorbance wavelength (Amax) Of AB279 and AO33
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were found to be 620 and 496 nm. The residual concentration of dyes in the solution was determined
by measuring the absorption intensity at maximum absorbance wavelengths.

Degradation efficiency (%) is calculated as follows [5]:

Degradation ef ficiency (%) = [(Cy — C;)/Cy| * 100 (4)
Where C, and C, are the concentrations of dye at reaction time 0 and t, respectively.

Tablel. Chemical characteristics of AO33 and AB279 dyes

Name Chemical Structure Molecular Molecular Amax
Formula weight (g/mol) | (nm)
Na*®
AO033 N:N O "}S,,o C3sH2sN4Na,0sS; 730.72 620
Q N=NT E—O'
HO HO =/ 5 Na
o Hs\-CHs
AB279 O‘O Cy,H;7N,NaOsS 444.44 496
OH,N
Naossz;j\cw3

2.3.Kinetic Models

In this study, the decolorization kinetics of AB279 and AO33 dyes by Fenton and photo-Fenton
oxidation processes were studied by using zero-order, first-order, second order and Behnajady-
Modirshahla-Ghanbery (BMG) reaction Kinetics.

Zero-order reaction kinetics is defined as Eq. (5) [19]:

dcC,/dt = —k, (5)
First-order reaction kinetics is denoted as Eq. (6) [19, 20]:

dc,/dt = —k,C; (6)
Second order reaction kinetics is expressed as Eq. (7) [19, 20]:

dC./dt = —k;(C,)* (7)

where kg, k; and k, are the apparent kinetic rate constants of zero-, first- and second-order Kinetics,
respectively; t is the reaction time and C; is the concentration of AB279 or AO33 at any time. By
integrating the Egs. (8) - (10), the following equations could be achieved:

C; = Co — kot )
C; = Coexp(—kt) ©)
1/C, = 1/Cy + kyt (10)
Behnajady-Modirshahla-Ghanbery (BMG) reaction kinetics is defined as Eq. (11) and (12) [20]:

C:/Co=1—[t/(m+ bt)] (11)
t/[1-(C/C)] =m+bt (12)

Where m and b are two characteristic constants relating to oxidation capacities and reaction kinetics.
A straight line with a slope of b and an intercept of m are obtained by plotting t versus t/[1 —

(C:/Co) ]
3. RESULTS AND DISCUSSION
3.1. Effect of Initial pH

The effect of initial pH in the degradation of AB279 and AO33 dyes by Fenton and photo-Fenton
oxidation processes was first studied. The experiments were carried out in the pH range of 2-7 and the
results were shown in Fig. 1. When the initial pH increased from 2 to 4, the removal of AB279 color
increased for both Fenton and photo-Fenton processes. The degradation efficiency decreased
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drastically, when the pH was higher than 4. The degradation efficiencies of Fenton oxidation of dyes
were rather low in alkaline medium while they were high in acidic medium as seen in Fig.1. This
result is compatible with the literature where the acidic pH levels (approximately 3.5) are usually
optimum for Fenton oxidation [20-22]. For photo-Fenton process the decolorization was minor than
Fenton process at pH=3, achieving a decolorization of 90.91% for AB279 and 66.47% for AO33 dye.

100 =
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=== AB279-Fenton
20 | === AB279-p-Fenton
=== A(033-Fenton
AO33-p-Fenton
T T

Degradation efficiency (%)

0
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Figl. Effect of pH on degradation of AO33 and AB279 dyes by Fenton and photo-Fenton processes

The minimum AB279 dye degradation efficiencies at pH=7 were 8.80% and 31.82% for Fenton and
photo-Fenton processes, respectively. This is due to the formation of ferrous/ferric hydroxide
complexes lead to the deactivation of ferrous catalyst, which result in the amount of hydroxyl radical
(*OH) generated was very small. At lower pH values, the oxonium ion (H;0,") appeared according to
the Eqg. 13, this ion elevated the stability of H,O, and limited the *OH formation [19,23]. Hence, low
degradation efficiency was observed at high and very low pH values. The pH value of 4 with 99.93%
and 90.56% decolorization efficiencies was determined as the optimum for decolorization of AB279
dye by Fenton and photo-Fenton oxidation processes. Optimum pH values for AO33 dye
decolorization were 3 and 2 for Fenton and photo-Fenton oxidation processes with 93.69% and
88.04% decolorization efficiencies. The reduction in degradation efficiencies of AO33 dye was
40.72% for Fenton oxidation and 35.54% for photo-Fenton oxidation, when the pH of the reaction
mixture was adjusted from optimum values to pH=8.

H,0, + H— H30," (13)
3.2. Effect of Ferrous Dosage

The amount of Fe?* is one of the main parameters affecting the Fenton and photo-Fenton processes.
Effects of ferrous dosage on decolorization of AB279 and AO33 dyes were shown in Fig. 2. The
experiments were conducted at different concentrations of Fe®* from 20 mg/L to 100 mg/L at a
constant H,O, concentration of 60 mg/L and optimum initial pH values. The degradation efficiency
increased with a higher initial ferrous concentration, this is because Fe?* jons react with H,O,
generating more and more «OH radicals which remove the dye by degrading it into smaller molecules
[20,24]. In the presence of 80 mg/L of Fe* ion, a great improvement of the degradation of AB279
was observed with 93.35% and 95.19% degradation efficiencies for both Fenton and photo-Fenton
processes. Although, by rising the ferrous dosage from 80 mg/L to 100 mg/L only a small decrease in
degradation was established. It may be explained by red-ox reactions that *OH radicals may be
scavenged either by the reaction with H,0, present or with another Fe** molecule to form Fe** [5,23].
Maximum decolorization efficiencies of AO33 dye for Fenton (at 20 mg/L Fe®*dosage) and photo-
Fenton (at 80 mg/L Fe*" dosage) processes were 89.90% and 99.09%, respectively.
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Fig2. Effect of ferrous dosage on degradation of AO33 and AB279 dyes by Fenton and photo-Fenton processes
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3.3. Effect of H,O, Dosage

Degradation efficiencies of AB279 and AO33 dyes were given in Fig. 3 at different H,O, dosages. pH
of reaction mixtures and the ferrous dosages were used as optimum values. When the dosage of H,0,
was increased from10 mg/L to 80 mg/L for AB279 removal by Fenton process, the degradation
efficiency was not changed considerably and it was also balanced at ~99%. Relative results were
obtained for AO33 dye. This situation indicates that H,O, alone is not effective in the removal of
color [25]. 20 mg/L H,0, was chosen both in decolorization of AB279 and AO33 as optimum in the
subsequent experiments.
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Fig3. Effect of hydrogen peroxide dosage on degradation of AO33 and AB279 dyes by Fenton and photo-Fenton
processes

3.4. Effect of Mixing Speed

Effects of mixing speed on Fenton and photo-Fenton oxidation process were illustrated in Fig. 4. The
mixing speed was studied between 25 and 250 rpm. The dosages of Fe®* and H,0O, were adjusted as
optimum values for both AB279 and AO33 dyes. As can be seen from Fig. 4, the mixing speed did
not considerably affect the decolorization of dyes. The degradation efficiency (%) of AB279 dye for
Fenton process changed between 91.86 and 94.28%. Mixing speed of 100 rpm and 250 rpm were
identified as optimal values for Fenton and photo-Fenton oxidation of AB279 dye. 250 rpm and 150
rpm were determined as optimum mixing speeds for Fenton and photo-Fenton oxidation of AO33 dye
with degradation efficiencies of 95.81 and 98.32%, respectively.
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Fig4. Effect of mixing speed on degradation of AO33 and AB279 dyes by Fenton and photo-Fenton processes
3.5. Kinetic Study

Reaction kinetics was evaluated for a better understanding of degradation process of dye molecules.
The results of zero-, first-, second-order and BMG kinetic models were given in Fig. 5 and Table 2.
According to correlation coefficient values, the BMG kinetic model was found to fit the experimental
data well with higher R? values than zero-, first- and second-order kinetic models. The physical
meaning of 1/m was the initial dye discoloration rate in the process. The faster initial discoloration
rate of dye could be obtained with the higher 1/m value. When t was long and approaching infinity,
the 1/b value indicated the theoretical maximum dye discoloration fraction, which was equal to the
maximum oxidation capacity of Fenton process at the end of reaction [26].
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Fig5. (a) Zero-order, (b) first-order, (c) second-order, (d) BMG kinetic models for AO33 and AB279 dyes by
Fenton and photo-Fenton processes

Table2. The kinetic parameters of Fenton and Photo-Fenton oxidation processes for the decolorization of AO33
and AB279

Zero-order model First-order model | Second-order model BMG model

Dye and
Ko R® Ky R® ks R® Um | b | R

process ) ) ]

(mg L™ min™) (min™) (L mg™* min?)
AB279- 4.017 0.486 | 0.026 0.449 0.000 0.368 | 31.25 | 0.871 | 0.999
Fenton
AB279- 4.626 0.507 | 0.061 0.609 0.003 0.864 | 11.91 | 0.989 |1.000
p-Fenton
AO033- 4.554 0.546 | 0.045 0.725 0.001 0.943 | 1.71 | 0.959 |0.999
Fenton
AO33-p- 4.447 0.490 | 0.042 0.398 0.001 0.161 | 83.33 | 0.962 |0.998
Fenton

4. CONCLUSION

In this work, decolorization capacities of Fenton and photo-Fenton oxidation processes were
investigated by changing initial pH of the reaction mixture, ferrous and hydrogen peroxide dosages,
and mixing speed. pH of the reaction mixture was the fundamental parameter which controlled the
production of hydroxyl free radical and the concentration of ferrous ions. Optimum operating
parameters can be summarized as: i) Reaktoset Brilliant Orange P-2R decolorization by Fenton
oxidation process: pH = 3, H,0, dosage = 20 mg/L, Fe?* dosage = 20 mg/L, and mixing speed = 250
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rpm; ii) Reaktoset Brilliant Orange P-2R decolorization by photo-Fenton oxidation process: pH = 2,
H,0, dosage = 20 mg/L, Fe** dosage = 80 mg/L, and mixing speed = 150 rpm; iii) Telon Turquoise
M-GGL degradation by Fenton oxidation process: pH = 4, H,0, dosage = 20 mg/L, Fe** dosage = 80
mg/L, and mixing speed =100 rpm; iv) Telon Turquoise M-GGL degradation by photo-Fenton
oxidation process: pH = 4, H,0, dosage = 20 mg/L, Fe** dosage = 80 mg/L, and mixing speed = 250
rpm. Fenton process lead to more than 90% decolorization of Reaktoset Brilliant Orange P-2R and
Telon Turquoise M-GGL dyes in relatively short time (~15 min). The kinetic study indicated that the
decolorization kinetics of Reaktoset Brilliant Orange P-2R and Telon Turquoise M-GGL followed the
BMG kinetic model with higher R? values (R*>0.998) compared to zero-, first- and second-order
kinetic models.

It is known that Fenton and photo-Fenton oxidation processes are very effective and less
expensive than conventional processes. Furthermore, experimental results clearly verify that both
Fenton and photo-Fenton processes can be used to treat water discharge containing dyes such as
Reaktoset Brilliant Orange P-2R and Telon Turquoise M-GGL with higher degradation efficiency
(~99%).
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