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Abstract Degradation kinetics of azo dye, Acid Blue 161
(AB161), by Fenton and photo-Fenton processes in aque-
ous solution was investigated. At pH 3.5, the effects of
H,0,, Fe>", and H,0,/Fe** molar ratios, on the AB161
decolorization kinetic rates, were evaluated. Experimental
results confirmed that the optimal H,0,/Fe>" molar ratio of
12 is close to the theoretical value of 11 as predicted by
previously developed model. The influence of azo bond
loading (L.,0 bona), from 0.25 to 1.0, and pH values from
2.5 to 4.0 were evaluated on AB161 decolorization kinetic
rates. A correlation between the natural logarithm of the
decolorization rates and L,,, pong Was established at the
different pH values. The decolorization rate increased lin-
early with decreasing L.,o pona> in the order of pH:
3.5 >3.0>2.5>4.0. UV radiation of Fenton processes
increases degradation of AB161 more than 40 % due to the
regeneration of Fe®" through photo-catalytic reactions.
This phenomenon was confirmed by measuring H,O,
concentration during the photo-Fenton processes. The
results suggest that Fenton processes can effectively
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decolorize or degrade wastewater containing azo dye,
AB161. Photo-Fenton processes may further increase the
degradation efficiency of AB161 by 40 %.
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Kinetics - Azo bond - Chemical oxygen demand

Introduction

Azo, triarylmethane, anthraquinonic, heterocyclic, and
phytalocyanine dyes are major groups of commercial dyes.
Among these dyes, azo dyes are the largest class used in
textile industry and characterized by one or more azo bonds
(-N=N-). Most azo dyes are resistant to biodegradation
under aerobic conditions and could be toxic to microor-
ganisms and plants if they are discharged without proper
treatment (Gupte et al. 2013; Patil and Jadhav 2013;
Przytas et al. 2013). Studies in the literature show that
advanced oxidation processes (AOPs), which generate
hydroxyl radical, can rupture dye chromophore and convert
recalcitrant azo dyes into carbon dioxide, water, and inor-
ganic ions (Goi et al. 2010; Zapata et al. 2009, 2010; Lopez
et al. 2004; Rameshraja and Suresh 2011; Shafieiyoun et al.
2012; Asaithambi et al. 2014). Among the AOPs studied,
Fenton or photo-Fenton process has many advantages
because it is a homogeneous process and favors a better
contact between reagent species without mass transfer
limitation. Several operational parameters such as the
concentration of hydrogen peroxide, iron, target com-
pound, pH and temperature can significantly affect the
efficiency of the processes. Fenton process uses Fe*" salt
and H,O, solution in acid medium (Eq. 1) to produce
hydroxyl radicals. The degradation efficiency of azo dyes
can be further enhanced by coupling of the Fenton’s
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reagents with UV or solar radiation (Eq. 2), because Fe?*
ions are regenerated through reactions (1) and (2) and
allow Fenton reaction of Eq. (1) to continue. The coupling
of UV and Fenton reaction is generally referred as photo-
Fenton process.

Fe* + H,0, —» Fe** + OH+OH™ k=76 M !s!

(1)
Fe(OH)*"+hv — Fe** + OH (2)

Several azo dyes such as Acid Black 1 (Wang 2008;
Chang et al. 2009), Acid Orange 8 and Acid Red 44 (Tung
et al. 2013), Acid Red 66 and Direct Blue 71 (Tung et al.
2012; Ertugay and Acar 2013), Direct Blue 15 (Sun et al.
2009a), and Procion Red H-E7B (Garcia-Montano et al.
2008) have been decolorized in aqueous solutions by
Fenton and photo-Fenton processes. For example, Tung
et al. (2013) observed that the azo functional groups in
Acid Orange 8 and Acid Red 44 dyes can be quickly
destroyed. However, oxidation of intermediates such as
benzene and naphthalene rings proceeded at much slower
rate. Garcia-Montano et al. (2008) identified 18 different
aromatic intermediates of Procion Red H-E7B, different
short-chain carboxylic acids, and heteroatom oxidation
products such as NH,", NO;~, Cl~, and SO42_. Complete
oxidation of Procion Red H-E7B can be expressed by

Eq. (3):

CsyH3,06SsCLN 4 + 76.50,
— 52C0, + 14NOj + 8502~ +2Cl~ + 32H* 4+ H,0

(3)

In Fenton process, hydroxyl radical preferably attacks
the chromophore center of the dye molecule (i.e., the azo
groups, -N=N-) by cleaving them in three parts: the two
lateral substituted groups and the central body. The second
attacking center is the chromophore azo bond by producing
primary aromatic amines as intermediates and inorganic
end product such as NH," (Lachheb et al. 2002; Karkmaz
et al. 2004). To treat textile wastewater containing azo
dyes, one objective is to decolorize recalcitrant azo dyes by
destroying the chromophore azo bond to improve its
biodegradability. Our previous studies reported that azo
bonds could be oxidized efficiently by UV/TiO, or H,O,/
iron powder system (Tang and Chen 1996; Tang et al.
1997). After the azo bond was destroyed, the intermediates
would be easier to be biodegraded. Another treatment
objective is the reduction in the chemical oxygen demand
(COD) of the textile wastewater. Usually, these two
objectives will require different stoichiometry of
chemical reagents such as H,O, and Fe*" according to
either azo bond or COD loadings. So far, no study in this
aspect has been found on Fenton or photo-Fenton oxidation
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of azo dye, AB161. Therefore, the present paper reports the
decolorization or COD removal kinetics of the azo dye
Acid Blue 161 (AB161), which contains one azo bond, by
Fenton or photo-Fenton processes.

Optimal operation parameters for either Fenton or
photo-Fenton processes depend upon different treatment
objectives such as decolorization or COD removal.
Therefore, the specific objectives of the present study were:
(1) to determine the optimal Hzozﬂ:e2+ molar ratio during
Fenton oxidation of AB161 at pH 3.5 according to the
decolorization kinetics by fixing H,O, while varying Fe*"
and vice versa; (2) to evaluate the effects of either azo bond
loading factor (L, pong) Of COD loading factor (Lcop) at
different pH values on the decolorization kinetic rates or
COD removal of AB161 by either Fenton or photo-Fenton
processes at the optimal molar ratio of H,O,/Fe*™; (3)
under the best pH, L,,, pong, and, molar ratio H,0,/Fe*", to
evaluate the correlations between the decolorization kinetic
rates and the decolorization efficiencies () with the H,O,/
AB161 molar ratio. This work is conducted in the
Department of Civil and Environmental Engineering of
Florida International University, Miami, Florida, from
November 2013 to February 2014.

Materials and methods
Reagents

All solutions were prepared using deionized water. The
AB161 standard (Aldrich) was used as received. H,O,
(50 % wl/w) and FeSO4-7H,0 (Fischer Scientific), Na,SO;
and NaOH (Sigma-Aldrich) were used as received. A
solution of ammonium metavanadate (MP Biomedicals)
was prepared and used at a concentration of 0.062 M in
0.58 M H,SO, (J.T. Baker) in quantification of H,0O,
concentration.

Fenton and photo-Fenton experiments

Fenton experiments were carried out by using 1.0 L of
AB161 solutions in a 2-L jar test apparatus (Phipps and
Bird, Richmond, VA). Mechanical mixing speed was
100 rpm, and room temperature ranged from 18 to 22 °C.
The photo-Fenton experiments were conducted by using a
Rayonet photochemical reactor (Southern New England
Ultraviolet Co., Model RPR-100). Inside the reaction
chamber, 17 UV lamps were uniformly distributed around
a reactor as described by Tang and An (1995). According
to the manufacturer, each lamp supplies 90 % of its output
as 350 nm light with an intensity of 9200 W cm ™~ at the
center of the reactor (Tang and An 1995). A beaker of 1 L
was placed at the center inside of the chamber with a
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magnetic stirrer. The cooling air was provided by a fan
mounted at the bottom of the photo-reactor to protect the
reaction vessel from the hot lamp surface. As a result,
temperature inside the chamber was maintained from 18 to
22 °C. The experiments were preceded according to the
following procedure:

First, to investigate the effects of the initial H,O, con-
centration (ranging from 3.7 x 107> to 1.8 x 1072 M) on
the decolorization kinetics of AB161 (1.0 x 10™* M),
Fenton experiments were conducted at a fixed Fe*™ con-
centration of 1.0 x 10™* M and initial pH of 3.5 (without
further adjustment). Each experiment was started by
addition of the desired amount of FeSO4-7H,O crystals
previously weighed and dissolved separately in a beaker
using the same solution contained in the reaction jar for
Fenton reaction or the beaker for photo-Fenton reaction.
The dissolved FeSO4-7H,O was then added to the dye
solution under the mechanical mixing or magnetic stirring,
respectively. After the pH was adjusted to a desired value
by using either 1 M H,SO,4 or 1 M NaOH, the amount of
H,O, was calculated according to the predetermined H,O,
concentration and was added in a single step to the batch
reactor. To monitor the AB161 concentration during the
decolorization process, 5 mL of sample aliquots was taken
at each 1 min up to 10 min.

Second, experiments on the effects of Fe*™ concentra-
tion ranged from 5.0 x 107 to 4.0 x 10™* M on decol-
orization rate of 1.0 x 107" M ABI161 solution were
investigated under the optimal condition of H,O, concen-
tration of 1.1 x 107> M at initial pH 3.5 (without further
adjustment). Samples were taken at the same time interval
as that in the first step.

Third, the optimal molar ratio H,O,/Fe*™ was experi-
mentally determined by changing either H,O, or Fe®"
concentrations, while one factor was changing at one time
but keeping the other parameters constant. Experiments
were conducted at different initial pH values from 2.5 to
4.0 (without further adjustment) and at different initial
L.,o vona for the Fenton process. In the literature, H,O,
dose was usually determined by conducting multiple
experiments at variable number of doses at different ratios
of H,O, to COD (Goi et al. 2010; Lopez-Alvarez et al.
2012). In this study, we hypothesized that the stoichio-
metric requirements of Fenton’s reagent dose should
depend upon the amount of available O, in H,O, for
hydroxyl radical production during the oxidation of azo
bond and its organic intermediates. Therefore, the required
dose of H,O, should be based on the initial L,,, pond> Lcop
of AB161, and O, supplied by H,O,, respectively. A
maximum L,,, pong and Lcop of 1.00 was used in the
experiments because it is the minimum theoretical amount
of O, required to oxidize all the azo bond group and
organic matter present in AB161 dye solution (Egs. 4 and

5). Our approach attempts to establish universal correlation
equations between dimensionless parameters such as
decolorization efficiencies () with loading rate factors
such as L,,, pona OF Lcop, Which are defined by Eqgs. (4),
(5), and (6), respectively:

_ Moles AB16 11-emoved (mOl L_l )
1 O3 avaitabte (mol L™1)

_ {Moles AB161 emoyea (mol L")
B 0.5x[H,0,] (mol L™ 1)

L Moles azo bondipigia (mol L)
azobond =
aobon 02 available (I’IlOl Lil)

B (Moles azo bondip;gial (mol L1)>

0.5x[H,0,] (mol L")

o Moles COD;yjgiar (mol L")
cop 02 available (mOI Lil)

(Moles CODjpiiar (Mol L1)>

0.5x[H202] (mol L_l)

where ‘available O,’ is the theoretical amount of reactive
O, equivalent to the added H,O,. Theoretically, 1 mol of
H,0; has 0.50 mol of available O, for oxidation of AB161
as shown in Eq. (7):

2H,0, — 2H,0 + O, (7)

Either decolorization or COD removal kinetics of azo
dye, AB161, was investigated at different loading factors
(1.0, 0.75, 0.50, and 0.25) at a fixed H202/Fe2+ molar ratio
of 11, respectively. Molecular structure of AB161 indicates
that 1.0 x 10™* mol of AB161 dye has 1.0 x 10~* mol of
azo group bond. H,O, concentrations evaluated for the
destruction of azo group bond were: 2.0 x 107%
2.7 x 107% 4.0 x 107% and 8.0 x 107* M. At the
experimentally determined optimal initial pH of 3.5
(without further adjustment), H,0,/Fe** molar ratio of
11, the effects of the L,,, pona and Lcop on the
decolorization  kinetics were also evaluated with
1.0 x 107* M ABI161 solution to compare the Fenton
and the photo-Fenton processes. For COD removal of
AB161 during Lcop experiments, however, different H,O,
concentrations (6.4 x 1073 85 x 1073 13 x 1072;
2.6 x 107> M) were used, because the experimental
COD concentration obtained at 1.0 x 107* M ABI161
solution was 102 mg O, L' (COD = 3.2 x 1073 M).
Finally, under the optimal conditions for ABI161
decolorization: L, pona = 0.25, [HyO0,] = 8.0 x 107
M, [Fe*™] = 7.3 x 107> M and initial pH 3.5 (without
further adjustment), the color removal was evaluated at
different AB161 concentrations (from 2.5 x 1075 to
1.5 x 1074 M) and the correlations between either the
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decolorization rate constants or the decolorization
efficiency (1) with the molar ratio H,O,/AB161 were
established, respectively.

For the experiments evaluating the AB161 decoloriza-
tion kinetics, an excess of Na,SO; solution (1 M) was
added to the samples before analysis. The added Na,SO3
ensures the removal of the residual H,O, by terminating
Fenton reactions in the sample. However, for the experi-
ments evaluating the COD removal, the Na,SO3 was added
according to the stoichiometry between H,O, and Na,SO3
and the number of moles of the remaining H>O,. This
procedure eliminates the interference of Na,SO; on the
COD analyses (Vogel et al. 2000).

Analytical methods

AB161 concentration of samples taken during the Fenton
or photo-Fenton experiments was determined through
measurement of the absorbance at maximum wavelength
(Amax = 600 nm) of ABI161 according to the predeter-
mined calibration curve. The COD was determined based
on the standard photometric method 5220 D (Clesceri et al.
2005). Hydrogen peroxide was quantified spectrophoto-
metrically as described by Nogueira et al. (2005).

Results and discussion

Influence of H,O, concentration on AB161
decolorization Kkinetics

H,0,; concentration is a determining factor in Fenton oxi-
dation of AB161. Excessive H,0O, consumes hydroxyl
radicals without the degradation of the targeted organic
matter. As a result, the oxidation efficiency of the targeted
pollutant by the Fenton process would be reduced (Wang
2008; Tung et al. 2013). On the other hand, insufficient
amount of H,O, could not provide sufficient amount of
hydroxyl radicals for the maximal oxidative power. For this

reason, the effect of H,O, concentration on the decol-
orization kinetic of AB161 was evaluated first.

The kinetics of Fenton process can be quite complex due
to a great number of reactions simultaneously taking place.
Three kinetic models such as the zero order, the first order,
and the second order have been used to fit the experimental
data points obtained from the decolorization processes.
Table 1 shows that the fitting of the zero-order and the
first-order models to the experimental data was not good
enough due to the low correlation coefficients. However,
correlation coefficient values of the second-order model are
mostly higher than those of the zero-order and first-order
models. In fact, all the experimental data under different
reaction conditions are represented well by the second-
order model, which suggests that the decolorization
kinetics of AB161 follow the second-order kinetics.

The correlations between the AB161 decolorization
second-order kinetics and different initial H,O, concen-
trations (from 3.7 x 1075 to 1.8 x 1072 M) (Table 1) are
presented in Fig. 1.

Figure 1 presents that the AB161 decolorization kinetic
rates at a fixed Fe’" concentration of 1.0 x 107* M
increase with the H,O, concentration in two different steps:
(1) For the lowest dose of H,O, ranged from 3.7 x 1073 to
1.1 x 1073 M, the AB161 decolorization kinetics
increased sharply with a slope of 3.3 x 10% (2) subse-
quently, increasing the H,O, from 1.1 x 107° to
1.8 x 1072 M, ABI161 decolorization kinetics increases
with a lower slope of 6.4 x 10* (Fig. 1a).

The natural logarithms of AB161 concentration during
decolorization were plotted against the natural logarithm
H,O, concentrations, and a linear correlation between them
was established as: In k = 9.6 4+ 0.57 x In [H,05,], with a
regression coefficient, R%, of 0.98 (Fig. 1b). The positive
effect on the AB161 decolorization kinetics values of the
initial H,O, concentration is due to the higher yield of
hydroxyl radical. When H,O, concentration was greater
than 1.1 x 10> M (Fig. 1a), the AB161 decolorization
kinetics values increased linearly with the H,0,

[H203]

Table 1 Parameters of kinetic [H,0,] (M)

Zero order

First order Second order

models and correlation [Feﬂ
coefficients for each H,O,

k(Mmin~") R?

k (min™1) R? kM 'min™) R?

concentration at initial pH 3.5

and 1.0 x 10~* M Fe?" during 1.8x 1072 1.8 x 10> 45x107% 08606 8.0 x 1072 09455 1.5 x 10° 0.9893
Fenton decolorization of 88 x 10> 88 35 x 107 08875 52 x 1072 09409 7.8 x 10° 0.9764
1.0 x 107 M AB161 44 % 107 44 32 x 107 09004 4.6 x 1072 09444 6.5 x 102 0.9753
33 x 107 33 28 x 107° 09184 38 x 107> 09510 5.1 x 10? 0.9751
1.1 x 1072 11 21 x107° 09317 3.0x 1072 09562 4.0 x 10? 0.9750
22 x 107 22 89 x 1077 09655 1.0 x 1072 09717 1.2 x 10° 0.9764
1.1 x 107 1.1 6.6 x 1077 09567 7.4 x 107 09587 8.3 x 10 0.9606
55 % 107 0.55 46 x 1077 09362 52 x 107 09371 5.7 x 10 0.9380
37 x 107 037 27 x 1077 09026 3.1 x 107° 09028 3.4 x 107! 0.9029
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Fig. 1 a Direct and b natural logarithm correlations between the
decolorization rates versus H,O, concentrations used, obtained during
AB161 degradation by Fenton process. Initial conditions:
[AB161] = 1.0 x 107 M; [Fe*™] = 1.0 x 10™* M and pH 3.5

concentration with lower intensity. It suggests that the
overdosed H,0, was scavenging hydroxyl radicals exces-
sively. Therefore, 1.1 x 107> M H,0, was chosen as the

optimal concentration and used in the next experiments to
evaluate the effects of Fe’" concentration on AB161
decolorization kinetics.

Influence of Fe2" concentration on AB161
decolorization Kinetics

Fe?" concentration is also an important parameter in
Fenton’s reactions because it directly influences the yield
of hydroxyl radical, ‘OH, by catalytically decomposing
H,O, as shown in Eq. (1), while it also would act as
scavengers of “OH radicals if it was overdosed (De Laat
and Gallard 1999). Therefore, the influence of Fe>" con-
centration on the ABI161 decolorization kinetics was
evaluated by fixing the initial H,O, concentration at
1.1 x 107> M and initial pH 3.5 (without further adjust-
ment). As an experimental control, in the absence of Fe?t
and presence of 1.1 x 1073 M H,0,, there was no AB161
decolorization (Table 2), which demonstrated the impor-
tant role of the Fe*™ in the Fenton process. Table 2 sug-
gests that decolorization of AB161 also followed second-
order kinetics for all Fe’™ concentrations evaluated,
because the higher correlation coefficients for the second-
order models were obtained than those for the zero-order
and the first-order models.

The correlation between the AB161 decolorization
second-order kinetics and the different initial Fe*" con-
centrations (from 5.0 x 107® to 4.0 x 10~* M) (Table 2)
is presented in Fig. 2.

Figure 2 demonstrates that the AB161 decolorization
kinetic rates increase with the Fe®" concentration in two
different steps also: (1) For the lowest dose of Fe?* ranged
from 5.0 x 107° to 1.0 x 107* M, the AB161 decol-
orization kinetics increased sharply with a slope of
3.6 x 10% (2) subsequently, increasing the dose of Fe*™
(from 1.0 x 107* to 4.0 x 107* M), AB161 decoloriza-
tion kinetics increased also with slower slope of 1.9 x 10°
(Fig. 2a). The slower decolorization kinetics in the second

Table 2 Parameters of kinetic [Fe?t1 (M)  [H:0:] Zero order First order Second order

models and correlation [Fe“]

coefficients for each Fe*" k(M min~") R? k (min~") R? kM 'min™") R?

concentration at initial pH 3.5

and 1.1 x 10> M H,0, during 4.0 x 107* 238 36 x 107 0.8260 59 x 107> 0.9004 9.8 x 10> 0.9548

Fenton dec_o4lorization of 3.0 x 107* 37 33%x 107 0.8711 5.0 x 1072 09224 8.0 x 10? 0.9649

1.00 x 107 M AB161 18 x 107* 63 27 %107 08951 39 x 1072 09344 5.7 x 10 0.9640
1.0 x 107% 11 24 x107% 09317 3.0 x 1072 09562 4.0 x 10? 0.9750
50 x 1075 22 1.6 x 107 09527 2.1 x 1072 09653 2.6 x 10° 0.9758
25 x 1075 44 13x107° 09781 1.6 x 1072 09841 1.9 x 10° 0.9888
12 x 107 80 6.6 x 1077 09667 7.7 x 107 09692 9.0 x 10 0.9715
50x 107 22 x 10> 41 x 1077 09220 45x 107 0953 5.1 x 10! 0.9535
0 0 - - - - - -
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Fig. 2 a Direct and b natural logarithm correlations between the
decolorization rates versus Fe>" concentration used, obtained during
AB161 degradation by Fenton process. Initial conditions:
[AB161] = 1.0 x 107 M; [H,0,] = 1.1 x 107> M and pH 3.5

phase than the first phase suggests that Fe* is overdosed
by consuming significant amount of hydroxyl radicals in
the solution. As a result, the amount of hydroxyl radical
available to oxidize AB161 was reduced.

A linear correlation between the AB161 decolorization
kinetics and Fe®* concentration was also established by
plotting a graphic of the natural logarithm as shown in
Fig. 2b. The linear relation was: In k = 12 4+ 0.67 x In
[Fe“], with a regression coefficient, Rz, of 0.99. The pos-
itive effect of Fe>™ on the AB161 decolorization kinetics
confirmed that Fe*™ acts as catalyst by rapid decomposition
of H,0O, into *OH radicals because Fe*" is not able to
oxidize organic pollutants. When Fe?" concentration is
greater than 1.0 x 107* M (Fig. 2a), the AB161 decol-
orization kinetics rate increased linearly with the Fe®"
concentration with lower intensity by scavenging signifi-
cant amount of hydroxyl radicals. Therefore, 1.0 x 107* M
Fe>* was chosen as the optimal Fe*>" concentration.

’r @ Springer

Influence of H,O,/Fe>* molar ratio on AB161
decolorization Kinetics

In Fenton process, the molar ratio of H,0,/Fe** is
important since too little iron will result in under-utilized
H,0,, while the excessive Fe?* acts as scavengers of *OH
(Sun et al. 2009b). Since neither H,O, nor Fe?" should be
overdosed, it is important to optimize the ratio of H,O, to
Fe’*. In theory, for organic compound containing unsatu-
rated azo bond, a transition state complex similar to that
hydroxylation of trichloroethylene as proposed by Tang
(2004) should also be valid. According to the previous
mathematical derivation (Tang 2004), the theoretical H,O,/
Fe>* molar ratio should be 11 for organic pollutants con-
taining double bond such as trichloroethylene. The
numerical value of 11 is the ratio between two second-
order rate constants of Eqgs. (9)—(8), ko/kg, as follows:

OH +H,0, — HO, + H,0 kg =2.7 x 10’ M 's™!
(8)

Fe’t + OH — Fe*t +OH™ ko =3 x 10M's™!  (9)

Since Eqgs. (8) and (9) present the consumption of
hydroxyl radical by H,O, and Fe®", respectively, the
optimal H,0,/Fe** molar ratio of 11 can be expressed as:

H,0O,
ﬁ |0ptimal = kg/kg (10)

Equation (10) simply reflects the fact that the
scavenging rate of hydroxyl radical by overdosed H,O,
or Fe®" should be at the same rate if the optimal H,O,/Fe*"
molar ratio were to be maintained:

kg [HzOz] = kg [FGH] (1 1)

When the above condition is satisfied, neither H,O, nor
Fe?" concentration is overdosed. As explained by Tang
(2004), this optimal condition only applies to organic
compound containing unsaturated © bond such as C=C or
azo bond (-N=N-) which is contained in AB161 in this
study. Therefore, if hydroxyl radical preferably attacks the
azo bond (—-N=N-), the optimal H202/Fe2+ molar ratio
during decolorization of AB161 should be also equal 11.
However, literature values show that the optimal molar
ratio of HzOz/Fe2+ was different for decolorization of
different azo dyes. For example, optimal molar ratio of
H,0,/Fe** was 30:1 and 15:1 at 25 °C and pH 3.5 for
29 x 10> M Acid Orange 8 and Acid Red 44,
respectively (Tung et al. 2013), and, 100:1 at 30 °C and
pH 4.0 for 47 x 107> M Direct Blue 15 (Sun et al.
2009a). These differences may very likely suggest that
different oxidation mechanisms exist during the Fenton
oxidation of different azo dyes.
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To find out the optimal molar ratio of H,0,/Fe*" during
the decolorization of AB161, first, the concentration of
Fe>* was kept constant at 1.0 x 107 M, and the amount
of H,0, was varied so that the H,O,/Fe>™ molar ratio
ranged from 0.37 to 1.8 x 10% which is listed in Table 1;
second, H>,O, was maintained constant at 1.1 x 1073 M,
and the amount of Fe>" was varied so that the H,O,/Fe>"
molar ratio ranged from 2.8 to 2.2 x 10* as shown in
Table 2. The experimental AB161 decolorization kinetics
values for the H202/Fe2+ molar ratios tested are shown in
Fig. 3a.

Figure 3a shows that decolorization rate constant k at
the fixed Fe®" concentration of 1.0 x 10~* M increases
with increasing H,0,/Fe*" molar ratio, while it decreases
with increasing H202/Fe2+ molar ratio when H,0,
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Fig. 3 a Direct and b natural logarithm correlations between the
decolorization rates versus H,O,/Fe>" molar ratio used, obtained
during AB161 degradation by Fenton process, keeping Fe>* constant
and ranging H,0,, and, vice versa. Initial conditions:
[AB161] = 1.0 x 107*M; [Fe®*]1=1.0 x 107*M; [H,0,] =
1.1 x 107> M and pH 3.5

concentration was fixed at 1.1 x 107> M. The two curves
intersected at about 12, which reasonably agree with the
theoretically predicted value of 11. To further quantify the
optimal ratio HO,/Fe*" for the system, a linear correlation
was established by plotting the natural logarithm of the
decolorization kinetic values as a function of the natural
logarithm of the H202/Fe2+ molar ratio values as shown in
Fig. 3b. Two linear correlation equations were established.
When Fe®" concentration was fixed at 1.0 x 10™* M, the
oxidation rate constant of AB161 increased with H,O,/
Fe?™ molar ratio as follows:

H,0,

When H,0O, concentration was fixed at 1.1 x 1073 M,
the oxidation rate constant of AB161 decreased with H,O,/
Fe?* molar ratio as follows:

H,0,
Fe?* (13)

Ink=7.6—-0.67 x In

At the optimal H,O,/Fe*" molar ratio, the right-hand
side of Egs. (12) and (13) should be equal. The solution of
the two equations gave the analytically derived optimal
H,0,/Fe>" molar ratio of 14.30, which is the intercept of
the two straight lines in Fig. 3b. Again, it reasonably agrees
with the theoretically predicted value of 11. Therefore, the
theoretically optimal H,O»/Fe>™ molar ratio of 11 was
chosen as the best condition and was used in the next
experiments to evaluate the effects of pH, L,,o bond> Lcops
and AB161 concentration, on decolorization or COD
removal of AB161 dye by Fenton and photo-Fenton
processes.

Influence of pH and L,,, ,ona 0N AB161
decolorization Kinetics

pH strongly affects the degradation efficiency in Fenton
process, since a change of the solution pH involves a
variation of the concentration of Fe>" species and conse-
quently the production rate of *OH radicals responsible for
oxidation of AB161 (Nogueira et al. 2007; Machulek et al.
2012). Parallel experiments were conducted at four initial
pH values (2.5, 3.0, 3.5, and 4.0) (without further adjust-
ment). Since increasing the Fenton’s reagents (H,O, and
Fe’") increases the generation of hydroxyl radicals, which
are responsible for the dye degradation, the influence of
four L,,, pong factor values (0.25, 0.50, 0.75, and 1.0) at
fixed molar ratio HyO»/Fe>* of 11 was evaluated. All the
experimental data at four pH levels are also represented
well by the second-order model as shown in Table 3. A
significant difference in AB161 decolorization rates at each
pH and L,,, pong Was observed.
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Table 3 Sccond—orde.r kinetic pH Luso bond
constants and correlation
coefficients for each initial pH 1.0 0.75 0.50 0.25
and L,,, pona Value during
Fenton decolorization of 25%  k=68M 'min™' k=109M 'min! k=191M'min! k=425M"! min~!
1.0 x 107 M AB161 R =096 R =094 R =086 R? =088
3.0 k=71 M ' min! k=119 M " min™! k=224 M " min! k=722 M"" min~!
R* = 0.96 R* =095 R* =095 R* = 0.96
35 k=66 M'min™' k=112M'min"! k=258M !'min"! k=731 M! min~!
R*> =095 R* =088 R*=0.88 R* = 0.90
35 k=8 M 'minm' k=180M 'min! k=256M"'min! k=1287 M"! min~!
R* =0.95 R* =096 R? = 0.99 R* = 0.99
40*  k=46M'min! k=66M"! min! k=147M "min™' k=406 M~ min~!
R* =091 R*=0.94 R* = 0.90 R* = 0.87

* Fenton, * photo-Fenton

9
M pH25:Ink =657-242*L_  (R'=0.98)
8 1 ® pH3O0:Ink =7.15-3.04*L_,  (R=094)
A pH3SInk=728-321%L_,  (R'=097)
7 v 7 PH3S Ik =7.69-335*L_  (R'=087)
S pH 4.0: Ink =6.59 - 2.93%L, R'=094
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Fig. 4 Correlation between the natural logarithm of the decoloriza-
tion rates versus L,,, pong tO different pH values obtained during
1.0 x 107* M ABI61 degradation by Fenton (solid symbols) and
photo-Fenton processes (open symbols)

Table 3 shows that the best decolorization rates of
AB161 occurred at the initial pH values of 3.5 and 3.0,
followed by 2.5 and 4.0. These results are in agreement
with the work evaluating the decolorization of Acid Orange
8 and Acid Red 44 (Tunc et al. 2013). The lower k values at
the corresponding low and high pH values can be attributed
to the lower reaction rate of [Fe(HQO)]H, scavenging of
‘OH by H™, and deactivation of iron ions into iron oxy-
hydroxides (Nogueira et al. 2007; Machulek et al. 2012).
Moreover, the best AB161 decolorization rates were
obtained at the lowest L,,, pona factor of 0.25, because the
lower L,,, pona factor stands for a higher amount of H,O,
concentration per mole of AB 161 and corresponds to the
higher O, concentration available for oxidizing the AB161
azo dye. In addition, when the molar ratio H202/Fe2+ was

’r @ Springer

fixed at 11, the higher amount of hydroxyl radicals would
be produced by higher Fe*™ concentrations at the lower
Laso bona Vvalue. Therefore, the ABI161 decolorization
removal rate increases with decreasing L., ponq at all pH
values evaluated. A linear correlation was established
between the natural logarithm of the k values and the
L.zo bona at each pH value evaluated. The correlation
coefficients obtained were higher than 0.87 (Fig. 4). Since
there was no significant difference in terms of decoloriza-
tion rate at pH 3.0 and 3.5, pH of 3.5 was chosen to be used
in the next set of experiments to compare the Fenton and
the photo-Fenton processes.

Comparison between Fenton and photo-Fenton
processes for decolorization or COD removal
of AB161 at different L,,, ,ona and Lcop factors

The combination of UV radiation and Fenton’s reagent is a
promising AOP for the treatment of wastewaters containing
azo dyes, since UV light promotes the photo-decarboxy-
lation of ferric carboxylates, reduces ferric to ferrous iron,
and yields additional hydroxyl radical by photolysis
(Nogueira et al. 2007). This could significantly reduce the
amount of sludge due to lower amount of iron required
(Hermosilla et al. 2009). Therefore, under the best pH of
3.5 which was determined previously, experiments using
four different L,,, pona and Lcop values (0.25, 0.50, 0.75,
and 1.0) were carried out to investigate the efficiency of
either Fenton or photo-Fenton processes on the decol-
orization or COD removal kinetics of AB161 by these two
processes, respectively.

For the AB161 decolorization rates by both processes,
only slight positive effect of the present UV radiation was
observed, except at the lower L,,, pona Of 0.25, where a
significant positive effect exists (Table 3; Fig. 4). The
insignificant effect of UV radiation on the Fenton process
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(photo-Fenton process) on AB161 decolorization rates at
the high L.,, pona €valuated (1.0, 0.75 and 0.50) can be
attributed to the strong intensity of the blue color of the
initial 1.0 x 10~* M AB161 solution. The high dye con-
centration severely hinders UV light transmission through
the solution. As a result, the photoreduction of Fe*t to
Fe>", which is strongly dependent on the intensity of the
radiation and the speciation of ferric ion, was greatly
inhibited. This result is in agreement with the control
experiment carried out in absence of Fe?" and H,0,, where
a photodegradation lower than 5 % of the initial
1.0 x 107*M ABI161 solution was obtained, due the
strong intensity of the blue color. However, a significant
difference between the two processes on decolorization
rates using the lower L,,, pona Was observed, due to the
higher decolorization efficiency, reducing the strong blue
color, and favoring the photo-Fenton over the conventional
Fenton process.

The different kinetics during the COD removal of AB161
by the Fenton and the photo-Fenton processes is shown in
Fig. 5a. For both processes, the COD removal increases
with decreasing Lcop. However, for Fenton process, at the
minimum (Lcop = 1.0) and four times (Lcop = 0.25) the
theoretical amount of the concentration of H,O, to com-
plete removal of COD, only 29 and 48 % of COD removal
were achieved after 10 min, respectively (Fig. 5a). These
results demonstrate that although there was residual H,O, in
solution after 10 min of Fenton’s reaction (Fig. 5b), prob-
ably all the ferrous iron was converted to ferric ion,
reducing the reaction rate with H,O,, since a slower con-
sumption of H,O, was observed (Fig. 5b).

On the other hand, when H,0, was at the theoretical
minimum amount (Lcop = 1.0), 64 and 77 % of COD
removal were reached after 1 and 10 min, respectively,
using the photo-Fenton process (Fig. 5a). The higher effi-
ciency of the photo-Fenton than Fenton process can be
easily explained by the highly positive UV radiation effect.
Using the Lcop 1.00, a higher amount of H,O, was used
compared with the experiments at L,,, pona Of 1 (as
described in Sect. 2.2) and consequently a higher amount
of Fe?*, when the initial H,O,/Fe>" molar ratio was fixed
at 11. Therefore, the higher amount of *OH radicals at high
Fe>" concentration was generated than that at the low Fe*"
concentration, which resulted in the loss of the color in less
than 30 s. So, for these experiments, the presence of UV
radiation contributed to the reduction in ferric to ferrous
iron, establishing a cycle of the Fenton reaction and
strongly increasing the COD removal efficiency (Fig. 5a).
The results of consumption of H,O, demonstrate that for
all photo-Fenton experiments, the H,O, was consumed
after 10 min due to Fenton reaction, while only about 50 %
H,O0, was consumed during the Fenton experiments
(Fig. 5b).
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Fig. 5 Comparison of Fenton (solid symbols) and photo-Fenton
(open symbols) on the a COD removal of 1.0 x 107 M AB161
(COD = 102 mg O, L 'or32x 102 M), and b consumption of
H,0, using different Lcop factors under the best pH 3.5 and molar
ratio H,O,/Fe®t 11

Influence of AB161 concentration on decolorization
Kinetics

For practical applications of wide range of textile
wastewater containing AB161, the required amount of
oxidant, H,O,, should depend upon the initial concentra-
tion of the azo dye. To establish this dependence quanti-
tatively, investigation has been designed at different initial
AB161 concentrations by fixing the initial HZOQ/Fe2+
molar ratio, L,,, pond, and pH at 11, 0.25 and 3.5, respec-
tively. Table 4 lists the second-order rate constants of
AB161 degradation at the different AB161 concentrations.

Figure 6a shows the effect of different H,O,/dye ratios
as a function of the decolorization kinetics of AB161. It is
evident that the decolorization kinetics increase with the
decrease in AB161 concentration in two different steps. A
slight increase in decolorization kinetics (from 233 to

Y
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Table 4 Second-order kinetic constants and correlation coefficients
for each AB161 concentration evaluated at initial pH 3.5,
73 x 10°M Fe?*, and 8.0 x 107*M H,0, during Fenton
decolorization

AB161 (M) ;0] kM min") R?
[ABlol]

1.5 x 107 53 233 0.88
1.0 x 107* 8.0 731 0.90
6.7 x 107° 12 2348 0.95
5.0 x 107° 16 5606 0.98
3.3 x 107 24 12,062 0.97
25 x 107 32 19,952 0.97

2348 M~! min_l) occurred when the H,O,/dye ratio
increases from 5.3 to 12, with a slope of 329. However,
increasing the H,O,/dye ratio from 12 to 32, there was a
sharp increase in decolorization kinetics (from 2348 to
19,952 M~! minfl). A linear relationship was established
by plotting the natural logarithm of the decolorization
kinetics rates versus the natural logarithm of the H,O,/
AB161 molar ratio. The decolorization kinetics rate con-
stants increase with the H;O,/AB161 molar ratio (Fig. 6b).
On the other hand, the efficiency of AB161 decolorization,
n, as defined by Eq. 4 increases with decreasing H,O,/
AB161 molar ratio (Fig. 6¢), which indicates that a higher
amount of AB161 was removed by using smaller amount
of Hzoz.

Conclusion

From the experimental data presented in this paper, one of
the most important conclusions is that the optimal H,O,/
Fe?" molar ratio was experimentally determined to be 12
according to the analytical and graphic methods presented
in the paper. This ratio reasonably agrees with the theo-
retically predicted optimal ration of 11 for tri-
chloroethylene, in which only one double bond is available
for hydroxyl radical to attack. Since AB161 contains not
only the azo bond but also two hydroxylated biphenyl
group, several sites may be under hydroxyl radical attack.
As a result, the optimal H,O, molar concentration would
be higher than theoretically predicted in the TCE (Walter,
it is necessary to define TCE) model. The multi-hydroxy-
lation mechanism apparently also contributed to the inverse
relationship between the decolorization and COD removal
efficiencies with the loading factors.

The decolorization rate of ABI161 increased with
decreasing L.,, pona factors in the pH sequence:
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Fig. 6 Correlations between the a decolorization rates versus H>O,/
AB161 molar ratio, b natural logarithm of decolorization rates versus
natural logarithm of H,O,/AB161 molar ratio, and ¢ decolorization
efficiency versus H,O,/AB161 molar ratio, obtained during AB161
degradation by Fenton process at H,O,/Fe>" molar ratio 11 and
Lazo bona  0.25. Initial  conditions: [Fe*'] = 7.3 x 107> M;
[H,0,] = 8.0 x 10™* M and pH 3.5
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3.5 >3.0 > 2.5 > 4.0. An increase in the AB161 azo dye
concentration leads to a decrease in the rate of dye
decolorization; however, higher efficiency of AB161
decolorization was obtained with increasing the AB161
concentration. The coupling of UV radiation with the
Fenton process (photo-Fenton process) enhanced the
decolorization rate less than the degree on the COD
removal of AB161. These results demonstrate the viability
of application of Fenton and photo-Fenton processes in the
decolorization or COD removal of wastewater containing
azo dye, AB161. More importantly, the dimensionless
correlation equations developed in this study may be used
to predict the dose required for H,O, and Fe*" under dif-
ferent loading factors such as L,,, pong to achieve different
degrees of decolorization or Lcop for COD removal.
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