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ABSTRACT: In this work, four Fenton processes were used for the decolorization of titan yellow.
Experimental conditions such as concentration of H,O,, pH, time, zero-valent iron dose, and concentration
of Fe* were optimized by Doehlert experimental design and response surface models. In the absence of
ultrasonic waves, the application of zero-valent iron had an intense effect on decolorization percent (95%
for heterogeneous Fenton with respect to 18% for classical Fenton). The optimum conditions were
(0.0054M H,0,, 0.031g/L Fe**, pH 2.5 and reaction time 47 min) and (0.0013M H,O,, 0.194g/L
zero-valentiron, pH 2.5, and reaction time 10 min) for homogeneous and heterogeneous Fenton processes,
respectively. Both homogeneous and heterogeneous Sono-Fenton processes reached to decolorization
percent of 100%. The optimum pH was 2.5 for the two processes. The optimum conditions for homogeneous
and heterogeneous sono-Fenton processes were (0.0035M H20,, 0.0037g/L Fe?*, and reaction time 30 min)
and (0.0014M H,0;, 0.4g/L zero-valent iron, and reaction time 10 min), respectively.
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INTRODUCTION

Several groups of dyes (azo, anthraquinones, and
xanthenes) are used in different industries. Azo dyes
because of their easy and cost-effective synthesis have
the most applications. Their structures have an azo group
(-N=N-), aromatic rings, and sulfonic acid groups.
However, they are toxic and non-degradable. Due to their
good solubility, they are common water pollutants.
Wastewaters containing azo dyes absorb strongly sunlight,
reduce photosynthesis of aquatic plants, reduce transparency,
and are responsible for different human diseases. Therefore,
the removal of dyes from wastewaters has great environmental
significance and commercial importance [1, 2].

Direct dyes include water-soluble azo dyes, require the
presence of electrolytes for the dyeing process. They are
classified as direct dyes, because they may be applied
directly to celluloid fibers. Titan yellow (CzsH1sNsNa2OgSa,
other names: Thiazole Yellow G, Clayton Yellow,
C.1. Direct Yellow 9, C.I. 19540) is a direct dye extensively
used in dyeing cotton, viscose rayon, natural silk. It is
also used as a biological stain, analytical reagent for
the determination of magnesium, fluorescent dye for microscopy,
and pH indicator. Thiazole yellow G dye can cause health
problems in humans after inhalation [3].

Different methods such as biosorption [4-6],
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adsorption [7], ozonation [8], chemical oxidation and
advanced oxidation processes [9], and different materials
such as chitosan [10, 11], multiwall carbon nanotubes [12],
and montmorillonite nanoparticles [13] have been used for
the treatment of dyes in wastewaters. Titan yellow
was removed by ultrasonic-assisted sorption on magnetic
metal oxide-organic framework material [14], adsorption
on polyaniline@SiO, nanocomposite [15], electrostatic
adsorption [16], photocatalytic degradation [17,18],
adsorption on maghemite nanoparticles [19], biosorption
on Hypnea Musciformis powder [20], and photo-assisted
mineralization of titan yellow dye using ZnO nanorods [21].

Advanced Oxidation Processes (AOP) are efficient
treatment processes in which highly reactive hydroxyl radicals
are generated in-situ and react with organic pollutants. These
methods have better efficiency, are easily operated, and have
fewer residuals produced [22]. Fenton method, one of the
important AOPs, has abundant, nontoxic, and low-cost
reagents (aqueous mixtures of Fe?* and H,O, under acidic
conditions) and has environmentally-benign of the degraded
products (CO,, water, and inorganic salts) [23]. Hydroxyl
radicals are generated in the Fenton process as:

2+ 3+ - .
H,0, +Fe’" - Fe’" +OH +OH 1)

Fenton's mechanism is complex and the decomposition of
H20; is catalyzed by Fe?*. The Fenton reaction can take place
both homogeneously and heterogeneously. In a homogeneous
process, chemicals react in the entire solution. In a heterogeneous
way, chemical reactions proceed on the surface of
the catalyst and mass transfer limit reactants' adsorption.
In Advanced Fenton Process (AFP), hydroxyl radicals are produced
from metallic iron and H,O, under acidic conditions.
The corrosion of the iron surface also causes in situ generations
of Fe?*. In this process, the use of metallic iron is cheaper than
iron salts and Fe®* recycles faster at the iron surface [24-26].

Ultrasound can also be used for the breakup of organics
of environmental concern. Sonication causes acoustic
cavitation that tiny bubbles in the liquid phase are formed,
grown, and collapsed. Hot spots (5000 K and 1000 atm)
generated from bubbles collapse cause dissociation of water
vapor in bubbles to OH radicals. These are very reactive
radicals [27, 28]. Azo dyes are large, non-volatile, and
hydrophilic molecules. Therefore, complete removal of these
molecules is not achieved by ultrasonic waves alone
[29,30].
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Optimization refers to find experimental conditions
for the best response. In a univariate strategy or one
at a time strategy, one factor is studied at each time.
In multivariate strategy, simultaneous monitoring of factors
is done. Therefore, fewer experiments are needed and the study
of interactions between factors is possible. In response
to surface methodology (RSM), the experimental data
are obtained based on experimental design. Then,
a polynomial function is fitted mathematically to data. Finally,
the optimum of experimental factors is determined by this
mathematical model [31]. Several experimental designs such
as the Central Composite Design (CCD), Box-Behnken
Design (BBD), and Doehlert design are used in RSM.
Doehlert design is a multilevel optimization strategy.
Variables have a different number of levels and levels
are assigned to variables based on their significance. Some
advantages of this design are the need for fewer experiments,
emphasis on uniformly space-filling, and its sequentially potential.
The least attractive feature of Doehlerts design is exploring the
neighboring domain by the addition of a few experiments [32].

In this work, synergic effects of ultrasonic waves and
zero-valent iron in homogeneous and heterogeneous
Fenton and sono-Fenton processes for decolorization
of titan, yellow were compared. Experimental parameters
such as Fe?* or zero-valent iron dose, pH, the concentration
of H20,, and reaction time were optimized by a multi-level
experimental design such as Doehlert design and response
surface methodology.

EXPERIMENTAL SECTION
Materials and instruments

Titan yellow and sodium hydroxide, sulfuric acid,
hydrogen peroxide (30%, w/w), Zero-Valent Iron (ZVI)
powder (particle size 10 pm), and iron (ll) sulfate
heptahydrate (FeSO..7H20) were of analytical grade and
obtained from Merck (Germany). The chemical structure
of titan yellow is shown in Fig. 1. The stock dye solutions
were prepared in deionized water. The pH was adjusted by
sodium hydroxide or sulfuric acid using a pH meter
(Metrohm,  model-780, Switzerland). The final
concentration of dye was determined (Amax=413 nm)
by a UV-Vis spectrophotometer (Varian 300 Bio,
Australia). Sono-Fenton experiments were performed
in an ultrasonic bath (RK103H, BANDELIN SONOREX,
Germany) with a maximum capacity of 4 L (35 kHz, 140 W).
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Fig. 1: Chemical structure of titan yellow.
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Fig. 2: Doehlert experimental design.

Doehlert experimental design and RSM

Doehlert design with three-factor (X1, Xz, and Xs) at
different levels (7, 5, 3) was used in homogeneous and
heterogeneous Fenton and sono-Fenton (Fig. 2). In
experimental design, we need to determine the lowest and
highest levels for each factor and in this range, design
experiments are done. This range is selected based
on a literature search or preliminary experiments. Doehlert
design is a multilevel optimization strategy. Variables have
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a different number of levels and the levels are assigned
to variables based on their significance. In all experiments,
initial dye concentration and temperature were 3 x 105 M
and 20 °C, respectively.

Experimental data were fitted to the following
second-order  polynomial model and regression
coefficients were obtained. The generalized second-order
polynomial model proposed for the Response Surface
Methodology (RSM) was as follows:
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Y:B()+zik:1BiXi+Zik:1BiiXi2+ 2
k-1 k
2 2 PeXaX

Where by, bj, bi;, bjj are intercept, linear, quadratic, and
interaction coefficients, respectively. X; and X; are
independent variables and k is the number of the tested
variables (k = 3). The coded and real values of
experimental variables are shown in Tables 1 and 2.
Results were analyzed using Minitab 16 (Minitab Inc.,
State College, PA, USA) software.

Methods
Homogeneous Fenton and sono-Fenton processes

In homogeneous processes, the concentration of Fe?*
(the most significant factor, studied in 7 levels),
concentration of H;O, (the nest significant, studied in 5
levels), and time (studied in 3 levels) were optimized by
experimental design. In homogeneous experiments,
concentration of Fe?*, the concentration of H.O,, and time
were changed between 1-31 mg/L, 0.001-0.006 M, and 30-
60 min, respectively. According to the preliminary studies,
pH was adjusted to 2.5. In a typical experiment, dye solution
(3 x 10° M) was added to Fe (1) solution (concentration
was based on experimental design values). Sulfuric acid
was used to adjust pH to 2.5. Finally, H.O, solution was added
based on experimental design values. The solution
was mixed using a magnetic stirrer at 100 rpm rotating rate
(for homogeneous Fenton) or was irradiated in an ultrasonic
bath at 35 kHz and 140W (for the sono-Fenton process)
at room temperature (20 °C). Samples were withdrawn
at specific time intervals during the Fenton oxidation.
Time was recorded after the addition of H,O; solution. The
concentration of the azo dye was measured in 1cm cell
by UV/Vis spectrophotometer. Removal efficiency
was calculated as:

t

Removal efficiency (%) =

x100 (3)
where C; and C; are initial and instantaneous
concentrations of dye.

Heterogeneous Fenton and sono-Fenton processes

In heterogeneous processes, zero-valent iron dose (the
most significant factor, studied in 7 levels), the concentration
of H,O; (the nest significant factor, studied in 5 levels),
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and pH (studied in 3 levels) were optimized by
experimental design. In heterogeneous experiments,
zero-valent iron dose, the concentration of H,O, and pH
were changed between 0.1-0.4 g/L, 0.001-0.006 M, and
2.5-3.5, respectively. Time was set at 10 minutes
according to the preliminary studies. In a typical
experiment, a different amount of zero-valent iron (based
on experimental design values) was added to the dye
solution (3 x 105 M), and pH was adjusted at the desired
value by sulfuric acid. Finally, H,O, solution was added
based on experimental design values. The solution was
mixed using a magnetic stirrer at 100 rpm rotating rate (for
homogeneous Fenton) or was irradiated in an ultrasonic
bath at 35 kHz and 140W (for the sono-Fenton process)
at room temperature (20 °C). Samples were withdrawn
after 20 minutes. Time was started after the addition of
H>0, solution. The concentration of the azo dye was
measured in 1cm cell.

RESULTS AND DISCUSSION
Heterogeneous Fenton and sono-Fenton modeling

Zero valent iron dose, pH, and concentration of
H.O, were important factors and optimized by Doehlert
experimental design. Zero valent iron dose (g/l)
was studied at seven levels was used as the highest
effective factor. Five and three levels were also used
for the H20, concentration and pH, respectively.
Independent variables and responses (removal %)
are presented in Table 1.

Experimental data were fitted to a second-order
polynomial and statistical significances were estimated
by ANOVA. Second-order polynomial models for
heterogeneous Fenton and sono-Fenton are shown in
equations 4 and 5, respectively. Significant variables
are shown as bold terms. Terms with p-value lower than 0.05
are considered as significant terms (confidence level: 95%).

Removal% =-9.13x10"" - 4
1.50x10" x[H,0,1-2.90x10"" x[Fe] +

+2 +5 2
7.69%x10 " xpH -1.33x10"" x[H,0,] -
3.90x10" x[Fe]” —1.43x10" xpH* +

4
2.80x10"" x[H,0,|x[Fel+
3.20x10"° x[H,0,]xpH -1.80x10"" x[Fe]x pH

R” =0.999 Lack of fit=0.196(p > 0.05)
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Table 1: Doehlert experimental design for degradation of titan yellow by heterogeneous Fenton and sono-Fenton.

/ Coded values Real values Removal% \
Exp. No.
X1 Xz X3 [H20,], M Fe, g/L pH Fenton Sono-Fenton

1 0 0 0 0.0035 0.25 3 85 23

2 1 0 0 0.006 0.25 3 87 0

3 0.5 0.866 0 0.00475 0.4 3 87 13

4 0.5 0.289 0.816 0.00475 0.3 35 10 0

5 -1 0 0 0.001 0.25 3 80 33

6 -0.5 -0.866 0 0.00225 0.1 3 90 34

7 -0.5 -0.289 -0.816 0.00225 0.2 25 93 90

8 0.5 -0.866 0 0.00475 0.1 3 78 43

9 0.5 -0.289 -0.816 0.00475 0.2 25 87 92

10 0 0.577 -0.816 0.0035 0.35 25 91 88

11 -0.5 0.866 0 0.00225 0.4 3 78 36

12 -0.5 0.289 0.816 0.00225 0.3 3.5 1 20

13 0 -0.577 0.816 0.0035 0.15 3.5 7 7

14 0 0 0 0.0035 0.25 3 85 25
\ 15 0 0 0 0.0035 0.25 3 83 21 j
Removal% =120x10"+2.70x10" x[H,0,]- (5) independent variables in the experimental design are presented

4.25x10" x[Fe]-6.94x10" x pH —

10910 x [H,0,] +4.39x10" x[Fe] +
1.00x10"° xpH” —4.27x10"* x[H,0,]x[Fe] -
4.53x10" x[H,0,]xpH +1.07x10"* x[Fe]x pH

R =0.991 Lack of fit=0.054 (p > 0.05)

Where [Fe] is zero-valent iron dose (g/L). These
models had significant linear, quadratic, and interaction
terms. The coefficient of determination (R? = 0.999 and
0.991) shows the goodness-of-fit of these models and only
0.1 and 0.9% of total variance were not explained by these
models. The reliability of the models was approved
by the absence of any lack of fit (p > 0.05). The relationship
between different experimental variables was graphically
presented in Figs. 3A and 3B that these three-dimensional
surface plots were constructed using the above equations.
These response surfaces in the three-dimensional space
are shown as a function of two dependent variables when
the third dependent variable is kept constant at the center point.

Homogeneous Fenton and sono-Fenton modeling
The responses (removal %), coded and real values of
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in Table 2. Polynomial equations of the homogeneous
Fenton (equation 6) and sono-Fenton (equation 7) are
as follows:

Removal% =-4.70x10"" + (6)
400107 x[H,0,] +[Fe’ | +2x1-

+5 2 -4 2472
7.47x10" x[H,0,] =1.00x10 " x [Fe’" ] -
10010 xt® +2.7x10 " x[H,0,]x [ Fe’" | +
1.51x10*2x[Hzoz]xt+1.00x10’4x[Fe“}xt

R?=0.931 ; Lack of fit=0.232 (p>0.05)

Removal% = 1.81x10"> —120x10"* x[H,0,]- (7
2+ +6 2
3x[Fe” ]-2xt+2.04x10"" x[H,0,] +
2
100107 [Fe® | +1.00x107" xt” -
3.2x10 " x[H,0, ]x[ Fe’" |-
3.3x10" < [H,0, [ t+1.00x10  x[Fe’" |xt

R’ =0.931 Lack of fit=0.155 (p > 0.05)

In these models, the lack of fit is not significant
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Table 2: Doehlert experimental design for degradation of titan yellow by homogeneous Fenton and sono-Fenton.

/ Exp. No. Coded values Real values Removal% \
X1 X, Xs [H20;], M [Fe*], mg/L Time, min Fenton Sono-Fenton
1 0 0 0 0.0035 16 45 16 86
2 1 0 0 0.006 16 45 16 98.8
3 0.5 0.866 0 0.00475 31 45 16 100
4 0.5 0.289 0.816 0.00475 21 60 18 96.7
5 1 0 0 0.001 16 45 6 98
6 -0.5 -0.866 0 0.00225 1 45 6 86.6
7 -0.5 -0.289 -0.816 0.00225 11 30 3 97
8 0.5 -0.866 0 0.00475 1 45 10 89
9 0.5 -0.289 -0.816 0.00475 11 30 6 99
10 0 0.577 -0.816 0.0035 26 30 10 84
11 -0.5 0.866 0 0.00225 31 45 10 100
12 -0.5 0.289 0.816 0.00225 21 60 3 98
13 0 -0.577 0.816 0.0035 6 60 4 83.6
14 0 0 0 0.0035 16 45 14 84
k 15 0 0 0 0.0035 16 45 17 87 /

(p > 0.05) and therefore regressions are reliable.
Constructed three-dimensional response surface plots are
shown in Figs. 3C and 3D.

Effect of process variables

Fenton-based oxidation processes are based on the
generation of powerful radicals. In Fenton’s mechanism,
iron cycles between Fe?* and Fe®* oxidation states, due to
reaction with H.O.. The oxidation of Fe?* produces highly
reactive hydroxyl radical (*OH), which can efficiently
attack organic compounds [33-35]. Optimum conditions
were obtained from RSM models. Removal percent
at these conditions were shown in Table 3. As shown, the optimum
pH for all of the processes was 2.5. It was suggested that
the nature of wastewater has no effect on the optimal pH
of the Fenton process. In many previous studies, optimal pH
is around 2—4 [5].

More hydroxyl radicals generate at higher H,O, doses.
However, no performance improvement or even adverse
effect is observed because of induced radical scavenging
at high H,O, concentrations. In the above RSM maodels, linear,
quadratic, and interaction terms of H,O, concentration
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were significant. Effect of H,O concentration was shown
in Figs. 3A-D. As shown in Table 3, H.O, consumption is
three times greater in the homogeneous process (0.0054
and 0.0034 M) with respect to heterogeneous processes
(0.0013 and 0.0014 M).

Availability of ferrous irons determines amounts of
hydroxyl radical formation and the Fenton process
performance. Linear, quadratic and interaction terms of
[Fe] or [Fe*] were also significant in the above RSM
models. Effect of the iron dose was shown in Figs. 3A-D.
When Fe?* concentration is very high, it scavenges
the hydroxyl radicals and therefore inhibits the Fenton
process. As shown in Table 3, iron consumption is greater
in heterogeneous processes.

Comparison of different processes

Classical Fenton at optimum conditions reached 18%
decolorization. The synergism effect of ultrasonic waves
in homogeneous Fenton caused H;O, and Fe*
consumption to be reduced 1.5 and 9 times, respectively.
In addition, the required time was reduced to 30 minutes
(Table 3) and the decolorization percent reached 100%.
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Fig. 3: Response surface plots of A) heterogeneous Fenton, B) heterogeneous sono-Fenton, C) homogeneous Fenton and D)
homogeneous sono-Fenton processes of titan yellow removal.

In heterogeneous processes, pH, time, and [H.O:]
were similar (Table 3) but again positive synergism effect
of ultrasonic waves improved decolorization percent from
95% to 100%. The synergistic effect is generally attributed
to an increase of OH radical concentration by ultrasound.

In the absence of ultrasonic waves, the application of
zero-valent iron (heterogeneous Fenton) had an intense
effect on decolorization percent (18% — 95%) with
respect to classical Fenton (use of Fe?*). Although, in this
process, iron consumption was the higher lower oxidant
was used and decolorization time was reduced from
47 to 10 minutes (Table 3).

Both homogeneous and heterogeneous sono-Fenton
processes reached to decolorization percent of 100%
(Table 3). The optimum pH was 2.5 for the two processes.
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In the homogeneous sono-Fenton process, iron consumption
is lower but the decolorization time is 30 minutes but in the
heterogeneous sono-Fenton process, H,O, consumption is
lower and the decolorization time is 10 minutes.

The economic aspect of the process is a very important
factor for the selection of a system. Based on the costs of
industrial ~ chemicals  (zero-valent iron,  1$/kg;
FeS04.7H.0, 1$/Kg; H20; 35%, 0.34%/Kg) and 1m3 of
wastewater containing 3 x 10 M of titan yellow, the total
cost of chemicals was evaluated for the homogeneous
Fenton (0.27$), homogeneous sono-Fenton (0.09$),
heterogeneous Fenton (0.05$), and heterogeneous sono-
Fenton (0.43%) processes. As shown in Table 3, the
heterogeneous Fenton reaches 95% removal at 10 min and
does not require the ultrasonic device and is fast and the
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Table 3: Optimized conditions for homogeneous and heterogeneous Fenton and sono-Fenton processes.

a ) Homogeneous Heterogeneous N\
variable
Fenton sono-Fenton Fenton sono-Fenton
[H20,], M 0.0054 0.0035 0.0013 0.0014

[Fe(11)], [Fe], g/L 0.031 0.0037 0.194 0.4

Time (min) 47 30 10 10

pH 25 25 25 25
K Removal% 18.2 100 95 100 j

most economical process. If the goal is 100% removal,
heterogeneous sono-Fenton (time: 10 min) is preferable to
homogeneous sono-Fenton process (time: 30 min) because
electrical power consumption is three times.

CONCLUSIONS
In this work, four Fenton processes such as
homogeneous  Fenton, homogeneous sono-Fenton,

heterogeneous Fenton, and heterogeneous sono-Fenton
were used for decolorization of titan yellow. Experimental
conditions such as H2O, concentration, pH, time, zero-valent
iron dose and

Fe?* concentrations were optimized by Doehlert
experimental design and response surface models.
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