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Abstract: The kinetics and optimization of the decoloration of an active com-
mercia dye, argazol blue BFBR (ABB), by a heterogeneous Fenton-like reac-
tion catalyzed by natural schorl were investigated in this study. The kinetic
investigations revealed that the first-order kinetic model was more favorable to
describe the decoloration of ABB under different reaction conditions than the
second-order and Behnajady—M odirshahla—Ghanbery models. The relationship
between the reaction rate constant k and reaction temperature T followed the
Arrhenius Equation, with an apparent activation energy E, of 51.31 kJ-mol-L.
The central composite design under the response surface methodology was
employed for the experimental design and optimization of the ABB decolor-
ation process. The significance of a second order polynomial model for predict-
ing the optimal values of ABB decoloration was evaluated by the analysis of
variance and 3D response surface plots for the interactions between the two
variables were constructed. Then, the optimum conditions were determined.

Keywords. schorl; heterogeneous catalysis; argazol blue BFBR; response sur-
face methodol ogy; first-order kinetics.

INTRODUCTION

Different dyes can be found in effluents from various industries, such as the
food processing, cosmetics, paper and pulp, dye manufacture, printing and textile
industries.1 Effluent containing reactive dyes from textile dyeing and finishing
industries is a significant source of environmental pollution. Reactive dyes are
extensively used to color cellulose and rayon textiles due to their bright colors,
excellent colorfastness and easy dyeing operations. About 45 % of the annual
production (700,000 tons) of commercially available dyestuffs belongs to the
reactive dye class. Up to 50 % of a reactive dye can be hydrolyzed and left
unusable in the dye bath. Reactive dyes are resistant to decomposition due to
their aromatic molecular structures, and thus can remain in the environment for a
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long time.2 With the increasing concern about environment protection, removal
of dyes from wastewater has become a significant issue.3 The discharge of dye
wastewater into the environment induces both toxicological and esthetical prob-
lems as it can impede light, damage water resources and make food-chain orga-
nisms toxic.4 Various treatment methods, such as sedimentation, chemical coa
gulation, electrochemical methodology, and biological treatment, have been
extensively investigated. However, most of the above methods suffer from one or
more limitations and none of them were successful in the complete removal of
color from wastewater.> As one important kind of reactive dyes, the Argazol®
BF series have a vinyl sulfone and a monochlorotriazine group, and show low
sensitivity to variations in the following dyeing parameters, liquor ratio, dyeing
temperature, salt, alkali, dyeing time, etc. Thus, Argazol® BF reactive dyes have
been widely used for piece dyeing, package yarn dyeing, hank yarn dyeing, jig-
ger dyeing and continuous dyeing. To the best of our knowledge, scarce reports
have been published on the treatment of wastewater containing Argazol® BF
reactive dyes.

In the last decades, advanced oxidation processes (AOPs) appeared to be an
effective method for the degradation of refractory organic contaminants in waters
and soils.6-2 AOPs involves the in situ generation of hydroxyl radical (*OH),
achieving the complete conversion of the target pollutant species to CO,, H>O
and mineral acids,10 i.e., mineralization. Among al AOPs, the Fenton reaction,
employing hydrogen peroxide (H2O») as oxidant and ferrous ion as catalyst, has
been regarded as one of the most powerful and attractive ones available.6 How-
ever, for classic Fenton reagent, there were a number of disadvantages such as
narrow pH range and Fe ions as secondary pollutants.1l In principle, these
limitations could be overcome by using heterogeneous Fenton-type catalysts,
instead of homogeneousiron ions.

It is well accepted that the most important issue in a heterogeneous Fenton
process was the development of a heterogeneous catalyst with high catalytic
activity and long-term stability at a reasonable cost.12 Low-cost mineral materials
with special crystal structures or properties were the best alternatives as hetero-
geneous Fenton catalysts, behaving as the iron supporter or promoter. This pro-
cessis called a mineral-catalyzed Fenton-like system. Natural iron-bearing mine-
rals could be employed as iron sources to promote the generation of “OH from
H>0»,. The main advantages of the application of iron minerals in Fenton chem-
istry are asfollows: a) periods of catalyst life could be extended without the need
for regeneration or replacement; b) the catalyst could be removed from the
treated water by sedimentation or filtration; c¢) the pH of the treated media could
be in the range 5-9; d) the reaction was almost insensitive to the concentration of
inorganic carbonate.13 However, in some cases, the degradation rates of organic
substrates in these Fenton-like systems seemed to be slow. To accelerate the
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degradation rate, ultrasonic or UV irradiation was often applied to assist Fenton-
-like systems. 14,15 Otherwise, an electrostatic field could also enhance the mine-
ral-catalyzed Fenton-like system.16.17 Schorl is one kind of minerals of the tour-
maline group, which are complex borosilicate minerals belonging to the trigonal
space group R3m.18 The general formula of tourmaline can be written as
XY 3Zg[TgO18][BO3]V3W, where X = Ca, Na, K; Y = Li, Mg, Fe2*, Mn2*, Al,
Cr3*, Vv3+ Fe3t, (Ti4h); Z = Mg, Al, Fe3*, v3*, Cr3*; T = S, Al; B=B; V = OH,
O; W = OH, F, 0.19 The basic structural units are hexagonal rings of SigO1g that
form the basal plane and are connected with Na, Li and Al octahedra and
distorted BO3 groups in planar coordination along [0001] with a three-fold sym-
metry structure.20 Depending on the occupancy of the Y and X sites, tourmalines
are classified as end members, dravite (Y = Mg), schorl (Y = Fe?¥), tsilaisite
(Y = Mn), olenite (Y = Al) and elbaite (Y = Li, Al).21 Due to the special crystal
structure of a tourmaline, spontaneous “electrostatic poles’ exist on its surface.22
Thus, schorl is not only a natura iron-bearing mineral, but also has unique
characteristics of pyroelectricity and piezoelectricity.

Encouraged by this, a Fenton-like reaction catalyzed by natural schorl was
investigated for the degradation of various organic substrates.23-2> These results
revealed the schorl-catalyzed Fenton-like reaction could be effective for the
decoloration of dyeing wastewater and the electrostatic field on the surface of
schorl crystal could enhance the decoloration process. Nevertheless, the kinetics
and optimization of this reaction process were not studied further, which could be
beneficial to the engineering aspects of the process. Hence, the present study
focused on the optimization of the decoloration of a commercia dye, argazol
blue BFBR (ABB), by the schorl-catalyzed Fenton-like reaction using the res-
ponse surface methodology (RSM). Meanwhile, the kinetic process is discussed
in details, involving the comparison of three kinetic models.

EXPERIMENTAL
Materials

Powdered particles of schorl, in the size range of < 64 um, were purchased from Wuhua-
-Tianbao Mining Resources Co. Ltd., Inner Mongolia, China. The particles of the natura
sample were directly used in the experimental studies without any treatment. The schorl
samples were characterized by X-ray diffraction (XRD) analysis, Fourier transform infrared
spectroscopy (FTIR) and scanning electron microscopy (SEM) with X-ray energy dispersive
spectroscopy (EDS). Detailed information, including equipment, conditions, procedures and
respective characterization data, were described elsewhere.?> All chemical reagents used in
this study were of analytical grade. Solutions were prepared in deionized water.

Decoloration methods

A stock solution containing ABB (2000 mg-L™1) was prepared and subsequently diluted
to the required concentrations for the experimental work. The pH was adjusted by addition of
sodium hydroxide (NaOH) and nitric acid (HNO3) to the ABB solutions. The concentration of
hydrogen peroxide (H,0,) was 30 %. Then, the schorl sample was added into 100 mL of solu-
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tion of the required concentration of ABB in a conical flask. After sealing, the conical flasks
were placed in a constant-temperature water-bath at different temperatures for different
contact times. At regular time intervals, 2 mL of the reaction solution was collected from the
reactor for measurements of the ABB concentration, using a 721-type UV-Vis spectrophoto-
meter at a wavelength of 608 nm. The residua ratio, ¢,/cy, was used to express the decolor-
ation efficiency of ABB, where ¢ is the initial concentration of the ABB wastewater and ¢
the concentration at contact time t. In order to check the reproducibility of the results, random
tests were performed for different experimental conditions.
Kinetic models

The kinetics of Fenton process can be quite complex owing to the large number of steps
realized simultaneously during the process. Three kinetic models, the first-order, the second-
order and Behnajady—Modirshahla-Ghanbery (BMG), were employed to test the fitting of
experimental data obtained from the decoloration processes. The linear forms of these models
are given in Egs. (1)~(3), respectively:26

I = kgt )
G
S @
G G
' ment 3)
1-(c /o)

where k, is the second-order rate constant, and m and b are the two constants of the BMG
model relating to oxidation capacities and reaction kinetics. The reaction rate constants for the
heterogeneous Fenton decoloration of ABB were gained using linear regression of the three
models. The order of the reaction was determined by the quantity of linear fit via the
coefficient of determination (R2).27
Experimental design, analysis and optimization

Central composite design (CCD) under the response surface methodology (RSM) was
employed for the experimental design and optimization of ABB decoloration process. Base on
previous experience of dyeing wastewater treatment in industrial applications, four factors, in
this work, were selected as independent variables. They are the H,O, concentration (mM), the
schorl dosage (g-L"1), the solution pH and the reaction time (min), assigned with the following
notations X4, X,, X3 and X4, respectively. The decoloration ratio of ABB (Y, %) was chosen as
the output variable (response). Since the typical temperature of wastewater drained from
dyeing and finishing mills is usually around 50 °C,28 the temperature of the ABB simulated
wastewater was maintained at 50 °C for al the designed experiments. The experimental
design, mathematical modeling and optimization were performed with Design Expert 8.0.5.0
software (Stat-Ease, Inc.). For the statistical calculations, the variable X; was coded as X;
according to the following equation:2°

Xi—Xo
= 4
5X 4
where x; isthe code value, X; is the uncoded value, X is the value of X; at the center point and

oX presents the step change. The experimental ranges and the levels of the independent
variables for ABB decoloration are listed in Table I. Preliminary experiments were imple-

Availabe online at: www.shd.org.rs/JSCS/

(c) 2014 Copyright SCS



KINETICS AND OPTIMIZATION OF DY E DECOLORATION 365

mented to determine the ranges of the independent variables. A second-order regression model
was employed to analyze and fit the responses to the independent variables (Eq. (5)):3031

k k
Y=Lo+ D BXi+ D BiXE+Y. D BiXiX; ®)
i=1 i=1 i
where Y is response (ABB decoloration ratio); X; and X; input variables that influence the
response (Y); g an intercept constant; f; the first-order regression coefficient; f;; the second-
-order regression coefficient representing the quadratic effect of factor i; and f;; the coefficient
of interaction between factorsi and j. Anaysis of variance (ANOVA) was conducted to deter-
mine the significance of the model and the regression coefficient. Otherwise, it should be
mentioned that al experiments were performed in duplicate and the average of the decolor-
ation ratio was taken as the response. The standard deviation (SD) was less than 3 %.32

TABLE |. Variables and their codes and real experimental values used in the CCD

. Coded level
Variable > 1 0 1 5
X1/ mM 0 9.69 19.38 29.07 38.76
X5/ g-L1 0 25 5 7.5 10
X3 2 4 6 8 10
X4/ min 0 5 10 15 20

RESULTS AND DISCUSSION
Decoloration of ABB

A series of experimental results demonstrated that the ABB decoloration
efficiency increased by, respectively, increasing the H>O> concentration, the
schorl dosage, temperature and by decreasing the pH. Figure 1 clearly indicates
that the ABB decoloration efficiency increases with increasing H>O» concen-
tration. When the added H>O» concentration was 9.69 mM, , about half of the

10f & 9.69 mM H,0,
- \{ *-243mM H,0,
08k v, ° 4—48.5 mM H,0,
AN v-96.9 mM H,0,
Y ° 2
_ 06t
> 04+ ' o
02} A
L |
¥ ]
p—
0.0} v =+ +
0 2 4 6 8 10 12
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Fig. 1. The effect of H,O, concentration on ABB decoloration by the schorl-catalyzed
Fenton-like reaction at pH 6, T = 328 K, [ABB]g = 200 mg-L-* and [schorl]o = 10 g-L L.
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ABB dye had been decolored after 7 min of reaction; whereas it was completely
decolored within the same reaction time when the concentration of added H>O»
was 96.9 mM. The increase in the HoO» concentration resulted in an increase in
the reaction activity, as expected, due to an increase of *OH.33 It should be noted
that the ABB decoloration efficiency increased most significantly when H>O»
concentration was increased from 24.3 to 48.5 mM. For a higher addition of
H>0,, the decoloration efficiency increased slowly because of the scavenging of
*OH by the excess Hy05.34

The effect of schorl dosage on the decoloration efficiency of ABB was also
investigated in this work. The results presented in Fig. 2 show that the activity of
this heterogeneous Fenton system for ABB decoloration increases with increas-
ing schorl dosage. This behavior could be attributed to the fact that with increas-
ing amount of schorl catalyst, more active Fe sites are available on the catalyst
surface for accelerating the decomposition of H>O» (heterogeneous catalysis),
and more Fe ion are leached into the solution, leading to an increase in the
number of *OH radicals (homogeneous catalysis).2> Similar results were observed
in Fenton-like reactions catalyzed by other Fe-bearing minerals.35.36

Lo —=—1.0gL" schorl
—o—50¢g L schorl
08 4—10.0 g L schorl
—v—15.0 g L' schorl
0.6 |
(\_? I
Co4f -
———
02 “ \.\\
N \\\\\“ .
0.0 *
0 2 4 6 8 10 12

T / min
Fig. 2. The effect of the schorl dosage on ABB decoloration by schorl-catalyzed Fenton-like
reaction at pH 6, T = 328 K, [ABB]y = 200 mg-L-1 and [H,0,], = 48.5 mM.

The typical temperature of the textile effluents was usually around 50 °C.28
Therefore, a temperature range of 25-65 °C (corresponding to 298-338 K) was
studied with the goal of investigating the effect of this parameter on ABB
decoloration. The results are shown in Fig. 3, from which it could be observed
that the decoloration efficiency increased with increasing reaction temperature. A
possible reason for this phenomenon might be that higher temperatures could
provide more energy for the reactant molecules to overcome the reaction acti-
vation energy; hence, resulting in faster dye decoloration.3” Another interpreta-
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tion might be that increasing the reaction temperature accelerated the rate of *OH
formation in the heterogeneous Fenton-like system.33

1.0
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021
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T / min

Fig. 3. The effect of reaction temperature on ABB decoloration by the schorl-catalyzed
Fenton-like reaction at pH 6, [ABB]g = 200 mg-L"1, [H,0,] = 48.5 mM
and [schorl]o =10 g-L™L.

Figure 4 suggests that, under the adopted experimental conditions, the reacti-
vity of the system is dependent on the pH of the dye solution, exhibiting different
decoloration behavior at acidic and akaline pH values. At acidic pH values (2
and 4), more Fe ions were dissolved from the schorl catalyst into the solution,
which then catalyzed the generation of more *OH from H2Oo, resulting in afaster
decoloration of dye by homogeneous catalysis of the process. At neutral and

1.0} —=—pH=2
N —e— pH=4
N —a— pH=6
0.8 —v—pH=8
r —<—pH=10
- 0.6 -
) L
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Fig. 4. The effect of solution pH on ABB decol oration by the schorl-catalyzed Fenton-like
reaction at T=328 K, [ABB]g = 200 mg-L 1, [H,0,] = 48.5 mM and [schorl]o = 10 g-L L.
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alkaline pH (6, 8 and 10), because there were fewer Fe ions leaching into the
solution, it was proposed that H>O, decomposition was catalyzed by active Fe
sites on the surface of the schorl catayst, i.e., heterogeneous catalysis governed
this process.2>

According to the discussions above, it could be concluded that as the pos-
sible reaction mechanism of ABB decoloration, besides minor adsorption, the
Fenton-like reaction was responsible for the whole decoloration process, inclu-
ding heterogeneous and homogeneous catalysis. Under acidic pH conditions, the
homogeneous catalytic reaction played an important role in ABB decoloration
and the generation of *OH could be described as follows, where =F¢g(11) and =Fe(I11)
represent the Fe(11) and Fe(l11) species on the schorl surface, respectively:

= Fe(ll)—— Fe2* (o (6)
= Fe(lll) —— Fe* oy 7)
Fe2+(aq) +Hy0, — F93+(aq) +*OH +OH- (8
Fe3+(aq) +H>00 — Fe2+(aq) +*O0OH +H* 9

At alkaline pH conditions, the heterogeneous catalytic reaction played an
important role in ABB decoloration and the generation of «OH could be des-
cribed asfollows:

=Fe(ll) + HoOo — =Fe(lll)+ *OH + OH~ (10)
=Fe(lll) + Ho05 — =Fe(ll) + *O0H + H+ (11)

Kinetic studies

The parameters of kinetic models for the decoloration of ABB by the schorl-
-catalyzed Fenton-like system under different reaction conditions were calculated
by application of linear regression analysis to In (co/cy) vs. t data for the first-
order model, [(1/c)—(L/cg)] vs. t data for the second-order model and t/[1-
—(ci/cg)] vs. t data for the BMG model. The obtained parameters are given in
Table I, from which it could be seen that the fittings of the second-order and the
BMG models to the experimental data were not good as evidenced by the low
determination coefficients. However, the values of determination coefficients for
the first-order model were mostly higher than those of the second-order and the
BMG models. Therefore, the first-order kinetic model is the best one to describe
the decoloration of ABB under different reaction conditions by the schorl-catal-
yzed Fenton-like process. It has been reported that the fitting of the experimental
kinetic data for the decoloration of dyes by a heterogeneous Fenton-like reaction
catalyzed by other Fe-containing minerals was good with the first-order model,
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for instance, the decoloration of the azo dye Orange G catalyzed by goethite38
and acid Orange |1 by natural vanadium-titanium magnetite.3°

From Table I, it could also be seen that, for the first-order model, the reac-
tion rate constant k increased with increasing HoO»> concentration, schorl dosage
and reaction temperature, but decreased with increasing solution pH. Among
them, the relationship between the rate constant k and reaction temperature T
should be mentioned and discussed because of its complexity in all chemical
reactions. The rate constant k increases when the reaction temperature increases,
which suggested that the mobility of the reactants from the bulk medium to the
heterogeneous surface and the converted products from the surface to the bulk
medium were more favored by the applied thermal energy.2” The relationship
between k and T could be described by five different equations. In this study, it
follows the Arrhenius equation, due to the linear relationship between In k and
103/T, asillustrated in Fig. 5. The apparent activation energy of ABB decolor-
ation could be calculated by comparing the obtained fitting equation with Arrhe-
nius Equation, shown as follows:27

6170.99

Fitting equation: Ink = +17.8337 (12)

Arrhenius Equation: Ink:%+ InA (13)

where Ej is the Arrhenius activation energy for the reaction process, indicating
the minimum energy that the reactants must have for the reaction to proceed, Ais
the Arrhenius factor and R is the gas constant (8.314 J-mol-1.K-1). Thus, the
apparent activation energy Eg of the reaction in this work was determined to be
51.31 kJ-mol—1. Generally, the activation energy of an ordinary thermal reactions
is between roughly 60 and 250 kJ-mol—1.38 In the present study, the obtained
activation energy value of 51.31 kJ-mol-1 was lower than that of an ordinary

05 (b) i\
L \\ -
10F AN
\\
= sl
< AN
E 20} BN
N
y =-6.17099 x + 17.8337 \
2.5 R*=0.91102 AN
_ N
3.0 1 L 1 1 ] ] )
2.9 3.0 3.1 32 33 Fig. 5. The relationship between In k
T'/10°K " and 103T.
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thermal reaction, suggesting that this Fenton reaction process typically proceeds
with alow energy barrier.40

Optimization by CDD under RSM

The effects of various experimental parameters (X1, X2, X3 and Xy) in this
reaction were investigated using CCD under RSM. Thirty experiments, with 4
factors and 5 levels for each factor were designed, which are listed in Table I11.
Among these 30 experiments, 6 experiments were repetition of the central point
(run No. 1, 3, 17, 20, 21 and 24). All of the factors were in the centric point of
their values in these experiments. The closeness of the responses of these 6 expe-
riments could be a sign of the accuracy of the experiment process.4! For predict-
ing the optimal values of ABB decoloration within the experimental constrains, a
second order polynomial model was fitted to the experimental results for the
decoloration ratio of ABB. The obtained polynomial model is shown as follows:

Y =74.42+13.77X, +4.45X, — 21.03X3 +
+16.05X 4 + 0.40X; X5 — 481Xy X5
—5.96X1X4 +1.69X2X3 + O44X2X4 -

~3.00X3X, —6.00X7 —2.85X3 — 2.93X2 —9.16X 2

(14)

TABLE Ill. Centra composite design matrix together with the experimental and predicted
values of the ABB decoloration ratios

Y/ %
Experimental Predicted

Run  X;/mM Xo/g-L1 X3 X4/ min

1 0.000 0.000 0.000 0.000 74.9 74.42
2 —1.000 —1.000 1.000 1.000 29.7 36.33
3 0.000 0.000 0.000 0.000 73.8 74.42
4 2.000 0.000 0.000 0.000 84.7 77.94
5 —1.000 1.000 —-1.000 —-1.000 24.8 32.83
6 0.000 2.000 0.000 0.000 79.7 71.91
7 —1.000 1.000 —1.000 1.000 91.3 83.73
8 —2.000 0.000 0.000 0.000 15.2 22.88
9 —1.000 1.000 1.000 1.000 435 48.68
10 1.000 1.000 —1.000 1.000 99.9 109.76
11 1.000 —-1.000 1.000 1.000 49.6 41.51
12 0.000 0.000 0.000 —2.000 0.00 5.66
13 0.000 0.000 0.000 2.000 74.6 69.86
14 1.000 —1.000 —1.000 1.000 97.9 102.56
15 —1.000 —1.000 —1.000 1.000 85.3 78.13
16 0.000 —2.000 0.000 0.000 454 54.11
17 0.000 0.000 0.000 0.000 75.2 74.42
18 0.000 0.000 —2.000 0.000 99.8 104.76
19 0.000 0.000 2.000 0.000 24.7 20.66
20 0.000 0.000 0.000 0.000 73.8 74.42
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1 . Y/ %
Run  X;/mM Xo/g-L X3 X4/ min Experimental Predicied
21 0.000 0.000 0.000 0.000 74.1 74.42
22 1.000 1.000 -1.000 -1.000 90.2 82.71
23 —1.000 1.000 1.000 -1.000 153 9.78
24 0.000 0.000 0.000 0.000 74.7 74.42
25 —1.000 -1.000 1.000 -1.000 9.10 -0.82
26 —-1.000 -1.000 -1.000 -1.000 34.9 28.98
27 1.000 -1.000 1000 -1.000 215 28.21
28 1.000 -1.000 -1.000 -1.000 825 77.26
29 1.000 1.000 1.000 1.000 50.4 55.46
30 1.000 1.000 1.000  -1.000 33.3 4041

Statistical testing of this model was implemented by analysis of variance

(ANOVA) and the results for the coded variable levels are given in Table 1V.
From the ANOVA analysis, it was shown that the calculated F value was 24.46,
that is much larger than the critical value of 2.42 for Fggs5,141° which implied
that the derived quadratic polynomial model was significant.42 The low prob-
ability value (p value < 0.0001) means that there was only a 0.01 % chance that
such a model could occur due to noise.32 The determination coefficient (R2)

quantitatively evaluated the correlation between the experimental data and the

predicted responses.29 The experimental results and the predicted ones obtained
from the model (Eq. (8)) were compared and listed in Table I11. It was found that

TABLE IV. ANOVA analysis for the obtained quadratic polynomia model

Source Sum of squares Degree of freedom Mean square F value p-value (Prob>F)
Model 25921.02 14 1851.50 24.46 < 0.0001
X1 4548.51 1 4548.51 60.09 < 0.0001
X5 475.26 1 475.26 6.28 0.0242
X3 10609.22 1 10609.22  140.15 < 0.0001
X4 6182.46 1 6182.46 81.67 < 0.0001
X1Xo 2.56 1 2.56 0.034 0.8566
X1X3 370.56 1 370.56 490 0.0429
X1Xy 568.82 1 568.82 7.51 0.0152
XoX3 45,56 1 45,56 0.60 0.4499
XoXy 3.06 1 3.06 0.040 0.8433
X3Xy 144.00 1 144.00 1.90 0.1880
%42 988.11 1 988.11 13.05 0.0026
X2 223.11 1 223.11 2.95 0.1066
Xg? 235.00 1 235.00 3.10 0.0984
X42 2303.71 1 2303.71 30.43 < 0.0001
Residual 1135.45 15 75.70 - -

R? 0.9580

Adj. R2 0.9189

Pred. R2 0.7586
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the predicted values matched the experimental ones reasonably well with R2 =
= 0.9580. Figure 6 (slope equals 1) suggests that the predicted decoloration ratio
of ABB agrees well with the experimental values. Furthermore, the value of the
adjusted determination coefficient (R2) was also very high (0.9189), which indi-
cated the high significance of the model.27 In addition, values of Prob > F less
than 0.0500 indicate that the model terms were significant and values greater
than 0.1000 indicate that the model terms were not significant.32 In this study,
X1, X2, X3, Xa, X1X3, X1Xa, X12, X32 and X42 were significant model terms. Thus,
the statistical analysis of all experimental data showed that the H>O, concen-
tration, the schorl dosage, the solution pH and the reaction time had a significant
effect on ABB decoloration in the schorl-catalyzed Fenton-like system.

100 -

- [« e
(=3 [=) S
T T

]
[
T

(=]
T

Predicted discoloration ratio, %

Ny
S

Fig. 6. Comparison of the predicted

0 2 20 60 20 100 ABB decoloration ratios and the
Expetimental discoloration ratio, % experimental values.

The 3D response surface plots for the interactions between two variables are
presented in Fig. 7a—f with different interactions. As could be seen, the ABB
decoloration ratio increased with increasing HoO» concentration, schorl dosage
and reaction time, but decreased with increasing solution pH, which is consistent
with the one factorial experiment. The reasons have been interpreted in the
section “ Decoloration of ABB”. Nevertheless, the interactions between two inde-
pendent variables were not significant, because the curvature of the three-dimen-
sional surfaces was not pronounced.3143 The main goa of the optimization in
this study was to determine the optimum values of the variables for the decolor-
ation of ABB by the schorl-catalyzed Fenton-like reaction. Based on the model
prediction, the optimum conditions for the decoloration of ABB by this process
were determined to be 31.67 mM H,0, concentration, 6.97 g-L—1 schorl dosage,
solution pH 3.73 and 17.82 min reaction time, with the maximum ABB decolor-
ation ratio of 99.94 %. The corresponding experimental value of ABB decolor-
ation ratio under the optimum conditions was determined as 99.5 %, which was
very close to the optimized one. It was confirmed that RSM was a powerful and
satisfactory strategy to optimize the operational parameters of ABB decoloration
by the heterogeneous Fenton-like reaction catalyzed by natural schorl.
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Fig. 7. The response surface plots for ABB decoloration with the interaction effect of: a) H,O,
concentration (X;) and schorl dosage (X,); b) H,O, concentration (X;) and solution pH (X3); €)
H,0, concentration (X;) and reaction time (X4); d) schorl dosage (X,) and solution pH (X3);
€) schorl dosage (X,) and reaction time (X,); f) solution pH (X3) and reaction time (Xg).

CONCLUSIONS

The successful decoloration of dye ABB in water was achieved by the hete-
rogeneous Fenton-like reaction using natural schorl as the catalyst. The effi-
ciency of ABB decoloration increased with increasing H>O» concentration,
schorl dosage and reaction temperature, and decreasing solution pH. The first-
order, second-order and BMG models were employed to investigate the kinetics
of ABB decoloration. The values of determination coefficients for the first-order
model were mostly higher than those of the second-order and BMG models.
Therefore, first-order kinetic model was the best one to describe the decoloration
of ABB under different reaction conditions. Further analysis indicated that the
relationship between k and T followed the Arrhenius Equation, evidenced by the
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linear relationship between In k and 103/T and the apparent activation energy E,
of the reaction in this study was determined to be 51.31 kJ-mol~1. CDD under
RSM was used for the process optimization and 30 experiments, with 4 factors
and 5 levels for each factor were designed. For predicting the optimal values of
ABB decoloration within the experimental constrains, a second order polynomial
model was fitted to the experimental results for the decoloration ratio of ABB.
ANOVA analysis indicated the high significance of the model. 3D response sur-
face plots for the interactions between two variables were constructed. Based on
the model prediction, the optimum conditions for the decoloration of ABB by
this process were determined to be 31.67 mM H,O, concentration, 6.97 g-L—1
schorl dosage, solution pH 3.73 and 17.82 min reaction time, with the maximum
ABB decoloration ratio of 99.94 %.
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n3BOJ

KHUHETHUKA U OIITUMU3ALIMIJA OBE350JABABA OTIIAOHE BOJE O BOJEEA
®EHTOHCKOM PEAKIIMJOM KATAJTM30BAHOM IHIOPJIOM

HUAN-YAN XU, WEI-CHAO LIU, SHU-YAN QI, YAN LI, YUAN ZHAO u JI-WEI LI

School of Material Science and Engineering, Harbin University of Science and Technology, Harbin, 150040,
P.R. China

H3yuaBaHa je KMHETHMKa M ONTHUMHU3aldja ode3dojaBama aKkTHBHE KOMepUHjanHe doje
argazol blue BFBR (ABB) xereporenom ®eHTOHCKOM peaklHjoOM KaTaIu30BaHOM ITPUPOITHUM
mopyoM. U3yyaBamwe KHHETHKe OTKPUIIO je [a je KWHETHYKU MOZeIN IPBOT pena HoJpH 3a OMH-
cuBame obe3dojaBara ABB mpu pa3mTHUUTHM yCIIOBUMA peaklidje, Hero Mofies APYTror pena u
Behnajady—Modirshahla— Ghanbery monenu. OngHoc u3mely koHcTaHTe Op3uHe peakuuje k u
Temneparype T NOHaWao ce y CKIafy ca ApPEeHHjyCOBOM pelalHjoM, ca NPUBUTHOM €Hep-
rujom axtusanmje E, op 51,31 kJ mol !, 3a musaju excnepumenTa u oNTHMH3aNK}y Tpoleca
odesdojaBama ABB ymorpedsbeH je AM3ajH ca LIEHTPaJHUM KOMIIO3UTOM IO METOROJIOTHjU
MOBPIIMHE OJITOBOpA. 3HAYaj MOJIMHOMHjaTHOT MOiesia IPYToT pela 3a ImpenBrul)ame ONTHMAN-
HUX BpeIHOCTH 3a ode3DojaBawe ABD olemeH je aHanu3oM BapHjaHce u rpadunuma 3D nosp-
IIMHA 3a HHTepaKuyje u3mel)y nBe mpomeHmbHBe. 3aTUM Cy ofipel)eHH ONTHMAaTHU YCIOBH.

(ITpumibeHo 25. edpyapa 2012, pesupupano 17. jyna 2013)
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