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Using Taguchi Experimental Design
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ABSTRACT: In the present work, the solid state dispersion method has been used to stabilize ZnO
on Todorokite (TD). ZnO/TD catalysts have been characterized by SEM and XRD. Optimum
process conditions were determined for the removal of Cr(VI) from water using the Taguchi
fractional design method. Four controllable factors containing pH, photocatalyst amount,
irradiation intensity and initial concentration of Cr(VI) at three levels were identified for each
factor. The optimum conditions were found to be as follows pH= 2, photocatalyst amount= 100 mg/L,
irradiation intensity= 7.63 W/m? and Cr(VI) concentrations= 15 ppm. In optimum conditions
a first order reaction to k= 0.1492 min~/ was observed in the photocatalytic reduction of Cr(VI)

in water by UV/ZnO/TD.
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INTRODUCTION

Cr(VI) exhibits considerable toxic activity in most
organics, being carcinogenic in humans and animals.
Cr(VI) is a toxic pollutant found in the wastewater of
metallurgic, electronic, textile and tanning [1-5]. Cr exists
to two common oxidation states, Cr(lll) and Cr(VI).
The Cr(VI) is five hundred times more toxic than the Cr(lll) [6].
The toxic effects of Cr(VI) include skin irritation,
lung cancer and harmful effects on kidney, liver and
gastric [7, 8]. Conventional methods of Cr(VI) removal
includes ion exchange, chemical reduction, adsorption
on absorptive materials such as zeolite or active carbon,
microorganism reduction and photocatalytic reduction [9, 10].
Photocatalytic procedure is important and practical
method of removal of Cr(VI) from aqueous solution.
Photocatalytic methods take based on the mechanism

of electron-hole [11, 12]. By radiation, electron transfer
from the valence band of the conduction band. Electrons
in the conduction band can be reduced hexavalent form
to the trivalent form. The photocatalytic reduction of Cr(VI)
was done with TiO2, ZnO, CdS and WO; semiconductors
[13, 14].

In order to optimize photocatalytic reduction process,
it is essential to study all factors influencing the process.
Studying the effects of individual factors of the process
is difficult and time-consuming, especially if these factors
are not independent and have an interactive effect.
Employing experimental design could eliminate these
problems. The interaction effects of different factors
could be attained using Design of Experiments (DoEs)
such as Taguchi. This method could reduce the total
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number of experiments by optimizing all the affecting
factors [15].

ZnO, the most stable oxide under ambient conditions,
is widely used in catalysts, sensors, water treatment [16].
Optical band gap in Zinc oxide is 3.37ev. Then, ZnO is
semiconductor with high photocatalytic property. Other
properties of Zinc oxide, such as, insolubility in water,
high chemical stability, non-toxic and low cost are
suitable for the photocatalytic reduction process. [17,18].

Transition metals are well known as the active species
in many artificial catalytical systems, the transition-metal
based Octahedral Molecular Sieve (OMS) promises
a simpler and more effective incorporation of various other
transition metal active species. Octahedral coordinated
porous manganese oxide materials have attracted a great
deal of attention due to their controllable structures,
porosities, and catalytical selectivity in relation to those
of tetrahedral porous materials. These superior
advantages have raised many useful applications of
manganese oxide OMS in catalysis, semiconductors, ion-
exchange, radioactive hazard separation, sensors, and
batteries.

Todorokite is one kind of manganese oxide.
Todorokite is mined as an ore of manganese. Todorokite
is made up of (Mn*Og) octahedral that share edges to
form triple chains. These chains share corners to form
roughly square tunnels. The unit cell has
six manganese Mn** sites and twelve oxygen O sites
constituting the octahedral framework. The tunnels
contain large cations and water molecules.

Studies have shown that Todorokite exhibits
dehydration and cation-exchange behavior similar to
many zeolites suggesting possible potential as a base of
catalyst [19]. Photocatalytic property is strongly
dependent on the transport of photo-generated electrons
and holes in the photocatalysts. Free electrons and holes
(free charge carriers) can be scattered by various kinds of
random defects [20-22].

The separation of photogenerated electrons and holes
will facilitate the photocatalytic reduction process.
There is a wide range of applications of Taguchi method,
from engineering and agriculture to chemistry [23-27].
The using of the Taguchi method of the ordinary experimental
design methods, in addition to keeping the experimental
cost at a lower level, is that it minimizes the product
diversity response. Another benefit is that optimal
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experimental conditions can be used in the real
environment [27]. In the present work is stabilized
ZnO/TD. The solid state dispersion method has been used
to stabilize ZnO on Todorokite. This study was determined
optimum process conditions for the reduction of Cr(VI)
from water using the Taguchi fractional design method.
The wvariable used in the optimization are, pH,
photocatalyst amount, irradiation intensity and Cr(VI)
concentrations. The four parameters were set at three
levels to observe the main effects.

EXPERIMENTAL SECTION
Materials

All  materials containing: Potassium dichromate
(K2Cr207), Sulfuric acid (H2S04) and Sodium hydroxide
(NaOH), Manganese (Il) chloride tetrahydrate (MnCl; -
4H,0), Magnesium sulfate heptahydrate (MgSO, -7H;0),
Potassium persulfate (K2S20g), Urea (CO(NH.);) and
Zinc nitrate hexahydrate (Zn(NOs), .6 H20).

Procedure
Catalyst production Procedure

Todorokite synthesized by the hydrothermal method
based on previous research [28]. A 6.0 M NaOH solution
(30 ml) was added as a drip for 15 min to a MnCl;
solution, which was prepared by the dissolution of 1.98 g
of crystalline hydrate in 15 ml of distilled water. Then,
1.89 g K>S;0g and 0.344 g MgSO4 - 7H,0 were added for
30 min to the formed yellow precipitate of manganese
hydroxide (I1). The precipitate was mixed with 200 mL
of MgSOQO, solution (1.0 M) for 12 h. The product
was subjected to a hydrothermal treatment of the hermetic
Teflon cell filled with distilled water 75-85% by volume.
One steel autoclave with the Teflon cell was put into an
electric furnace at 160 °C to 24 h. When the experiment
was over, the autoclave was removed from the furnace
and cool down to room temperature for 8-12 h. Then the Mg
Todorokite crystalline precipitates were repeatedly
washed with distilled water until the absence of any
reaction to Cl~. H-Todorokite was obtained by holding
Mg-Todorokite in the 1.0 M HNO; solution for 48 h,
under mixing of a suspension with a magnetic mixer. The
precipitate was washed with distilled water until pH=7.

2 g of Todorokite powders added to 25 ml of 5.0 M
zinc nitrate and then was placed on the heater stirred
for 2 hours. Then 25 ml of 2.0 M urea solution to a temperature
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of 90-95 °C was added to the mixture and put in a water
bath for 6 hours. The mixture was passed through filter
paper. Precipitates were dried at ambient temperature.
Sediment was placed in a furnace at 350 °C for 3 hours.

General procedure

An MDF box was designed in which a batch Pyrex
reactor with 300 ml capacities were placed. On the upper
section of the box, three mercury lamps (Philips 15W)
were built-in as UV light sources. The radiation
is generated almost exclusively at 254 nm. These lamps
were set at the same intervals, so that the light was evenly
emitted at the liquid surface inside the reactor.
To measure the radiation intensity used by the Hagner
EC1-X Lux Meter device.

The liquid inside the reactor was agitated by magnetic
stirrer. In order to carry out each experiment (according
to Table 2), 250 ml Cr(V1) solution was (with specified
concentration) poured inside the reactor. The specified
amount of photocatalyst (With specific pH) was added
to the reactor. In all experiments, pH adjustment was done
via minimum use of H,SO4 and NaOH. Then, stirrer
and UV lamps were turned on to initiate the process.
Sampling was done every 10 min (by a 5 ml syringe,).
In order to fully separate the catalyst from solution,
the samples were centrifuged for 3 min with 3500 rpm
speeds. The Cr(VI) concentration of the samples
was determined using a UV/Vis spectrophotometer at
Amax= 350 nm. The percent of photoreduction efficiency
as a function of time is given by:

Cr reduction% (x%) = [(Ao — A)/Ao] x 100 1)

Where Ao and A are the Absorption of Cr(VI)
solution at Ama= 350 in t=0 and t, respectively.
For the determination of optimal condition used Taguchi
experimental design. This method includes the following
steps:

1 - The variables affecting the test results will be
determined

2 - Levels of each variable is identified separately
(interaction between variables to be considered)
3 - choose the suitable orthogonal array (OA) and
the assignment of process parameters to the orthogonal
array 4 - Required experiments are performed based
on the (OA)

5 - Calculate the performance statistics

Research Article

Optimization of Photocatalytic Reduction of Cr(V1) ...

Vol. 38, No. 6, 2019

6 - Experimental result analysis is done using
ANOVA statistics and performance;

Taguchi experimental design (with Qualitek-4
software) used for determination of optimal condition.
Effect of experimental factors on the photocatalytic
reduction of Cr(VI) and their levels are given in Table 1.

The orthogonal array experimental design method
was selected to determine an experimental plan, as seen
in Table 2 [27].

In order to see the effects of noise sources, reduction
Cr(VI), each test repeated three times at the same
conditions. Optimize function statistics were chosen
as indicators. Three classes of function statistics, bigger are
better, smaller is better and nominal is the better. In this
research, the function statistics bigger is the better
was used to define the optimal conditions [27].

The bigger are better function statistics was given

by Eq. (2).

n
SN, =—10|og[%zlzj 2
i=l Tj

Where SNs are function statistics, and the number of
repetitions done for an experimental combination, and Yi
the function value of it experiment.

In the Taguchi Experiment design method, the
experiment corresponding to optimum experimental
conditions might not have been done during the all-time
of the experimental stage. In such cases, the function
amount corresponding to optimum test conditions
can be predicted by utilizing the balanced characteristic
of OA. For this, the additive model may be used
Eqg. (3) [23]:

Y, = u+ X, +¢ ®)

Where 4 is the overall mean of performance value; X;
the fixed effect of the parameter level combination used
in it experiment and e; the random error in it experiment.

RESULT AND DISCUSSION
Characterization of photocatalyst

The SEM images of ZnO particles have loaded onto
the surface of Todorokite shown in Fig. 1. It seems that
the ZnO oxide particle takes place on the surface of
Todorokite. All surfaces of Todorokite have not covered
with ZnO, so Cr(VI) pollutants can be absorbed
on the surface of the Todorokite.

107



Iran. J. Chem. Chem. Eng. Sabonian M. & Mahanpoor K. Vol. 38, No. 6, 2019

Table 1: Experimental parameters and their levels.

/ Factors Level 1 Level 2 Level 3 \
A) pH 2 3 4
B) Cr(V1) concentration (ppm) 15 20 25
C) Catalyst amount (mg/L) 50 75 100

K D) Irradiation intensity (W/m?) 2.82 5.18 7.63 /

Table 2: Experimental plan table.

4 Experimental number Initiélrt(:{)/r:;:(zmga}ﬂ?n of Solution pH Dosag:tgryingglllj_)Nano Radiatoil?lr}niqr;;ensity N\
1 1 1 1 1
2 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
\ 9 3 3 2 1 /

pot Magn

0 40000x sample4

Fig. 1: SEM image of ZnO/Todorokite prepared by SSD method.

To reveal the interaction between the ZnO and experimental conditions (according Table 1 and 2).
the TD, the crystal structures of the raw TD and the ZnO/TD To determine the optimum conditions for the reduction
calcined at the 400 °C after 5 h was measured, as shown of Cr(VI) in the solutions, were investigated the effects
in Fig. 2. It is clear that the XRD patterns of ZnO/TD of operational parameter (Cr(VI) concentrations, catalyst
consist of the raw TD very well as calcined at 400 °C amount, pH and irradiation intensity). The reaction
for 5 h. It implies that the frame structure of TD after conditions in which the effect of the parameters
Zn0O loading has not been destructed. investigated and the experimental results are given

in Table 3. The degrees of the influences of parameters
Determination of optimum operational parameter on the performance statistics are given in the graphs
on the photoreduction of Cr(VI) in Figs. 3-6.

The photocatalytic reduction of Cr(VI) from The numerical value of the maximum point in each

the synthetic effluents was studied in different graph is the best value of factor.
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Fig. 2: X-ray diffractogram of the synthesized Todorokite [28]
(A), synthesized Todorokite (B), ZnO [29] (C) and synthesized
ZnO/Todorokite (D).

The reduction of the Cr(VI) has decreased with
increasing Cr(VI) concentration (As shown in Fig. 3).
With increasing concentrations of potassium dichromate,
absorption light beams in the solution increases. For this
reason, the light that can reach the catalyst surface
is reduced. Therefore, the removal process efficiency
decreased [30].

Under UV irradiation, electron-hole pairs generated
at the surface of ZnO/TD NPs. After the separation of the
electron-hole pairs, the electrons reduced Cr(VI) to
Cr(I1I), the holes might lead to the generation of O
in the absence of organics [31].

Research Article

/ Exp No X1(%) X2(%) X3(%) Average \
1 98.76 97.74 99.75 95.75
2 55.98 55.42 56.54 55.98
3 38.66 38.41 38.91 38.66
4 77.03 76.26 77.8 77.03
5 48.13 47.65 48.62 48.13
6 12.99 12.86 13.12 12.99
7 75.77 75.11 76.53 75.80
8 45.43 45.13 45.72 45.42
\_ 9 8.89 8.8 8.98 8.89 J
ZnO/TD —» ZnO/TD (e’/h*) 4)
M D Cr,07% + 14H* + 6e'—» 2Cr3* + 7H,0 (5)
(In acidic solutions)
¢ Cr,07% + 7TH,0 + 66— 2Cr(OH)z + 80H- (6)
= S W A 2H,0 + 2h*—p H20, + 2H* @)
o
< | .;J B In addition, H,O, can reacted with Cr(VI) as a
W, b : following:
Cr,07% + 3H,0; + 8H*—p 2Cr%* + 7H,0 + 30; (8)
A However, for more concentrated solutions, more
L irradiation time is needed in order to fully reduction of
10 20 30 40 50 60 70 Cr(VI) in the solution. This might be due to the fact that
20 (degree) the increased concentration of the Cr(VI) has inhibiting

effects on direct contact and reaction between Cr(VI)
and electrons in conduct bond; because more Cr(VI) ions
will be adsorbed onto the surface of the catalyst.

That the electron in conduct bond is available
for the reaction to the Cr(\/1) absorbed on the surface of TD.
As shown in Fig. 4 is the increasing amount
photocatalytic reaction rate increases because it increases
the speed formation of electron in conduct bond that
formed under UV radiation.

Photocatalytic reduction of Cr(VI) better done an
acidic solution (as shown in Fig. 5). Because reduction
reaction to acidic solution was done very well. (in the
reactions 5 and 8).

Furthermore, electrons in the conduction bond (ecg)
of catalyst surface can reduce molecular oxygen to
superoxide anion (Eq. (9)). [32]
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Average response

24 4
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1 2 3
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Fig. 3: Effect of Cr(VI) level in photoreduction of Cr(VI).

407

281

Average response

244

20

1 2 3
Catalyst (mg/L)

Fig. 4: Eftect of photocatalyst level in photoreduction of Cr(VI).

ecg+ 0, —» Oy (9)

Correspondingly, H2O is formed by Oy~ in acidic
solution:

07"+ H —» HOy (10)
HOz + HOz —» H202+ O, (11)
0z + HOy —» HOz + 0; (12)
HOz + H*—p H20; (13)

Therefore, the pair of hydrogen peroxide and oxygen is
formed by reactions of 10 to 13 in acidic solution. According
to reaction 8, Cr(VI) reduces by Hydrogen peroxide.

As seen in Fig. 6, the reduction rate increased when
the irradiation intensity changed from 1 to 3. Band-gap
sensitization mechanism does not have any influence
on the photocatalytic reduction rate or mechanism. However,
various studies have revealed that with an increasing light
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Average response

20

pH

Fig. 5: Effect of pH level in photoreduction of Cr(VI).

40 -

36 4

28 4

Average response

24 4

20 T
1 2 3

Irradiation intensity (W/m?)

Fig. 6: Effect of irradiation intensity in photoreduction of Cr(V1).

intensity, the rate of photocatalytic reduction increases.
As the intensity of radiation increases, the number of holes
and electrons increases. Based on the reaction mechanism,
the speed of the chromium reduction reactions increases
with the increase in the number of electron - hole pairs.

As shown in Fig. 7 has been formed based on Taguchi
experiment design the most effective parameter
on the photocatalytic decomposition of Cr(VI1) is pH. Defined
in Fig. 8 is the effect of each of the variables pH, irradiation
intensity, photocatalyst amount and Cr(VI) concentration
on other variables. Based on the results of interaction of
catalyst and irradiation intensity with each other is
the highest value. These results demonstrated that both
UV light and a photocatalyst were needed for the effective
reduction of Cr(V1). It was shown that the photocatalytic
reduction of Cr(VI) in solution is initiated by
photoexcitation of the semiconductor, followed
by the formation of an electron-hole pair on the surface
of the catalyst (Eqg. (1)).
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Fig. 7: Effect of parameters on photocatalytic reduction of
Cr(VI).

90
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70
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50

80.33

48.75
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Percent (%)

30
20 1541

Cat*Intensity
Cr*Cat
Cr*Intensity
pH*Cat
pH*Intensity
Cr*pH

Fig. 8: Effect of each parameter on other variables.

6 v=0.1492¢-0.0026
5 R'=0.9976

In (CO/C)

0 5 10 15 20 25 30 35 40 45
Time (min)

Fig. 9: Kinetic plot of pseudo-first order photocatalytic
degradation of Cr(VI) in optimal condition. (pH= 2,
photocatalyst amount= 100 (mg/L), Irradiation intensity =
7.63 W/m? and initial Cr(VI) concentration= 15 ppm).
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For determining the optimum conditions and the share
of each parameter involved, the methods of averaging
and drawing graphs were used. In Figs. 3-6, the average
response for each parameter are displayed. The results,
based on average indicate that the optimum condition for
the initial concentration of Cr (VI) is level 1 (15 ppm),
the dosage of nanocatalyst is level 3 (100 mg/L), the pH
of the solution is level 1 (2) and the intensity of
irradiation 'y is level 3 (7.63 W/m?). Because,
the performance statistics of “’the bigger — the better’’
was used to define the optimum conditions.

Kinetics of Photocatalytic reduction of Cr(VI)

Kinetic of photocatalytic reduction of Cr(VI) shows
good match with pseudo-first-order kinetic of
heterogeneous reaction models. In the batch system,
kinetic integral equation of pseudo-first-order relationship
between concentration (C) and time (t) is as follows [33]:

In [%} =Kppt (14)

Where Co and C are Cr(VI) initial concentration and
Cr(VI) concentration after the specified time,
respectively, Kapp IS the apparent pseudo-first-order rate
constant and t is the photocatalytic reaction time. Plot of
In (Ao/A) versus t for optimal condition of photocatalytic
reduction of Cr(VI) is shown in Fig. 9.

CONCLUSIONS

Physical and chemical characterization of supported
photocatalyst were determined by SEM and XRD
techniques. According to the literature, the results
demonstrated that produced ZnO/TD has sufficient
properties as a photocatalyst for reduction of Cr(VI).
Here, a Taguchi design method was used for optimization
of the parameter values for obtaining desired
characteristics. The various factors affecting the reduction
process were analyzed and optimized pH, the irradiation
intensity has been shown to be highly influential upon
the photocatalytic reduction of Cr(VI). In optimal conditions
(pH= 2, photocatalyst amount= 100 mg/L, irradiation
intensity = 7.63 W/m? and initial Cr(V1) concentration= 15
ppm) that analyzed by Taguchi method, determined
kinetics of the photocatalytic reduction reaction. Pseudo-
first-order model reaction good match with empirical data
of photocatalytic reduction of Cr(V1) reaction.
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