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ABSTRACT

In this work, photocatalytic decolorization of two commercial dyes, methylene blue (MB) and victoria
blue B (VBB), under UV light irradiation using magnetic recyclable photocatalyst TiO,, Fe,O,/TiO,-SiO,
modified with zinc in a self-made photoreactor, has been investigated. The prepared TiO, magnetic
nanocomposite (TMN) can be well dispersed in the water and can be easily magnetic separated from
the medium after adsorption. Scanning electron microscope, Fourier-transform infrared spectroscopy,
X-ray diffraction, Brunauer-Emmett-Teller, and zeta potential sizer (£) analyses were used to determine
the sorbent characterization. Response surface methodology was employed to assess individual and
possible interactions between the most effective parameters on the decolorization efficiency. Central
composite design was applied for the optimization of photo-oxidative decolorization process.
Predicted values of decolorization efficiency were found to be in good conformity with experimental
values (R* = 98.8% and 99.5% and adjusted R? = 98.0% and 99.1% for MB and VBB, respectively).
Optimization results showed that maximum decolorization efficiency was achieved at the optimum
conditions catalyst dosage =1.6 g L™, pH =9, and irradiation time = 50 min for MB, and catalyst dosage
=1.2g L™, pH=7.5, and irradiation time = 105 min for VBB. A comparison of the photocatalytic activity
of nanocomposite TMN for the decolorization of MB and VBB under visible and UV light irradiation
has been performed. Results showed that under UV light irradiation, photocatalytic activity increases,
which may be due to high energy of photons. The photocatalyst TMN has significantly been reused for
several times while their photocatalytic properties remained with trivial or no obvious change. This
result demonstrates the high photocatalytic stability of the magnetic recyclable photocatalyst, Fe,O,/
TiO,-5i0, modified with zinc.

Keywords: Fe,O,/TiO,~SiO, modified with zinc; Magnetic separation; Photocatalytic; Semiconductor;
UV irradiation

1. Introduction

In the textile industry, dyeing process produced large
volume of wastewater containing most unreacted colored
dyestuffs. The presence of even a small amount of dye in
water is highly visible and affects the water transparency and
the gas solubility of water bodies [1]. From an environmental
viewpoint, the disposal of synthetic dyes is of great concern,

* Corresponding author.

since dye effluents are aesthetic pollutants and can be toxic
to organisms and human. Methylene blue (MB) and victoria
blue B (VBB) are two kinds of cationic dyes, which are used
widely in the industries [2]. Different removal technologies
such as adsorption [2], biodegradation [3], chemical meth-
ods (e.g., chlorination and ozonation [4]), electrocoagulation,
electrochemical reduction and oxidation, indirect electro-ox-
idation with strong oxidants, and photocatalytic degradation
[5-10] have been recently developed. Over the last decade,
advanced oxidation processes (AOPs) have attracted increas-
ing interest as promising powerful methods for efficiently
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removing persistent organic pollutants from water [11,12]. In
the AOPs, sufficient quantities of highly reactive and nonse-
lective hydroxyl radicals can be produced that have the abil-
ity to oxidize most of the toxic and hazardous organic species
present in industrial effluents [8].

Recently, heterogeneous photocatalyst is recognized as
a new emerging AOP for the destruction of organic com-
pounds present in the wastewater [13-18]. TiO, has con-
firmed to be the most suitable photocatalyst due to its low
cost, nontoxicity, and photochemical stability. However,
the industrial treatment of wastewater containing various
organic pollutants using TiO,—photocatalyst is uncommon
because of the low efficiency of photodegradation. On the
other hand, recombination of the produced electron-hole in
the pure TiO, has limited its application in the photodegra-
dation experiments [19]. For this reason, a great attention has
been dedicated to improving the photocatalytic efficiency of
TiO, [15-19] The design of composite oxides mixed by tita-
nia has been reported as a promising way to achieve high
photocatalytic activity [16-18]. It has been found that ZnO
improves photocatalytic activities of TiO, [20]. Besides, com-
pared with TiO,, ZnO has the ability to absorb a large frac-
tion of the UV light [20-24]. Therefore, it is expected that the
composite of TiO,/ZnO exhibits more efficient in photocata-
lytic degradation. However, the difficulty in separating and
recovering nanosized powders from the treated solution, due
to the formation of milky dispersions after mixing the pow-
der catalyst in water, seriously limits their practical applica-
tions. TiO, magnetic nanocomposites (TMNs) can overcome
this drawback. Several works have been performed on the
use of magnetic nanocomposites to remove toxic dye from
wastewater [16-18,21]. The magnetic separation provides a
suitable route for and efficient removal of the catalysts from
a large volume of wastewater. It is assumed to avoid the
agglomeration and loss of catalysts, and thus, it increases
catalytic reusability [21]. Several examples of applications
employing iron oxide with titania have been reported [17,18].
However, it is obvious that both y-Fe,O, and Fe,O, face the
risk of conversion since either of these compounds may be
unstable crystal structure iron oxide. The aforementioned
problem can be addressed by the introduction of the coating
on the surface of iron oxide nanoparticles.

Inthisresearch, thenewsynthesized TMN, Fe,O,/TiO,-SiO,,
modified with zinc for photocatalytic decolorization of MB
and VBB was prepared via sol-gel method. The single dimen-
sional search is laborious, time consuming, and incapable of
reaching the true optimum due to ignoring the interaction
among variables. To resolve this problem, response surface
methodology (RSM) has been proposed to study of simul-
taneous effects of experimental variable and optimize them.
RSM can analyze interactions of influencing experimental fac-
tors and determine the optimum region of the factors level at
minimum number of designed experiments [22,23]. Variables
affecting the performance of photocatalytic decolorization
were thoroughly investigated. A central composite chemom-
etrics design was applied for multivariate optimization of the
effects of three different parameters influencing the photocat-
alytic decolorization efficiency of the dye solution containing
MB and VBB using UV/TMN nanocomposite process. RSM
was used to investigate the individual effects and possible
interactions between the most effective variables, including

the reaction time, catalyst dosage, and pH solution. A com-
parison the photocatalytic activity of TiO,nanocomposite for
the decolorization of MB and VBB under UV and visible light
irradiation has been investigated. Results demonstrated the
enhancement of photocatalytic activity under UV light irra-
diation rather than visible light. The photocatalytic stability
of the TiO, nanocomposite has also been checked. After six
successive cycles, these TMNs were magnetically separated
from the treated solution.

2. Experimental methods
2.1. Reagents

All the reagents were of analytical grade and used as
received without further purification. All chemicals includ-
ing NaOH, HCl, Fe(NO,),.9H,0, tetraethyl orthosilicate, tita-
nium isopropoxide, ethanol, oxalic acid, and Zn(NQO,),.6H,0
with the highest purity available are purchased from Merck,
Dermasdat, Germany. MB was purchased from Merck, and
VBB was obtained from Sigma-Aldrich. The double distilled
water was used to prepare experimental solutions.

2.2. Instruments

Spectrophotometric analyses were carried out with an
Agilent UV-visible spectrophotometer model 8453 with
diode array detector at a wavelength of 663 and 590 nm
for MB and VBB, respectively. The chemical structure of
TiO, nanocomposite was directly analyzed by a (BRUKER-
German) FTIR spectrophotometer using KBr pellets. Surface
morphology of the nanocomposite was observed using
a (Hitachi S-4800) scanning electron microscope (SEM).
Brunauer—-Emmett-Teller (BET) analysis for specific surface
area and pore volume was measured using a (NOVA 2200
instrument, Quantachrome, USA). X-ray diffraction (XRD)
pattern was collected with an automated Philips X ‘Pert
(40 kV and 30 mA) X-ray diffractometer with Cu Ka radia-
tion source (A = 1.542 A). The magnetic measurements were
performed using a vibrating sample magnetometer (VSM;
BHV-55, Riken, Japan) at room temperature. The shaker
and incubator (DK-S1060, Korea) were used to conduct all
the experiments. The pH of solutions was adjusted with
very small amounts of 0.01 M hydrochloric acid and sodium
hydroxide and determined using Jenway 3345 pH meter.

2.3. Synthesis of TiO, magnetic nanocomposite

The modified Fe,O,/TiO,-SiO, used in present study was
prepared as reported in our previous work by a combination
of sol-gel and wetness impregnation methods [24,25]. Fe,O,/
TiO,-5i0, modified with zinc was synthesized in two steps. At
first 1.0 mL of titanium isopropoxide, 1.4 g of Fe(NO,),.9H,0
and 0.25 mL of tetraethyl orthosilicate were dissolved in 100
mL ethanol; the mixture were stirred for 10 min at 45°C. After
that, 0.15 g of oxalic acid was added to the mixture under rig-
orous stirring at same temperature. After 90 min, the homo-
geneous solutions were obtained almost. The solutions have
been left at room temperature and air atmosphere to gellify.
The obtained gel was dried in the oven at 100°C for 10 h to
give a material denoted as the precursor. After drying and
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milling of precursor, it was thermally treated (calcination) at
450°C for 6 h to give the Fe,O,/TiO,-SiO,. In next steps, 1.0 g
of calcined precursor was impregnated with aqueous solu-
tion of Zn(NQO,),.6H,0 (10 mL, 0.02 mol L™). At this step, new
precursor has been dried at 100°C for 10 h and calcined at
450°C for 6 h again. The final powder is Fe,O,/TiO,-SiO, that
was modified with zinc.

2.4. Experimental system and photocatalytic activity measurement

The self-made photocatalytic system used in this study
was illustrated in Fig. 1 that consists of three parts: a sealed
box with aluminum foil to shield it from external light
sources, a Pyrex reactor cell with a 12 cm height and an effec-
tive volume of 250 mL, and a medium pressure mercury UV
lamp type Philips (75W, A =365 nm), which was positioned
on top of the reactor cell as shown in Fig. 1. Visible light
irradiation was carried out using 150 W halogen lamp. The
distance from the lamp to the top of the reactor was 12 cm.
An air pump provides compressed air to ensure a constant
supply of oxygen in air to the reaction volume and complete
mixing of solution and photocatalyst during the photoreac-
tion. During the reaction, a water-cooling system cooled the
water jacketed photochemical reactor to maintain the solu-
tion at 25°C + 1°C.

The photocatalytic activity of the TMN nanocomposite
system under UV irradiation was evaluated using MB and
VBB as the target compounds. The photocatalytic experi-
ment was performed at room temperature under a UV tube
light. The proper amount of the photocatalyst (1.6 and 1.2 g
L™ for MB and VBB, respectively) was suspended in 250 mL
of standard dye aqueous solution with the concentration of
30.0 mg L for MB and (50.0 mg L") for VBB. The distance
between solution and UV source was constant, 12 cm, in all
experiments. Prior to the UV light illumination, the suspen-
sion was shacked for 20 min to allow adsorption-desorption
equilibrium on the TMN nanocomposite surface. At differ-
ent reaction times obtained with experimental design, 2.0
mL sample was taken, and the equilibrium concentrations
of dyes were measured after magnetic separation using the
permanent magnet, with a UV-Vis spectrophotometer at A
663 and 590 nm for MB and VBB, respectively. The removal
percentage of dye was calculated using the following equa-
tion (Eq. (1)):
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= — Sampling port

Pyrex reactor cell i

= Water inlet
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from external light
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&
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Fig. 1. Schematic diagram of the self-made photocatalytic setup.

Removal (%) = (C, - C,)/C, x 100 1)

where C; (mg/L) and C, (mg/L) are the dye concentration at
initial and after time f, respectively.

The aerating rates of air and reacting temperature were
adjusted at 30 mL min™ and 25°C, respectively.

2.5. Experimental design (response surface methodology) studies

In the present study, central composite design (CCD),
which is a widely used form of RSM, was employed for the
optimization of photocatalytic decolorization process. In
order to evaluate the influence of operating parameters on
the photocatalytic decolorization efficiency of MB and VBB,
three main factors were chosen: catalyst dosage (X)), pH (X,),
and irradiation time (X,). The photodegradation percent (%
removal) of dyes (MB and VBB) was considered as response
variable (Y). A total of 36 experiments were employed in this
work, 18 experiments for the MB, and 18 experiments for
VBB. The obtain regression equations were further applied
to systematic investigation of the main and interactive effects
of the independent variables on the responses. In this study,
for three variables (1 = 3), the design includes 2" (2° = 8) cubic
points, 21 (2 x 3 =6) axial or star points, and 4 replicates of the
center point in order to estimate the experimental error. The
cubic points implicate a full two-level factorial design with
coded values of -1 and +1 (-1 and +1 indicate lower and upper
levels of each variable, respectively). In CCD, the axial points
define the points in which two variables are in their central
level (coded as 0) and other variable situated at a defined dis-
tance from the center of the design (-a and +a). It should
be noted that for a face-central CCD, |al =1, and therefore,
each variable was studied at three different levels (-1, 0, +1).
Experimental data were analyzed using Design-Expert soft-
ware (Trial Version 8.0.0, Stat-Ease Inc., Minneapolis, MN,
USA) for coded value of the variables. The experimental
ranges and the levels of the independent variables for MB
and VBB removal are given in Table 1. It should be noted that
the extreme values for each variable were selected after run-
ning a series of preliminary ones at the time experiments.

3. Results and discussion
3.1. Characterization of TiO, magnetic nanocomposite

The XRD pattern of the Fe,O,/TiO,-SiO, that modified by
zinc [Fe/(TiO,-5i0,) = 40 wt% and Zn/(TiO,-Si0O,) = 4 wt%] is
depicted in Fig. 2. The recognized phases were TiO, (tetrag-
onal), Fe,O,Zn (cubic), and SiO, (amorphous). From the XRD
data, according to Debye-Scherrer equation [26], the crystal-
lite size was 56 nm.

The morphology samples were investigated by SEM of
TMN nanoparticles (Fig. 3). As can be seen from Fig. 3, the
morphology of the precursor and calcined sample are clearly
different. Several larger agglomerations of particles were
seen in precursor; meanwhile, after calcination of precur-
sor at 450°C for 6 h, more homogeneous morphology with
reduction of agglomerate size can be seen from Fig. 3(b). It
may be due to the coating of calcined sample surface by small
crystallites of iron oxides and zinc oxide. It can be estimated
that the average particle size of Fe,O,/TiO,-SiO, that was
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Table 1

Experimental ranges and levels of the independent test variables for MB and VBB

Coded factor Factor MB level VBB level
-1 0 1 -1 0 1
X, Catalyst dosage (g L™) 0.1 0.9 1.7 0.2 0.7 12
X, pH 3 6 9 3 6 9
X, Irradiation time (min) 10 30 50 15 60 105
L) 1 T
10k
200 ¥ 5i0,; -amorphoms

- = Fa,0,Zn-cubic —
3 150 ) B 5L
5 + Ti2- tetragonal ]
-‘E' 100 . * E
E " + - ‘E 1]
E =0 ‘ g

* + ‘é
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0
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Fig. 3. The SEM images of Fe,O,/TiO,-5iO, sample modified by
Zn: (a) precursor and (b) calcined sample.

modified by zinc (TMN) is 61 nm, which is in agreement with
the XRD data (56 nm).

The result of VSM measurements was displayed on the
hysteresis curve of Fe,O,/TiO,-SiO, that is modified by zinc
(Fig. 4). The shape of that hysteresis curve resembles a super-
paramagnetic behavior [27]. Magnetic saturation values were
produced by Fe,O,/TiO,~SiO, that was modified by zinc at
applied field of 8,500 (Oe) is 10.0 emu/g. The magnetic TMN
exhibits a superparamagnetic state with small residual mag-
netization at room temperature, which is desirable for many
useful applications,

The Fourier-transform infrared spectroscopy (FTIR)
spectra of the precursor and calcined sample were measured
to confirm the composition and structure of the nanocom-
posites (Fig. 5). It has been reported that the band at the
wave number about 910-960 cm™ corresponds to Si-O-Ti
vibration; 500-900 cm™ originates from Ti-O-Ti [28,29].
As can be seen from Fig. 5, the peaks at 1,068 and 484 cm™!
were due to asymmetric stretching and bending modes of
Si—O-Si linkage in precursor and those at 461and 1,074 cm™

B000 6000 4000 2000 0 2000 4000 6000 80O
Applied Field{Oe)

Fig. 4. Magnetization curve for Fe,O,/TiO,-SiO, sample modified
by Zn.
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Fig. 5. FTIR spectra of the Fe,O,/TiO,-SiO, promoted with Zinc:
(a) precursor and (b) calcined sample.
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were corresponded to the calcined sample [30]. The peak
about 2,300 cm™ was due to Fe-O-Ti in both of precursor
and calcined TMN [31]. The bands at 538 and 553 cm™ were
attributed to the Fe-O stretching in Fe-O-Si bonds [32] in
precursor and calcined catalyst, respectively. These results
showed that the Fe-SiO, interaction exists in the catalyst in
a form of Fe-O-Si structure [33]. By combining the results of
FTIR and XRD, one can see that silica exists as a segregated
amorphous phase in the anatase titania.

The specific surface area and porosity of the Fe,O,/SiO,/
TiO, promoted with zinc composite structures were inves-
tigated by N, adsorption-desorption isotherm. The specific
surface area for calcined TMN is 187.2, 188.4, and 189.2 m? g™*
using BET, BJH, and DH methods, respectively. Pore diam-
eter and pore volume were estimated to 0.7426 A and 15.93
cm?® g7, respectively.

3.2. Photocatalytic active of TiO, nanocomposite under visible and
UV light irradiation

To elucidate the photocatalytic efficiency under different
light irradiation, a set of experiments were done by chang-
ing light irradiation as visible and UV. In order to study the
effect of light on photocatalytic activity, the experiment was
also done under dark condition. Fig. 6 shows the compar-
ison of color removal efficiency of MB and VBB with vari-
ous light sources. The higher photocatalytic efficiency was
achieved under UV light irradiation than visible light. It can
be attributed to the high energy of photons. Besides the band
gap of ZnO used is 3.19 eV, it absorbs UV light effectively.
Under dark condition, 31% and 40.3% of the MB and VB,
respectively, dye molecules have been adsorbed in 20 min;
then, desorption was occurred slowly and reached 17.6% in
60 min for MB and 19.7% in 120 min for VB. According to
the result under dark conditions, the photocatalyst can be
employed as a good adsorbent for the removal of organic
contaminants. Despite the fact that the UV irradiation can
achieve preferable results in the decolorization of dyes than

—&—dark

90 1

Decolorization (%)

Time (min)

Fig. 6. Comparisons of color removal efficiency of (a) MB, conditions: TMN = 1.0 g L', MB = 30 ppm, pH =9.0, A
=590 nm, with various light sources.

VB, conditions: TMN =1.0 g L', VBB = 60 ppm, pH=7.5, A

max

289

that of visible light, visible light will turn up as an alternative
light source due to its accessibility and nonhazardous nature.

The photocatalytic mechanism is believed to proceed as
follows:

TMN +hv - e, +h' , (2)
h*,+H,O— OH* + H* 3)
e, +0,->0, )
20, +H,0 - HO," + *OH )
*OH +*OH — H,0, 6)
0,”/OH"* + dye — Mineralized product (7)

When the photocatalyst is exposed to light, the holes
(h*) and electrons (e) are produced in the valence band and
conduction band of the photocatalyst simultaneously (Eq.
(2)) [34]. Then, the h* will react with the hydroxyl groups or
water molecules to produce hydroxyl radicals (Eq. (3)). The
conduction e can be scavenged by the dissolved O, on the
surface of the catalyst to form superoxide radical anions (O,’)
and further generate HO, (Egs. (4) and (5)). Hydrogen per-
oxide (H,O,) will be formed by the reaction between one HO*
and another (Eq. (6)). Finally, a dye molecule could be largely
oxidized by the photogenerated O,,, ‘OH, and H,O, radicals
and generates a mineralized product like CO,, H,0, etc. (Eq.
@)

Fig.7 shows the decolorization of MB and VBB dyes under
irradiation in the time interval of 50 min and 120 min and
in the presence of TMN catalyst. The decrease of absorption
spectra demonstrates decolorization of the dyes in the
applied conditions. There are no additional peaks appearing
in the UV-Vis spectra, which show the dyes are completely
degraded. Formation of (2-amino-5-N,N-dimethylphenyl)

Decolorization (%)

0 30 60 90 120

Time (min))

=663 nm and (b)

max
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Fig. 7. Decrease absorption spectra of: (a) Victoria blue B (45 ppm, 0-120 min) and (b) MB (20 ppm, 0-50 min) in the presence of TMN

photocatalyst (1.0 g L™).

3-N,N-dimethylphenylsulfoxide (1/z = 303), 4-amino-2-sulfo-
N-methylformanilide (m/z = 230), 4-N,N-dimethylaniline
(m/z = 136), 3,4-dihydroxy-N-methylformanilide (m/z =
167), and 3,4-dihydroxyaniline (m/z = 125) were observed
as the degradation products in GC-MS analysis of the
photodegraded solution of MB [35]. The degradation
mechanisms for MB were reported in the literature [34-36].

3.3. Central composite design model

CCD included the following steps: at first, statistically
designed experiments were done, and then, factors and levels
were selected; after that, the coefficients of the mathematical
model were estimated in order to predict the response and
check its adequacy. The 3-factor CCD matrix for 18 experi-
mental sets and observed results of photocatalytic decolor-
ization (removal %) for MB and VBB are shown in Tables 2
and 3, respectively. The second-order polynomial response
equation (Eq. (8)) was used to correlate the dependent and
independent variables.

y = E)O + [31X1+(52X2 + Bllxl2 + [322X22 + BlZXlXZ + ReSidual (8)

where y is a response variable of photocatalytic decolor-
ization percent (removal %); b, is regression coefficients for
linear effects; b,, the regression coefficients for quadratic
effects, and x, coded experimental levels of the variables.
Based on these results, an empirical relationship between
the photocatalytic decolorization and independent variables
was achieved and expressed by the following second-order
polynomial equations. Based on the experimental results,
photocatalytic decolorization (removal %) of dyes have been
predicted by second-order polynomial equations (Egs. (9)
and (10)), respectively, and presented in Tables 2 and 3. These
results indicated good agreements between the experimental

and predicted values of photocatalytic decolorization.

Y =66.45 +10.42X, +5.42X, + 25.57X, + 3.73X,X, - 6.74X ?
+3.86X,2 - 10.6X 2 )

y=68.99+2525X +21.75X, +18.69 X, +3.91 X X, -
6.05 X*-12.05 X?-8.51 X?X, - 13.11 X X.? (10)

The regression coefficients for each term of the full qua-
dratic models and their analysis of variance (ANOVA) at a
95% confidence level for MB and VBB were shown in Tables 4
and 5, respectively. ANOVA is needed to examine the signif-
icance and suitability of the model. As can be seen in Tables
4 and 5, the F values for MB and VBB models (120.26 and
245.35) were obviously greater than the tabulated F (F.) con-
firming the adequacy of the models fitted. On the other hand,
corresponding p-value (p < 0.0001) confirms that only a 0.01%
of the model results could arise from noise.

The lack-of-fit (LOF) term shows the variation in the data
around the fitted model and when it is significant confirms
that the fitted model cannot fit the data well [37]. Here, the
LOF p-values (VBB: 0.0531 > 0.05 and F_, = 8.55 < F. = 8.94;
MB: 0.2101>0.05, and F_; =2.85 < F.=8.87) implied the varia-
tion of the data around the fitted models were not significant
relative to the pure error.

The R-square test (R?) has been also used for the valida-
tion of the mathematical model. Experimental results and the
predicted values calculated by the models (Egs. (9) and (10))
are reported in Tables 4 and 5. The predicted values match
the experimental values reasonably well with R? of 0.988 and
0.9954 for MB and VBB, respectively.

According to the ANOVA results, the model R? value,
which equals 0.988 and 0.9954 for MB and VBB, respec-
tively, ensures a satisfactory adjustment of the model to the
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Run Variable X ; Variable X.; Variable X; Removal (%)
dose (g L) pH time (min) Observed Predicted
1 1.7 (+1) 9 (+1) 50 (+1) 98.9 98.1
2 0.1 (-1) 9 (+1) 50 (+1) 79.8 77.3
3 1.7 (+1) 3(1) 50 (+1) 83.1 79.8
4 0.1 (-1) 3 (-1) 50 (+1) 55.3 59.0
5 1.7 (+1) 9 (+1) 10 (-1) 40.2 395
6 0.1 (-1) 9 (+1) 10 (1) 19.7 18.7
7 1.7 (+1) 3(-1) 10 (-1) 34.1 36.1
8 0.1 (-1) 3(-1) 10 (-1) 153 153
9 0.9 (0) 6 (0) 50 (+1) 78.5 81.4
10 0.9 (0) 6 (0) 10 (-1) 30.6 30.3
11 0.9 (0) 9 (+1) 30 (0) 70.7 75.7
12 0.9 (0) 3(-1) 30 (0) 67.3 64.9
13 1.7 (+1) 6 (0) 30 (0) 67.4 70.1
14 0.1 (-1) 6 (0) 30 (0) 494 49.3
15 0.9 (0) 6 (0) 30 (0) 68.2 66.4
16 0.9 (0) 6 (0) 30 (0) 64.8 66.4
17 0.9 (0) 6 (0) 30 (0) 69.8 66.4
18 0.9 (0) 6 (0) 30 (0) 68.3 66.4
Table 3

CCD matrix for three variables (actual and coded levels) with the observed and predicted values of removal percentage of VBB

Run Variable X ; Variable X.; Variable X; Removal (%)
dose (g L) pH time (min) Observed Predicted

1 1.2 (+1) 9 (+1) 105 (+1) 99.2 98.3
2 0.2 (-1) 9 (+1) 105 (+1) 67 66.2
3 1.2 (+1) 3(-1) 105 (+1) 64.8 65.3
4 0.2 (-1) 3(-1) 105 (+1) 45.6 45.1
5 1.2 (+1) 9 (+1) 15 (-1) 60 60.7
6 0.2 (-1) 9 (+1) 15 (-1) 28 294
7 1.2 (+1) 3(-1) 15 (-1) 25.8 249
8 0.2 (-1) 3(-1) 15 (-1) 12.1 13.2
9 0.7 (0) 6 (0) 105 (+1) 87 85.9
10 0.7 (0) 6 (0) 15 (-1) 50.8 51.8
11 0.7 (0) 9 (+1) 60 (0) 81 80.1
12 0.7 (0) 3(-1) 60 (0) 37.5 36.6
13 1.2 (+1) 6 (0) 60 (0) 90.5 91.7
14 0.2 (-1) 6 (0) 60 (0) 40 38.7
15 0.7 (0) 6 (0) 60 (0) 68.7 69.3
16 0.7 (0) 6 (0) 60 (0) 68 67.2
17 0.7 (0) 6 (0) 60 (0) 68.4 67.6
18 0.7 (0) 6 (0) 60 (0) 67.9 68.3

experimental data and indicates the high predictive power of
the models. This implies that 98.8% and 99.54% of the varia-
tions for MB and VBB, respectively, dyes removal efficiency
are explained by the selected variables. Adjusted R* (Adj-R?)
is also a tool for measuring the goodness of a fit, but it is more
convenient for comparing models with different numbers

of independent factors. Here, adjusted R* values 0.980 and
0.9914 for MB and VBB, respectively, were very close to the
corresponding R* values. Usually, it is important to confirm
if the chosen model provides adequate approximation of
the real system. The correlation between the observed and
predicted values for MB and VBB are depicted in Fig. 8. The
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Table 4
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Analysis of variance (ANOVA) for the fit of decolorization efficiency from CCD for MB

Source SS2 df® MS F-value F. p-value
Model 8,819.27 7 1,259.896 120.2608 3.1355 <0.0001
Residual 104.7636 10 10.47636
LOF 91.05673 7 13.0081 2.847061 8.8867 0.2101
Pure error 13.70688 3 4.568958

*Sum of squares.

"Degrees of freedom.

Note: R* 0.988, adjusted R* 0.980, and predicted R*: 0.955.

Table 5

Analysis of variance (ANOVA) for the fit of decolorization efficiency from CCD for VBB
Source SS? df MS F-value F. p-value
Model 9,581.31 8 1,197.66 245.35 3.2296 <0.0001
Residual 43.93 9 4.88
LOF 41.51 6 6.92 8.55 8.9406 0.0531
Pure error 2.43 3 0.81

*Sum of squares.
"Degrees of freedom.
Note: R*: 0.9954, adjusted R* 0.9914, and predicted R* 0.9307.

points were located very close to the diagonal line indicat-
ing low discrepancies between them. The comprehensive
description on F values and goodness of the model and inter-
action effect for photocatalytic degradation of pollutants is
presented in literature [37,38].

In the case of MB, considering the confidence level of 95%,
the regression coefficients with p-value lower than 0.05 are
coefficients, which have a significant effect on the response.
The p-values indicate that linear effects of all variables and
quadratic term of X, (catalyst dosage) and X, (irradiation
time) as well as binary interaction between X, and X, (pH
and time) could be considered as significant model terms (p
< 0.05; Table 6). In the case of VBB, the results of ANOVA for
the reduced cubic model terms after applying stepwise strat-
egy for eliminating nonsignificant terms are shown in Table
7. As can be seen, linear effects of all variables and quadratic
term of X, (catalyst dosage) and X, (pH) as well as interaction
between X and X, could be considered as significant model
terms (p < 0.05).

3.4. Effect of variables as response surface

As discussed in the previous section, an experimental
design model (CCD) and RSM were used with three variables
to evaluate their effect on the dye decolorization efficiency.
The final models were expressed as three-dimension surface
plots to visualize the relationship between the response and
the experimental levels of each factor.

Figs. 9(a)-(c) (left) show the effect of time and pH, pH
and catalyst dosage, and time and catalyst dosage on the MB
decolorization efficiency, respectively, each one at the central
level of the third variable. Figs. 9(a)-(c) (right) also shows
the effect of pH and catalyst dosage, time and pH, and time
and catalyst dosage on the on VBB decolorization efficiency

removal, respectively, each one at the central level of the third
variable.

In Figs. 9(a) (left) and 9(b) (right), the response surface
plots MB and VBB were developed as a function of pH and
reaction time while the catalyst dosage was kept constant at
0.9 and 0.7 g L™ for MB and VBB, respectively, being the cen-
tral levels. As can be seen in Fig. 9(a) (left), irradiation time
had a significant effect on decolorization efficiency of MB;
it increased with increasing reaction time at all applied pH,
and also decolorization efficiency increased with increas-
ing pH. As can be seen in Fig. 9(b) (left), decolorization effi-
ciency increased with increasing pH and irradiation time. It
is known that the solution pH can affect the surface charge of
the adsorbent, the degree of ionization of the dyes, as well as
the structure of the dye molecule [39,40]. Therefore, the solu-
tion pH is an important parameter during the dye adsorption
processes. In order to study the surface charge of the adsor-
bent, the variation of the zeta potential at different pH values
was investigated (Fig. 10). The surface charge of adsorbent
assessed by point of zero charge (pH,,.) is defined as the
point where the zeta potential is zero. The surface charge is
positive at pH value lower than pH,,, while it is negative at
higher than pH,,.. As shown in Fig. 10, the pH,, . of the TMN
sample was about 4.3.

According to the results and due to the cationic nature
of the dyes (MB and VBB), in more acidic pH lower than
4.3, the repulsive forces between the cationic dyes and posi-
tive charges of the catalyst surface reduce the adsorption of
dyes onto the catalyst and hence reduce the photocatalytic
efficiency too. Also, a low pH is associated with a positively
charged surface that cannot provide hydroxyl group, which
are needed for hydroxyl radical formation. On the other
hand, at pH values above the pH,, ., the surface of the cata-
lyst is negative, and hence, due to attractive forces between

PZC
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Fig. 8. Plot of predicted values of removal percentage vs. observed values for: (a) MB and (b) VBB.

Table 6
The coefficient estimates of quadratic model and significance of
regression coefficients for MB

Table 7
The coefficient estimates of reduced cubic model and signifi-
cance of regression coefficients for VBB

Terms Coefficient ~MS® F-value p-value Terms Coefficient Ms? F-value  p-value
estimate estimate

Intercept 66.45 - - - Intercept 68.99 - - -

X, 10.42 1085.76 95.01 <0.0001 X, 25.25 127513  261.22 <0.0001
X, 5.42 293.76 25.71 0.0010 X, 21.75 946.12  193.82 <0.0001
X, 25.57 6539.27 572.25 <0.0001 X, 18.69 3493.16  715.60 <0.0001
XX, -0.88 6.12 0.53 0.4850 XX, 3.91 122.46 25.09 0.0007
XX, 0.95 7.22 0.63 0.4496 X, -6.05 113.41 23.23 0.0009
XX, 3.72 111.01 9.71 0.0143 X, -12.05 450.01 92.19 <0.0001
X, —6.74 123.08 10.77 0.0112 XX, -8.51 115.94 23.75 0.0009
X, 3.86 40.38 3.53 0.0969 XX, -13.11 275.10 56.36 <0.0001
X -10.60 304.44 26.64 0.0009

*Mean squares.

this negative surface and cationic MB and VBB molecules,
more cationic dyes reach near the catalyst surface. As we
expect, photocatalytic efficiency should be enhanced in
more alkaline pH that favors hydroxyl radical producing
[41].

To study the combined effect of pH values and catalyst
dosage, the RSM was used, and the results were shown in
Figs. 9(b) (left) and 9(a) (right). As can be seen in Fig. 9(b)
(left), catalyst dosage had a significant effect on decoloriza-
tion efficiency of MB; decolorization efficiency increased with
increasing catalyst dosage at all applied pH value; and also,
it increased with increasing pH. As catalyst dosage increases,
total active surface area increases; therefore, more active sites
on catalyst surface are accessible.

The surface plots of decolorization of MB and VBB are
given in Fig. 9(c) (left) and (right), respectively. The decolor-
ization increases with increase in catalyst dosage and irradi-
ation time whereas pH kept constant at 6 being the central
levels. This may be due to increases in the number of dye
molecule adsorbed. Finally, based on the RSM results, the

*Mean squares.

optimum values of the process variables for the maximum
decolorization efficiency are X, = 1.6 g L, X, =9, and X, =
50 min for MB, and X, =12 g L7, X, =7.5, and X, =105 min
for VBB. After verifying by a further experimental test with
the predicted values, the results indicated that the maximum
decolorization efficiency was achieved when the values of
each parameter were set as the optimum values, which was
in good agreement with the predicted values.

3.5. Evaluation of catalyst stability

The feasibility of catalyst recovery and recycle in pho-
tocatalytic processes is most important, since it contributes
significantly to lowering the cost of the photocatalytic decol-
orization of dyes. The reusability and stability of photocata-
lysts were investigated using 1.6 g L™ of photocatalyst (Fig.
11). For each cycle, photocatalysts were reused for the decol-
orization of a fresh MB solution under similar conditions
after the photocatalyst was separated by magnet, and then,
it was washed with distilled water and dried at room tem-
perature. As can be seen from Fig. 11, the catalytic activity of
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the TiO, nanocomposite (TMN) did not significant change in
four successive runs and the removal of MB remains about
90% and then decreased gradually. The decrease of decolor-
ization efficiency may due to the adsorption of intermediate
products on the photocatalyst active sites. However, 81%
of MB was decolorized successfully for the fifth use of the
photocatalysts, which indicated that theTiO, nanocompos-
ite (TMN) catalyst was stable during the photodegradation
of MB.

4. Conclusions

The new photocatalyst (Fe,O,/SiO,/TiO, promoted with
zinc composite or TMN) has been synthesized by a combi-
nation of sol-gel and wetness impregnation methods and
characterized with SEM, XRD, BET, FTIR, and zeta potential
sizer (£). Results of this research showed that hybridization
of ZnO-TiO, semiconductors and supporting it on Fe,O,/SiO,
nanoparticles can efficiently increase the photodegradation
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Fig. 11. Recycle and reuse of photocatalysts for MB decoloriza-
tion (MB concentration: 30 mg L™, photocatalyst dosage: 1.6 g
L7, pH: 9, irradiation time: 50 min).

activity of the obtained photocatalyst. Hence, the results
confirm the effectiveness of the proposed TMN photocata-
lyst for the degradation of dyes from wastewater. Moreover,
the magnetic TMN can be easily manipulated in magnetic
field for desired separation, leading to the removal of dyes
from polluted water. The decolorization efficiency of both the
dyes MB and VBB using TMN in the presence of UV light
was found to be comparatively higher than in the presence of
visible light. Visible light will turn up as an alternative light
source owing to its availability and nonhazardous nature;
in spite of the fact that the UV irradiation can bring better
results in the decolorization of dyes. A CCD was applied
for multivariate optimization of the effects of three different
parameters influencing the photocatalytic decolorization effi-
ciency of the dye solution containing MB and VBB using UV/
TMN nanocomposite process. RSM was used to investigate
the individual effects and possible interactions between the
most effective variables, including the reaction time, catalyst

dosage, and pH solution. The effect of experimental param-
eters on the decolorization efficiency was illustrated by the
response surface plot of the model-predicted responses. The
results also indicated that pH plays an important role in the
photodecolorization extent of the used dyes because of its
effects on the charge of the catalyst surface. Predicted values
were found to be in good agreement with experimental val-
ues (R? 98.8% and 99.5% and adjusted R? = 98.0% and 99.1%
for MB and VBB, respectively), which indicated suitability of
the model and the success of CCD in optimization of decolor-
ization process. Based on the RSM results, the optimum val-
ues of the process variables for the maximum decolorization
efficiency are catalyst dosage = 1.6 g L, pH =9, and time =
50 min for MB, and catalyst dosage = 1.2 g L', pH = 7.5, and
time = 105 min for VBB. The photocatalytic stability of the
TMN has also been checked. After six successive cycles, these
TMNs were magnetically separated from the treated solu-
tion. The enhanced photocatalytic activity, excellent chemical
stability, and fast magnetic separation make these multifunc-
tional nanostructures potentially useful in practical settings
of photocatalysis
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