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ABSTRACT

In this study, the response surface methodology (RSM) was applied for modeling and
optimization of photocatalytic degradation of naphthalene using TiO, nanoparticles in a
batch slurry system. The effect of four independent parameters such as agitation speed (Xj),
air flow rate (Xj), catalyst loading (X3), UV light intensity (X,), and their interactions was
investigated. A quadratic model was qualified to predict the degradation percent of
naphthalene in different conditions, consequently. The significance of independent variables
and their interactions were evaluated by the analysis of variance (ANOVA). Evaluation of
the p-value approved that the effect of interactions is not very significant and so interaction
terms were removed from the initial model. In order to achieve the maximum degradation
percent, the optimum conditions were obtained by mathematical and statistical methods.
The results showed that the maximum degradation efficiency can be achieved at the opti-
mum conditions: X; = 150 rpm, X, = 5 L/h, X5 = 2.17 g/L, and X, = 18.67 W. The good
agreement between the predictive and experimental results at the optimum point verified
the model adequacy and validity of the obtained optimum conditions.

Keywords: Photocatalysis; TiO,; Response surface methodology (RSM); Central composite

design (CCD); Optimization

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are
highly toxic agents that cause genetic changes, congen-
ital abnormalities, and cancer. So these contaminants
have specific importance in terms of environment.
Between PAHs, naphthalene is the most soluble and
chemically stable in water [1]. Therefore, the removal
of naphthalene from water and wastewater has
recently become the subject of considerable interest
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due to more strict legislations introduced in many
countries to control water pollution.

The most important methods for removing organic
contaminants from wastewater include coagulation
and adsorption [2], ultrafiltration [3], nanofiltration [4],
and biological filtration [5]. Most of these methods act
based on displacement, release and transport of
contaminants and so do not completely eliminate
pollutions.

In recent years, photocatalytic process has shown
many advantages such as great degradation potential
and low cost in removal of organic contaminants from
wastewater [6]. Photocatalysis is based on the
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production of unstable species with high reactivity
tendency (e.g. H,O,,0;, OH') on a semiconductor
surface (most often TiO,) to convert the resistant
organic materials to the inert components (e.g. CO,,
H,O, NOj, phosphate, halide ions) [7-9]. Because of
high chemical stability, high efficiency, low production
cost, and high refractive index leading to a hiding
power and whiteness, TiO, can be an appropriate
photocatalyst for the photocatalytic process [10].

Mechanism of the photocatalytic degradation of
naphthalene is described in previous studies. Theurich
et al. demonstrated that during the photocatalytic
process, naphthalene is converted to different interme-
diates e.g. couramine, cinnamic acid, phethalic acid,
and 1,2-benzenedicarboxaldehyde [11]. Also, Ohno
et al. confirmed that during the photocatalytic
degradation of naphthalene, the main product is
2-formylcinnamaldehyde [12].

Some researchers studied the kinetics and effect of
some operational parameters such as photocatalyst
dosage, reaction time, temperature, and initial concen-
tration of contaminant on the photocatalytic reaction
efficiency [13-15]. Lair et al. verified that kinetics of
naphthalene degradation is consistent with the Lang-
muir-Hinshelwood mechanism [13]. In addition,
Montazerozohori et al. investigated the kinetics of
Photocatalytic decolorization of ethyl orange at vari-
ous buffer solutions using nano-TiO, and showed that
the kinetics investigations are in agreement with
pseudo-first-order reaction rate for dye degradation.
Also, they showed that in large amounts of photocata-
lyst, decolorization efficiency of dye reduces due to
increased opacity of the suspension [14]. Wu et al.
studied the photocatalytic decomposition of basic dye
(HF6 coral pink) by nano-sized TiO, suspension at
different temperatures and demonstrated that the dye
decomposition rate increases with the reaction temper-
ature. They stated that a higher temperature will raise
the reaction rate constant and cause a faster decompo-
sition rate based on the Arrhenius equation [15].

Performing a process at optimum conditions has
many advantages such as reduction of energy
consumption and approaching the higher efficiency
[16,17]. Also, Low efficiency is one of the important
barriers against photocatalytic process industrializa-
tion [6]. In the literature, to the best knowledge of the
authors, statistical analysis and optimization of
photocatalytic degradation of naphthalene from
wastewater have not been reported.

Based on the above-mentioned facts, the specific
objectives of this study were: (1) To apply a four
factor, five-level central composite experimental
design (CCD) for maximizing naphthalene removal
from aqueous solution by UV/nano TiO, system; (2)
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To examine the effects of four independent variables
(agitation speed (X;), air flow rate (X5), catalyst load-
ing (X3), UV light intensity (X4), and their interactions
on the naphthalene removal efficiency; and (3) To
verify the validity of the proposed model by
additional batch experiments conducted in the
experimental area of the CCD.

2. Materials and methods
2.1. Materials

The photocatalyst was TiO, at anatase crystalline
phase with greater than 99.5% purity (average primary
particle size: 30 nm, specific surface area: 50 = 5 m?/g)
that was purchased from US Research Nanomaterials
Inc. Naphthalene with analytical grade was purchased
from Merck and Millipore deionized water was used
for dilution at 45°C. TiO, nanoparticles were analyzed
using X-ray powder diffraction with model of XRD,
Philips PW 1800. The morphology/structure of TiO,
nanoparticles were obtained by scanning electron
microscopy (SEM, Cambridge 5-360) and Transmission
electron microscopy (TEM, Philips CM120).

2.2. Photo reactor

The photocatalytic reactor system is schematically
exhibited in Fig. 1. A magnetic stirrer was used to mix
the solution at different intensities. The reactor was
equipped with three 8 W UV lamps at 365 nm
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Fig. 1. Schematic diagram of the photocatalytic reactor
system. 1—UV lamps; 2—Thermocouple; 3—Magnetic
stirrer; 4—Water bath; 5—Suspension.
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wavelength. The temperature was measured using a
K-type thermocouple and was monitored by a temper-
ature controller. An aquarium air pump was used for
air injection into the solution weekly. Air flow rate
was controlled using an accurate flow meter, and a
water bath between the beaker and stainless steel con-
tainer held the solution temperature constant during
the experiment.

2.3. Procedure

First, 100 ml of naphthalene solution was poured
inside a 150 ml beaker that was placed into a cylindri-
cal stainless steel container. To reach thermal equilib-
rium, solution was stirred for 2 min extremely. In
order to achieve the adsorption equilibrium, required
amount of TiO, was added to the naphthalene solution
and the suspension was stirred in darkness for 5 min.
Then UV irradiation was started and the solution was
sampled after 170 min. For separation of TiO, nanopar-
ticles, the resulted samples were filtered by PTFE
syringe membrane (0.45 um pore size). Then samples
were analyzed immediately by an UV /vis Spectropho-
tometer (CECIL 9000 series) at Amax = 275.4 nm with a
calibration curve based on the Beer-Lambert’s law.

Fig. 2 presents the UV absorbance spectrum of the
standard naphthalene solution at Cy = 20 mg/L. The
temperature of the solution was maintained at
32 + 2°C during all the experimental test runs.

It is noteworthy that before performing the main
tests, in a series of experiments in the dark, we real-
ized that the adsorption equilibrium is attained after
5 min in the naphthalene/TiO,/water system (Fig. 3).

Absorbance
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Fig. 2. UV absorbance spectrum of the naphthalene
solution.
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Fig. 3. Evolution of naphthalene adsorption on the TiO,
surface in the dark, under the condition of X; = 100 rpm,
X, =0L/h,and X3 =2 g/L.

As shown by Fig. 3, in the first moments, the TiO,
showed considerable adsorption of the naphthalene
(area 1). Then the naphthalene concentration increased
slightly that may occur due to the partial desorption
of naphthalene from the surface of TiO, (area 2). At
area 3, the concentration stayed approximately con-
stant and so it can be concluded that the adsorption
has reached to the dynamic equilibrium after 5 min.
Also, the results showed that less than 20% of the
naphthalene was adsorbed on the surface of TiO, in
the dark under specified conditions and no consider-
able degradation of naphthalene was observed
without UV irradiation.

3. Response surface methodology (RSM)

In order to describe the effect of factors on the
naphthalene degradation percent, a standard response
surface method called orthogonal CCD with star
points was employed with four factors and five levels.
For statistical calculations, the variables X; were coded
as x; according to the following equation:

X —Xp
AX

@

X; =

where x; is the coded value of each independent vari-
able, X, is the value of variable at the center point,
and AX is the step change value [9]. The experimental
ranges and levels of the independent variables for
naphthalene removal are given in Table 1.

Also the experimental design as well as obtained
output responses is shown in Table 2. In all experi-
ments, the reaction time was equal to 170 min. The
responses and corresponding parameters were analyzed
and optimized using analysis of variance (ANOVA) to
estimate the statistical parameters by means of statistical
methods. Basically, this optimization process involves
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Table 1
Experimental ranges and levels of the independent test
variables (o = 2.0)

Coded values

Variables —a -1 0 +1 +a

50 100 150 200
3 4 5 6
1.5 2 25 3

8 16 24 32

Agitation speed, X; [rpm]
Air flow rate, X, [L/h]
TiO; loading, X3 [g/L]
UV light intensity, X4 [W]

ORNO

Table 2
CCD experiments, experimental and predicted values

Run X; X, X, X, Degradation percent (%)

No. (pm) (L/h) (g/L) (W) Experimental Predicted
1 50 3 25 8 49.50 45.33
2 100 2 2.0 16  58.40 62.01
3 0.0 4 2.0 16  38.55 45.73
4 150 3 25 24 61.65 58.58
5 100 4 2.0 16 59.65 61.03
6 150 3 25 8 49.80 50.68
7 150 5 1.5 8 62.50 59.74
8 50 5 2.5 24 59.45 59.02
9 100 4 1.0 16  49.30 52.25
10 100 4 2.0 24 63.55 59.23
11 100 4 2.0 16  62.55 61.03
12 100 4 3.0 16  54.00 56.71
13 50 3 1.5 24 49.75 48.17
14 50 5 1.5 8 47.25 47.37
15 100 4 2.0 0 25.55 32.30
16 150 5 2.5 8 59.80 58.43
17 200 4 2.0 16 64.25 62.74
18 150 3 1.5 24 5530 57.92
19 50 5 1.5 24 5740 53.80
20 150 5 2.5 24 63.20 65.57
21 50 3 25 24 53.90 53.94
22 50 5 2.5 8 56.50 51.17
23 100 4 2.0 16 61.10 61.03
24 150 5 1.5 24 64.25 65.47
25 100 4 2.0 16  63.55 61.03
26 100 4 2.0 16 57.15 61.00
27 50 3 1.5 8 46.05 40.97
28 100 6 2.0 16  73.35 75.40
29 150 3 1.5 8 53.95 51.43
30 100 4 2.0 16  58.95 61.03

four major steps which are performing the designed
experiments, estimating the model coefficients,
predicting the response, and testing the fitness of the
model [18].

The quadratic equation model for predicting the
optimum conditions can be expressed according to the
following relationship (Eq. (2)) [19]:
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where Y is the response variable of degradation
percent, S, the constant coefficient, f; the linear
coefficients, f;; the quadratic coefficients, f;; the interac-
tion coefficients, x; and x; the coded values, k the num-
ber of factors in the experiment, and e is the random
error. ANOVA was used for analysis of the data to
obtain the interaction between the process variables
and the responses. The quality of the fit polynomial
model was described by the coefficient of determination
(R? and model terms were evaluated by the p-value
(probability) with 95% confidence interval. Three-
dimensional plots and their corresponding contour
plots were acquired for naphthalene degradation per-
cent based on the effect of factors. Furthermore, the
optimum conditions for attainment of maximum degra-
dation percent were identified based on the main
parameters. Design of experiments and statistical
analysis was carried out with the assistance of Design
Expert software.

4. Results and discussion
4.1. TiO, morphology and characteristics

As shown in Fig. 4, TiO, was analyzed by XRD
which showed the presence of anatase as the nanopar-
ticle crystalline phase.

TiO, nanoparticles were also analyzed by scanning
electron microphotography (SEM) and Fig. 5 shows
the morphology of the TiO, nanoparticles.

As seen in Fig. 5, the purity and porosity of TiO,
nanoparticles are very appropriate. Also, Fig. 6 shows
the transmission electron microscope (TEM) image of
TiO..

Transmission electron microscopy could be the first
method used to establish the size distribution of nano-
particles. Accordingly, Fig. 6 shows that the average
particle size of pristine TiO; is less than 30 nm. This
range of size can cause significant surface area and
high degree of naphthalene degradation.

4.2. Model fitting and statistical analysis

After obtaining the initial model, evaluation of
p-value parameter approved that the effect of interac-

+Vaughn, N.A,, et al.,, Design Expert ®, version 8 for win-
dows, Stat-Ease, Inc, Minneapolis, 2011, website: http://
www.statease.com
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Fig. 4. X-ray diffraction pattern of the TiO, nanoparticles
in anatase crystalline phase.

Fig. 5. SEM of the TiO, nanoparticles.

Fig. 6. TEM image of TiO, nanoparticles.

tions is not very significant (p-value greater than 0.05)
and so interaction terms were removed from the initial
model. According to the obtained results, coefficients
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of the model were calculated by the following second-
order polynomial equation in terms of coded values:

Y = 61.03 +4.25x +3.35x + 1.11x3 +3.59 x4 — 1.70x7
+1.92x% — 1.64x% — 5397
®3)

These results show that all independent variables
at the first-order (linear term) state have positive effect
on degradation efficiency and the most significant
positive effect of the first-order derives from the
agitation speed (x7). Table 3 summarizes ANOVA for
the modified quadratic response surface model
consistent with experiments.

The quality of the fit of polynomial model was
evaluated by the coefficient of determination R* and
R?adj, and statistical significance was checked by the
F-test in the program. The Model F-value of 15.72
implies that the model is significant for naphthalene
degradation. The p-values less than 0.0500 indicate
that the model terms are also significant. As can be
seen in Table 3, the coefficient of variance (CV) and
adequate precision values for the naphthalene degra-
dation percent were found to be 7.2 and 19.51,
respectively. The CV value must be lesser than 10,
otherwise the proposed model cannot be considered
reproducible [19]. Adequate precision compares the
range of the predicted values at the design points to
the average prediction error and a ratio greater than
4 is desirable [20]. The coefficient of determination
(R?) evaluates the correlation between the experi-
mental data and the predicted responses quantita-
tively. It is known that R® always increases on
adding terms to the model, whereas, the adjusted R?
does not. In fact if unnecessary terms are added, the
value of adjusted R? often decreases [20]. Here, the
adjusted R* value (0.8) was smaller than R* (0.86).
In addition to the regression coefficient, the ade-
quacy of the model was also evaluated by the resid-
uals (difference between the observed and predicted
response value).

The actual and the predicted degradation percent
are shown in Fig. 7. It is observed that there are ten-
dencies in the linear regression fit, and the model
explains the experimental range studied sufficiently.
Also, Fig. 8 is the normal percent probability plot of
the residues that shows an approximate linearity
confirming normality of the data.

4.3. Effect of variables as response surface and counter plots

In order to attain a better understanding of the
effects of the independent parameters and their
interactions on the response, 3D plots for the degrada-
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Table 3
ANOVA for response surface reduced quadratic model
Source Sum of squares Degree of freedom Mean square F-value p-value
Model 2046.91 8 255.86 15.72 <0.0001 Significant
X, 433.93 1 433.93 26.66 <0.0001
X5 269.01 1 269.01 16.53 0.0006
X3 29.82 1 29.82 1.83 0.1903
X4 241.20 1 241.20 14.82 0.0009
X2 80.66 1 80.66 4.95 0.0371
X3 102.84 1 102.84 6.32 0.0202
X3 74.83 1 74.83 4.60 0.0439
X2 475.56 1 475.56 29.21 <0.0001
Residual 341.85 21 16.28
Lack of fit 313.63 16 19.60 3.47 0.0872 Not significant
Pure error 28.21 5 5.64
Cor. total 2388.75 29

R? = 0.86, R%adj = 0.80, C.V.% = 7.20, adequate precision = 19.51.
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Fig. 7. The actual and predicted degradation percent of
naphthalene.
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Fig. 8. The studentized residual and normal percent
probability plot.

tion percent were presented based on the proposed
model (Eq. (3)). The chemical naphthalene degradation
percent was defined as follows:

Degradation % = COC;OCF x 100 “)
where C; is the initial concentration of naphthalene
and Cg is the final naphthalene concentration. In
Fig. 9, the effect of agitation speed and air flow rate
on degradation percent have been shown, whereas
TiO, concentration and UV light intensity are equal to
2 g/L and 16 W, respectively.

The graphic analysis shows that agitation speed,
varying from 50 to 150 rpm, has a positive effect on
degradation. This behavior can be attribiuted to the
enhancement of mass transfer coefficient (kc) with
agitation speed. Considering the spherical TiO, nano-
particles suspended in the solution, equation related
to k¢ is like equation as follows [21]:

DO-67 u 0.5
ke — o.6< A ) () 5)
w17 )\,

where D,g is the diffusion coefficient of the naphtha-
lene in water, d;, is the nanoparticle diameter, v is the
kinematic viscosity of water, and U is the velocity of
the fluid passing from the spherical particle. Consider-
ing Eq. (5), there are two ways to increase kc. First,
reducing d, and second increasing U. By enhancing
the agitation speed, U will increase, so k- enhances.
On the other hand, it is evident that naphthalene
degradation percent increases with air flow rate
especially in the range of 3-5 L/h. This enhancement
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can occur due to the increasing concentration of
oxygen in the solution as an electron scavenger, as
other researchers mentioned in their studies [1,22].
However, With more precision in Fig. 9(a), it seems
that at the values close to X; = 150 rpm and
X, = 5.0 L/h, the graph becomes more smooth and it
can be postulated that the agitation speed and air flow
rate have no significant interaction effect at agitation
speeds higher than 150 rpm.

Also, in Fig. 10 the effect of TiO, loading and UV
light intensity on degradation percent have been
shown, whereas agitation speed and air flow rate are
equal to 100 rpm and 4 L/h, respectively.

As shown in Fig. 10, TiO, loading varied from 1.5
to 25 g/L has low influence on the degradation
percent. However, catalyst loading showed an opti-
mum amount equal to 2.17 g/L at mentioned range.
This can be rationalized in terms of the availability of
active sites on TiO, surface and the penetration of
activating light into the suspension. The availability

of the active sites increases with the catalyst
concentration in the suspension, but the light
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penetration decreases with the catalyst concentration
in the suspension due to the “screening effect” and
opacity of the suspension [14,15,23].

Such as was the case before, UV light power inten-
sity showed an optimum value equal to 18.69 W to
achieve maximum naphthalene degradation percent.
These results are quite consistent with other research
results. Ollis et al. [24] expressed that at low UV light
intensities, the reaction rate has a linear relation with
the light intensity; at moderate light intensities beyond
a certain value, the reaction rate depends on the
square root of the light intensity; and at high light
intensities, the light intensity has little negative effect
on the reaction rate.

4.4. Determination of optimal conditions for degradation of
naphthalene

In optimization, the degradation percent was
maximized to 70% for 20 mg/L of initial naphthalene
concentration. The optimum value of operational
parameteres has been shown in Table 4 for 170 min of

Degradation percent

(b)s00

s
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=

g

X,:Adr flow rate

w

i

=3
1

)

100.00 125.00
X,:Agitation speed

150,00

Fig. 9. Response surface plot (a) and contour lines plot (b) indicating the effect of agitation speed and air flow rate upon
the degradation percent of naphthalene, under the condition of X5 =2 g/L and X4 = 16 W.
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Fig. 10. 3D surface graph (a) and 2D contour plot (b) indicating the effect of photocatalyst loading and light intensity for
naphthalene degradation percent, under the condition of X; = 100 rpm and X, = 4 L/h.
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Table 4
Result of confirmation experiments for optimum condi-
tions

Degradation percent (%)

Parameter =~ Optimum value Predictive  Experimental
X; (ecpm)  150.00 69.04" 66.30"

X, (L/h)  5.00 69.64"

X5 (g/L) 2.17

X, =16 W.

"X, = 18.67.

treatment time with the desirability value of 0.922.
Also, to confirm the model adequacy, the model was
validated by carrying out experiments using the
optimum conditions.

Three replicative experiments were carried out in
the reactor which yielded an average maximum naph-
thalene degradation rate equal to 66.3%. However,
due to the operational limitations in experiments that
were carried out at optimum conditions, the value of
UV light intensity was regulated to 16 W. Also, in
order to make a better comparison, the predicted
value of degradation efficiency for light intensity of
16 W was added to Table 4. The good agreement
between the predictive and experimental results
verified the validity of obtained optimal point.

Conclusions

In this paper, the photocatalytic degradation of
naphthalene in TiO,/UV system was analyzed by the
use of RSM. The CCD was applied by considering the
agitation speed (X;), air flow rate (X;), photocatalyst
loading (X3), and UV light intensity (X,). The results
showed that at the first-order (linear term) state, the
agitation speed is the most significant parameter on
the naphthalene degradation.

Analysis of variance showed an appropriate coeffi-
cient of determination (R* = 0.86 and R’adj = 0.8), thus
assure a sufficient adaption of the second-order
regression model with the experimental data. Also,
the optimum values of X;, X, X3 and X, were
150 rpm, 5 L/h, 2.17 g/L, 18.67 W, respectively. At
optimum conditions, the degradation percent was
maximized to about 70% for 20 mg/L of initial naph-
thalene concentration.

According to these results, the photocatalytic
process can be an appropriate alternative to the
conventional methods for the optimum refining
process of organic wastewater at low concentrations.
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Symbols

(&A% — coefficient of variance

C — concentration at any time, mg/L
Co — initial concentration, mg/L

Cg — final concentration, mg/L

dp — nanoparticle diameter, m

Dag — diffusion coefficient, m?/s

e — random error

k — number of factors

kc — mass transfer coefficient, mg/(L min)

R? — coefficient of determination

R2adj — adjusted coefficient of determination

u — velocity of the fluid passing from the spherical
particle, m/s

xj, x; — coded values

Xo — value of variable at the center point

X; — value of the independent variable

Y — response variable

Lo — constant coefficient

Bi — linear coefficients

Pii — quadratic coefficient

Bij — interaction coefficients

v — cinematic viscosity, kg/(m s)

Ax — step change value
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