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ABSTRACT

In this study, commercial nano-size TiO;, suspension was used to coat on the inner surface of glass reactors
and the immobilized TiO, film served as photocatalyst to decompose azo dye in aqueous solutions. A full
factorial design approach using three factors, namely rotation time, rotation speed, and drying tempera-
ture was adopted to prepare TiO,-coated reactors. The azo dye decomposition conversion under 8 W UV
illumination for 4 h was measured as the response of the experimental design. The results showed that
the three main effects were significant: increasing the rotation time from 10 to 50 min leaded to 11.4%
increase in the dye conversion; increasing the rotation speed from 10 to 50 rpm leaded to 5.6% increase
in the dye conversion; increasing the drying temperature from 150 to 250°C leaded to 2.8% increase in
the dye conversion. A series of dye degradation experiments with varying initial dye concentrations were
conducted using the TiO,-coated reactor. The dye degradation rate was found to be —rgye = k,C/(1+k,C)
withk=0.0326 min—' and k, =0.764 L mg~". The developed kinetic model was used to fit the experimental

data satisfactorily.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The presence of dyes in the effluents produced by textile indus-
trial processes leads to colorful contamination. In addition to
containing toxic and hazardous pollutants, the colorful wastewa-
ter is aesthetically unacceptable. Therefore, the treatment of textile
wastewater has received increasing attention. A variety of methods
for pollutant removal and decolourization of textile wastewaters
are available [1]. Although most textile wastewater treatment
plants use biological treatment processes to remove BOD and COD,
most dyes cannot be completely biodegraded by the conventional
biological wastewater treatment processes. In order to meet more
increasingly stringent environmental regulations and laws, tertiary
treatment such as adsorption or chemical oxidation is required
after the biological treatment processes to remove the residual dye
and color.

The most widely tertiary treatment for dye wastewater was
adsorption by activated carbon or other low cost materials [2-7].
Due to the difficulty of regenerating dye-saturated activated car-
bon or other adsorbents, chemical oxidation, especially advanced
oxidation process (AOP) employing hydroxyl radicals to degrade
dyes becomes an attractive choice for dye wastewater treatment.
There are several methods for generating hydroxyl radicals, e.g.
Fenton and Fenton-based processes [8-10], ozonation and ozone-
based processes [11,12], UV irradiation and UV-based processes
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[13-18], electrochemical methods [19-22], and photocatalysts
[23-25].

Using TiO, suspension under UV irradiation is one of the sim-
plest AOPs for dye degradation [26], but the problem is how
to separate TiO, particles from the reaction solution after dye
degradation. To overcome the TiO, separation problem, TiO;
immobilization technique became very important and received
great attention. Many techniques such as spray pyrolysis, chemical
vapor deposition, microwave synthesis, vacuum arc plasma evapo-
ration, spin coating—pyrolysis, and sol-gel process have been used
to prepare TiO- thin films on various substrates [27-41]. The coated
TiO, thin films were characterized and tested for their effective-
ness as photocatalysts for organics removal. The above preparation
methods need delicate equipment and the operating costs are
expensive. Therefore, this study aimed at coating commercially
available nano TiO; sol on the inside surface of glass reactors for azo
dye degradation by a simple and inexpensive method. The factorial
experimental design methodology was adopted to study how the
rotation speed, rotation time, and drying temperature affected the
TiO, film performance quantified by the dye removal rate at the
same degradation condition. Furthermore, the TiO,-coated glass
reactor prepared under the optimal condition was used to study
the dye degradation kinetics.

2. Experimental
2.1. Materials

The acid HNO3 (Shou Pin Chemicals Co., LTD., Japan) and base
NaOH (Nihon Shyaku Ind., LTD., Japan) were used for pretreating the
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Table 1

The properties of TiO, suspension.
Parameter Value Unit
Crystallite size 5 nm
Anatase 100 %
pH-value Approximate 1
Solids content 15.2 %
Density 1.12 gem 3
Nitrate content 2.0 %

inner surfaces of the glass reactors. The properties of the commer-
cial nano-sized TiO, suspension (Hombikat XXS100, Sachtleben
Chemie Gmbh, Germany) are shown in Table 1. The peach red azo
dye (Sumitomo Chemical Co., Japan) with main ingredient of triph-
enyalmethane shown in Fig. 1 was used to prepare the synthetic
wastewater in this study.

2.2. Preparation and characterization of TiO, film

A glass reactor with inside diameter of 6 cm and height 25 cm
was coated with TiO, film by the procedure described as follows.
The glass reactor was first washed with 0.1N NaOH solution for
30 min and rinsed with deionized water. It was washed with 0.1N
nitric acid and rinsed with deionized water. After drying the glass
reactor at the room temperature, 100 mL nano-sized TiO, suspen-
sion was charged to the glass reactor. Then the glass reactor was
put horizontally in a rotation machine for film coating as schemati-
cally shown in Fig. 2. The motor was controlled at a desired rotation
speed to coat the inner surface of the glass reactor uniformly with
the TiO, suspension. Before the motor rotation started, the inner
surface of the bottom half of the glass reactor immersed in the
TiO, suspension and thus some TiO, sol adhered on the inner sur-
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Fig. 1. UV/vis absorbance spectrum and calibration curve of dye aqueous solutions.

Fig. 2. Schematic diagram of the coating experimental apparatus.

face of the glass reactor. Once the TiO; sol-wetted surface left the
TiO, suspension during the motor rotation, the solvent in the TiO,
sol-wetted surface evaporated and thin TiO, film appeared. The
development of the TiO, film during the above coating process is
schematically shown in Fig. 3.

After a period of rotation time, the coated glass reactor with
“wet” TiO, film was put in an oven with desired temperature set-
point and heating rate of 10°Cmin~! for 1h after reaching the
desired temperature to allow deposition of TiO, film on the inside
surface of the glass reactor. Then the glass reactor was taken out of
the oven and cooled down to the room temperature. To make sure
that the coated TiO, film was not stripped off, the glass reactor was
washed by deionized water in an ultrasonic chamber for 5 h.

One of the TiO, film-coated glass reactors was cracked and the
TiO, film thickness on the glass pieces was measured by a pro-
filometer (KLA-Tencor, model AlphaStep 200) to be 120 nm. The
radiation absorption spectrum measured by a UV-vis spectropho-
tometer (Jasco, model UV-560) showed characteristic absorption
peak between 280 and 360 nm. The TiO, film thickness controlled
by the rotation speed and time is one of the major factors to deter-
mine the photocatalytic reaction rates. If the coated film is too
thin, it may be stripped off the glass surface during the irradia-
tion reaction. But if the coated film is too thick, it may reduce
the UV light penetration and lower the dye decomposition effi-
ciency. The other important factor is the stickiness of the TiO, film
onto the glass surface that is mainly dependent on the drying tem-
perature. Therefore we selected the rotation speed, rotation time,
and the drying temperature as the three factors for the exper-
imental design. The experimental conditions are summarized in
Table 2.

2.3. Photocatalytic degradation of dye solution

The schematic diagram of the photoreactor apparatus is shown
in Fig. 4. The glass reactor coated with TiO, film was placed ver-
tically in a constant-temperature water bath (model D-630, Deng
Yng, Taiwan). 500 mL dye solution with desired initial dye concen-
tration and pH was charged to the glass reactor equipped with a
365nm, 8W UV lamp (model FL8BLB, Sankyo, Japan), a magnetic
stirrer (Mirak S72725, Barnstead Thermolyne, USA), and a pH meter
(Meter Lab PHM 240, Radiometer Co.). The UV lamp with quartz
tube diameter of 1.8 cm and length of 26.5 cm was located at the
center of the TiO, film-coated reactor with 6 cm inside diameter.
The length of the UV lamp immersed in the dye solution was about
18 cm. After turning on the UV lamp, the dye solution was pumped
through a UV/vis spectrometer (Jasco, UV-560) at different time
intervals to measure the dye absorbance at its wavelength of max-
imum absorbance (520 nm). The dye concentration was calculated
by a calibration curve based on the Lambert-Beer’s law, as shown
in Fig. 1.



30 P.-]. Lu et al. / Chemical Engineering Journal 163 (2010) 28-34

Fig. 3. Development of the wet TiO; film during coating process.

Table 2
The experimental conditions and results for the factorial design.

Design no. Rotation time, X; (min) Rotation speed, X, (rpm) Drying temperature (°C) Dye removal rate in 4 h?
1 10 10 150 72.2%, 74.0%
2 50 10 150 81.4%, 78.5%
3 10 50 150 70.7%, 72.9%
4 50 50 150 81.0%, 79.2%
5 10 10 250 62.0%, 62.8%
6 50 10 250 84.5%, 83.4%
7 10 50 250 80.8%, 80.0%
8 50 50 250 89.7%, 88.6%
9 30 30 200 77.5%, 78.0%

a Reaction conditions in the photoreactor: agitation speed =600 rpm, pH =5.5, initial dye concen.=10mgL!, temp.=35°C.

3. Results and discussion
3.1. Preliminary tests

Four preliminary tests using different experimental conditions
were carried out first to make sure that the dye degradation was
mainly due to the photocatalytic reaction. The results of the pre-
liminary tests are shown in Fig. 5. The dye concentration remained
unchanged in an uncoated reactor in the absence of UV irradiation.
After 4-h contact, the dye concentration decreased about 1% in a
TiO, film-coated reactor in the absence of UV irradiation. This sug-
gests a weak adsorption of the dye molecules on the TiO, film. After
4-h UV irradiation in an uncoated reactor, the dye concentration
decreased about 4%. This indicates that the dye degradation by the
UV irradiation only is also relatively unimportant. Obviously, the
dye removal rate under UV irradiation in a TiO, film-coated reac-
tor is much greater than those in the other cases. Therefore, the
reduction of dye concentration was primarily caused by the photo-
catalytic reaction occurring on the inner surface coated with TiO,
film.

Fig. 4. Schematic diagram of the photoreactor apparatus.

3.2. Full factorial design

The response of factorial experimental design can depend on
the individual variables and/or the interactions among the vari-
ables of consideration. In order to make sure the experimental
results were reproducible, two glass columns were coated with the
TiO, film under replicate conditions. For each glass column, four
repeated dye degradation tests were performed and the average of
the dye removal rates was treated as the response of the full facto-
rial design. The range of the dye removal rates of the four repeated
tests for each glass column was less than 1.5%. This indicates that
the TiO,-coated glass reactor can be repeatedly used for dye degra-
dation. The results of the replicated 23 full factorial design are also
shown in Table 2. The general mathematical model employed for
the 23 full factorial design is

Y = apg + a1X7 + @ Xy + a3X3 + a12X1Xo + a13X1 X3 + a23X2X3
+a123X1X2X3 (1)
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Fig. 5. The preliminary test results.
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where q; is the regression coefficient and X; is the dimensionless
variable defined as:

X7 = 0.05 (rotationtime) — 1.5
X5 = 0.05 (rotation speed) — 1.5 (2)
X3 = 0.02 (drying temperature) — 4

In Eq. (1), not all the terms are significant. The significant factors in
the regression model can be determined by performing an analysis
of variance [42]. The sums of squares used to estimate the effects
of the factors and the F distribution which is the distribution of the
ratio of respective mean-square effect and mean-square error are
shown in Table 3. A p-value is a measure of how much evidence we
have against the null hypothesis (Hp). The smaller the p-value, the
more evidence we have against Hy and it is also a measurement of
how likely we are to obtain a confident model result assuming Hy
is true.

In order to determine the important effects on the dye removal
rate, the Fdistribution and p-value tests were employed. The model
F-value of 18.45 shown in Table 3 implies the model is significant.
There is only less than 0.01% chance that a model F-value this large
could occur due to noise. Values of p less than 0.05 indicate model
terms are significant. In this case Xi, Xo, Xi3, X»3 are significant
model terms. Values of p greater than 0.1 indicate the model terms
are not significant. Although the p-value of X3 suggests that X3 is
not significant, X3 must be included in the final model because the
binary interaction effects X3 and X,3 are significant. Based on the
F test and p-value test shown in Table 3, some insignificant effects
can be discarded, because these effects do not offer any statistical
significance. The final model for the dye removal rate obtained from
the above statistical analysis becomes:

Y = 0.776 + 0.057X; + 0.028X; + 0.014X3 + 0.019X; X3
+0.030X5X3 (3)

with the significant three main effects and the interactions between
the rotation time and drying temperature, and the rotation speed
and drying temperature.

In addition to the ANOVA shown in Table 3, the selected model,
Eq. (3) can be validated by normal probability plots. The normal
probability plot of the effects is shown in Fig. 6a. The effects of
a1z and aqy3 close to the straight line can be neglected, whereas
the others far from the line will be the significant effects [42]. Eq.
(3) can be used to predict the dye removal rate for 4h reaction
using varying preparation conditions. We defined the errors as the
differences between the predicted removal rates and the experi-
mental removal rates. A normal probability of these errors is shown
in Fig. 6b with the root mean square being 2.43%. All the errors
scattering around the straight line indicates that the chosen model
is a reasonable one [42]. Two separate experiments employed the
central point of the design were carried out and the dye removal
rates were found to be 77.5% and 78.0%, respectively. These two
additional test results re-confirm that the chosen model without
quadratic terms is adequate.

The binary interaction plots are shown in Fig. 7. As shown in
Fig. 73, the dye removal rate slightly decreases with increasing dry-
ing temperature at the shorter rotation time while it significantly
increases with increasing drying temperature at the longer rota-
tion time. As shown in Fig. 7b, the dye removal rate decreases with
increasing drying temperature at the lower rotation speed while it
increases with increasing drying temperature at the higher rotation
speed. For a longer rotation time or a rotation speed, the TiO; film
coating is thicker so that a higher drying temperature is required
to immobilize the film. A thicker immobilized TiO, film provides
more active sites to catalyze the dye degradation under irradiation
of UV light. Among the different preparation conditions of the full
factorial design, the optimal condition for the TiO, film prepara-

Fig. 6. Normal probability plots of the effects and errors in the factorial design.

Fig.7. Thebinary interaction plots: (a) interaction between rotation time and drying
temperature and (b) interaction between rotation speed and drying temperature.
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Table 3
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Analysis of variance of the dye removal factorial design.?.

Source Sum of squares Degrees of freedom Mean square F-value p-Value a; Coefficient
Model 0.0874 5 0.017471 18.45 <0.0001 0.776

X 0.0516 1 0.051643 54.54 <0.0001 0.0568

Xa 0.0122 1 0.012155 12.84 0.0050 0.0276

X3 2.998E-03 1 0.002998 3.17 0.1056 0.0137

Xi3 5.738E-03 1 0.005738 6.06 0.0336 0.0189

Xa3 1.482E-02 1 0.014823 15.65 0.0027 0.0304
Residual 9.469E-03 10 0.000947

Cor total 0.0968 15

4 Obtained from Design Expert 6.07 (Stat-Ease).

tion is: rotation time =50 min, rotation speed =50 rpm, and drying
temperature=250°C as shown in Table 2. We therefore used the
optimal conditions to prepare the TiO,-coated photoreactors for
the kinetic experiments.

3.3. Dye degradation kinetics

The experimental results of dye degradation at different agita-
tion speeds, shown in Fig. 8, indicate that the mass transfer effect
on the dye degradation kinetics is negligible for the agitation speed
greater than 600rpm. A series of kinetic experiments was per-
formed using constant agitation speed 600 rpm and initial pH 5.5
at 35°C, but varying initial dye concentrations. The experimental
results are shown in Fig. 9. As is shown in Fig. 9, the prevailing first-
order kinetic model is not suitable to describe the experimental
data of this study. For first-order reactions in batch reactors,

dc
— = —kC 4
i k 4
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o 0.6 1
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Fig. 8. Effect of agitation speed on the dye degradation rate.

Integrating Eq. (4) with initial condition: at t=0, C= (g leads to

S _exp(—k-1) (5)
Go

Eq. (5) suggests that the fractional residual concentration of
first-order reactions decays exponentially with time only and is
independent of the initial reactant concentrations [43]. The strong
dependence of the fractional residual concentration on the initial
dye concentration, shown in Fig. 9, proves that the dye degrada-
tion kinetics is not first order with respect to the dye concentration.
Since the first-order kinetic model is not adequate to describe the
kinetic data, a new kinetic model is required.

3.4. Reaction mechanism and kinetic model
The simplest reaction mechanism of photocatalyzed dye degra-

dation proposed from considering the reaction steps reported in
the literature [44-46] is as follows:

TiO, + hv () < 390 nm) {ﬂ TiO, (h*)+ TiO3 (") (6)
10
Ti0, (h*) + H,0X2 H 4 TiO, (*OH) )
kqor
TiO; (e7) + 02,-2Ti0, (05°*) (8)
k
TiO, (*OH) + dye—-23 Products + TiO, (9)

k !
TiO; (05 *) + dye-2Products + TiO, (10)

This proposed mechanism starts with the photocatalyst irradia-
tion by UV light, followed by the formation of hydroxyl radical
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Fig. 9. Experimental and predicted kinetic curves of dye degradation.
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Fig. 10. Reaction network of dye degradation catalyzed by TiO; film.

and superoxide radical. The hydroxyl radical and superoxide rad-
ical then attack the dye compound as shown in reactions (9) and
(10), respectively. Three dye degradation tests using 600 rpm agi-
tation, aeration by pure oxygen, and aeration by pure nitrogen,
respectively, were performed and the resultant fractional residual
concentration versus time curves almost overlapped. This sug-
gests that reaction steps involving reactions (8) and (10) are less
important than those involving the hydroxyl radical steps. If the
reaction pathway involving reactions (8) and (10) is neglected, the
reaction network according to the proposed mechanism becomes
a 3-member single-cycle network as shown in Fig. 10. Without
assuming which reaction step is the rate-determining step of the
overall reaction, the general rate equation of single-cycle networks
[47] can be applied to obtain the following explicit rate equation.
rege = _(:Tf _ gmkleBIC[ST] (11)
oo + D11 + D2z
where the denominator terms can be readily obtained from the
following linear pathway segments:
Dyo : Ti0,"2 1" Tio, (h*)k”H—?OTioz (*OH) “2¥° Ti0, Dyo

k1o Products

= ki2ko3C + kq1oka3C (12)

ko3 d
Dy : TiO, (h*)"“_?onoz(-om 29 110, " Ti0, (h*) Dy
H

Products k1o

= kysko1IC (13)

kyz d
Dy, : TiO, (*OH) ‘2%* Tioz"<°l:—>h”TiOz (h*)“22°Ti0, (*OH)Dy,
H

Products 10
= ko1kial (14)
Combining Eqgs. (11)-(14) leads to

dc _ ko1k12ka3IC[St]
dt — ky2ka3C + k1oka3C + kazkoqIC + ko1 k12l

—Tdye = — (15)

where I'is the UV light intensity, Cis the dye concentration, and [St]
is the total catalyst site concentration. The above rate equation for
dye degradation can be reduced to the following form:

dc kqC

e = T T Tk C (16)
where the lumped parameters are defined as
ka =ko3[St],  ky= ka3(k12 + K10 + Ko11) (a7)

ko] ](121
In the dye degradation experiments conducted with the same UV
lamp in the same photoreactor, k, and k;, are constant. Thus, inte-
grating Eq. (16) with initial condition: at t=0, C=(y leads to

kp C 1, C
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Fig. 11. Comparison of the dye degradation kinetic curves of the TiO; film and TiO,
slurry systems.

The two lumped parameters can be obtained from fitting the exper-
imental data to Eq. (18) using nonlinear regression and the results
are kq=0.0326 min~! and k;, =0.764Lmg"!. As shown in Fig. 9, the
developed kinetic model fits the experimental data satisfactorily.
Using Eq. (18), the dye degradation conversion at any given time
can be calculated by the developed kinetic model.

3.5. Comparison with TiO; slurry

Two dye degradation tests using 0.5 gL~! nano-sized TiO, sus-
pension (Hombikat XXS100) were performed to compare with the
performance of the immobilized TiO, catalysts. As is shown in
Fig. 11, the dye degradation rate in the TiO; film system is lower
than that in the TiO, slurry system. Because the total surface area
in the TiO, slurry reactor is much higher than that in the TiO, film-
coated photocatalytic reactor, the dye degradation rate is therefore
higher in the TiO, slurry system. In spite of having a higher degra-
dation rate, the TiO, catalyst cannot be recovered in the slurry
system. To get a higher dye removal rate in the TiO, film-coated
photocatalytic reactor, one needs to extend the reaction time or to
use a larger photocatalytic reactor with a larger total catalyst site
concentration [St].

4. Conclusions

TiO, films were successfully immobilized onto the inner surface
of cylindrical glass reactors by coating the commercial nano-size
TiO, suspension in the reactor at 50 rpm rotation speed for 50 min,
followed by drying at 250 °C. The experimental results of a full fac-
torial design indicate that the main effects of the rotation time,
rotation speed, and drying temperature on the dye removal rate are
significant. The dye removal rate decreases with increasing drying
temperature at the shorter rotation time or lower rotation speed
while it increases with increasing drying temperature at the longer
rotation time or higher rotation speed. The dye degradation kinetics
could not be adequately described by the first-order kinetic model.
A new kinetic model, based on the proposed reaction mechanism
has been developed to fit the kinetic data satisfactorily.
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