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Abstract

The decolorization of azo dye by titanium dioxide (F)Qvith 360 nm ultraviolet (UV) light was studied in a batch reactor. Response
surface methodology was applied to optimize four independent parameters, viz. UV light intensity, the concentratipnmifi@l@H, and
stirring speed, in the photocatalytic degradation process of the dye Reactive Red 239. To obtain the mutual interaction between these four
parameters and to optimize these parameters during the procestylafactorial central composite design (CCD) and response surface
methodology were employed. The results of our experiments indicate that the concentrationedtiiliiis a significant positive effect on the
efficiency of decolorization, whereas initial pH shows a significant negative effect. The optimized condition of the photocatalytic degradation
of Reactive Red 239 is as follows: UV light intensity, 16.08 \V¥/mMiO, concentration, 3.06 g/l; initial pH, 2.64; stirring speed, 880 rpm.
Under this condition, the maximal decolorization efficiency of 99.82% was achieved.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction for decolorizing textile dye waste streams, including adsorp-
tion, chemical coagulation, chlorination, and ozonation. The
Different types of dyes have been widely used in many former two methods do not result in dye degradation, but
industries such as textile, paint, ink, and cosmetics. A certain merely in physical removal of the dye material from the
amount of them are lost in the process of their manufacturing effluent, which still maintains a waste disposal probl&in
and utilization, and is considered as one of the major indus- Moreover, new environmental laws may consider the spent
trial polluters[1,2]. Amongst the 10,000 different types of adsorbents or sludge as hazardous wastes and require further
dyes and pigments available, azo dyes constitute over 50%treatment. The later two methods are effective for decol-
of all textile dyes used in the indust{$]. Azo dyes are char-  orization. However, discharge of chlorinated organics into
acterized by nitrogen-to-nitrogen double bond&{N-), the environment is becoming increasingly undesirable and
superior fastness to the applied fabric and high photolytic sta- highly regulated. In addition, since ozone is hazardous, an
bility. Due to the stability of modern dyes and the large degree ozone destruction unit must also be applied in order to pre-
of aromatics present in dye molecules, conventional biolog- vent unreacted ©from escaping from the process and into
ical treatment methods are ineffective for decoloring such the atmosphere. Therefore, decolorization of dye effluents
wastewater$4]. This had led to the study of other methods using new technologies with more efficiency and less energy
used has acquired increasing attention.
mpondmg author. Tel.: +886 2 27712171x2542: In recent. years, efforts haye been Fievoted to th(_a study of
fax: +886 2 2731711. photochemical processes using semiconductor oxides, such
E-mail addressf10894@ntut.edu.tw (H.-L. Liu). as TiQ, CdS, or ZnO, in heterogeneous system. As2TiO
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Fig. 1. Molecular structure of Reactive Red 239.

is illuminated by light rays with wavelength below 380 nm, 2.2. Photoreactors and experimental procedure

the photons excite valence band electrons across the band

gap into the conduction band, leaving holes behind in the A batch photoreactor was set up in this study. For the
valence band. The holes in Ti@act with water moleculesor  UV/TiO2 photocatalytic process, irradiation was performed
hydroxide ions and then produce hydroxyl radid&ls Oxy- using a 0.6 W black-light mercury lamp (SANKYO, Japan)
gen is usually supplied as electron acceptor to prolong the With a wavelength of 360 nm, which was placed 21 cm on the
recombination of electron—hole pairs during photocatalytic top of the batch photoreactor. The light intensity was esti-
oxidation. Ithas been suggested that the hydroxyl radicals andmated to be approximately 136 Wirfrom the light source
superoxide radical anions are the primary oxidizing speciesin incident to the top of the Pyrex beaker with the total vol-
the photocatalytic oxidation process. Among many phtocat- Ume of 500 ml. The UV-irradiated photoreactor was placed
alysts, TiQ has been intensively used in the photodegration On @ magnetic stirrer to ensure homogenous mixing during
of organic dyes in wastewatgf—11]. Thus, applying sucha  the entire photocatalytic process. The experimental setup is
process to textile dye effluent streams might result not only in illustrated inFig. 2

decolorization, but also in complete degradation of the dyes.  In €ach run, 250 ml of 50 ppm aqueous dye solution was
In this Study, we attempted to obtain the optima| decoloriza- mixed with certain amount of titanium dioxide pOWderS. The
tion efficiency of the dye Reactive Red 239 by utilizing the PH value of the sample was measured with a calibrated pH
UV/TiO, photocatalytic process in cooperated with response meter (HANNA, Singapore). As the reaction progressed, a
surface methodo|ogy to optimize four independent parame- Sample solution of 25 ml in volume was taken to separate the
ters, viz. UV light intensity, the concentration of Tidnitial photocatalyst by centrifugation (HERMLE, LABORTECH-
pH, and stirring speed. Reactive Red 239 is a well-known NIK, Germany) at regular time intervals for further analysis.
mono-azo dye and has been widely used in the dyeing process

of textiles industryFig. 1shows the chemical structure ofthis  2.3. Sample analysis

substance. Several previous investigations have reported that . ) ) )

TiO, concentration and pH value are important parameters ~~nalytical analysis of Reactive Red 239 in water was
influencing the disappearance of the dye in the photocatalytic Performed using a spectrophotometer (UV-1601, Shimadze,
degradation proceg$,3,12—-15] In this study, the effects of
stirring speed for providing a homogenous mixing and the
intensity of UV light on the dye degradation process are also
considered.

0.6 W black-light mercury lamp

. 21 cm
2. Materials and methods

2.1. Reagents

500 mL
Pyrex beaker |

Titanium dioxide powder P-25 with greater than 99.5%
purity (average primary particle size: 21 nm, BET surface
area: 50t 15 n?/g) used in this study was purchased from
Degussa (Germany). Samples of the commercial dye Reac-
tive Red 239 were obtained from Everlight chemical indus-
trial corporation (ECIC, Taipei, Taiwan). In addition, pH was
adjusted by both sodium hydroxide and hydrochloric acid
as industrial grade, which were purchased from SHOWA
(Japan). Fig. 2. Experimental setup.

D Sampling

. «— magnetic stirrer
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Table 1 the model predicts the resporid€]. The optimal values of
Experimental range and levels of the independent test variables the critical parameters were obtained by solving the regres-
Variables Ranges and levels sion equation using multi-stage Monte-Carlo optimization
_2 -1 0 +1 +2 method and also by analyzing the response surface contour

UVlightintensity ) 13.77 1527 1677 1827 1977 Plots[18].

(W/m2)
TiO, concentration 1.96 2.46 2.96 3.46 3.96

(X2) (g 3. Results and discussion
Initial pH (X3) 2 2.74 3.48 4.22 4.96
Stirring speedXa) 4.25 5 5.75 6.5 7.25

When fine suspensions of Ti(r other suitable semi-
conductors are irradiated at wavelengths less than 380 nm, it
Japan) coupled with a computer for transmittance data cal-causes electron excitation from the valence band to the con-
culation for the American Dye Manufacturers Institute value duction band and a vacancy or a hole is left in the valence
(ADMI) measurement. The efficiency of decolorization was bond. Such holes have the effect of a positive charge. This,
calculated on the basis of ADMI reduction of solution. in turn, generates the formation of “holes” on the surface

of the semiconductor, which can react with oxygen, water,
2.4. Experimental design and optimization by response  and hydroxide ion to form hydroxyl radicfl9]. Further-
surface methodology more, superoxide and perhydroxyl radicals are formed from

the reaction of excited electrons with oxygen molecules.

Response surface methodology (RSM) is an experimentalThe highly reactive oxygen species so formed then react
technique invented to find the optimal response within the with the organic pollutants resulting in their extensive oxida-
specified ranges of the factors. These designs are capable ofion. Previously, several authors have studied the photocat-
fitting a second-order prediction equation for the response. In alytic degradation of various dy§ 20] and the mechanistic
this study, we adopted a second-order RSM experiment usingscheme leading to the degradation of the dye is shown below
a five-level full-factorial central composite design (CCD) to  from Egs.(2) to (9):
optimize the photocatalytic reaction parameters. The param-
eters chosen in this study are UV light intensity, the concen- TiO2 +hv — h* + e 2
tration of TiQp, initial pH, and stirring speed. T_he ranges and O +e — 05 ®)
the levels of these parameters investigated in this study are

given inTable 1 The ranges of these variables were based h™ + H20 — OHad® + Hz, 4)
on the previous experimental resulgs3]. Each parameter .
in the design was studied at five different levels2( —1, h™ + dye — products (5)

0, 1, 2). All variables were taken at a central coded value

. ; . ) OHyg* + dye roducts 6
considered as zero. An experimental design with more than ad” +0ye—p ©)

two levels of each variable was required for exploring the e~ + O — Op(aq)~ (7
region of the response surface in the vicinity of the optimum "
[16]. The experimental results of the CCD were fitted witha € 1 O2 +H20 — HOz(ag) + OHgyg) (8)

secon_d-order polynqmlal equation by a multiple regression 0" + dye— products )
technique as follows:

RSM is a sequential procedure with an initial objective to
lead the experiments rapidly and efficiently along a path of
+b013X1X3 + b1aX1 X4 + b23X2X3 + b2aX2X4 improvement towards the general vicinity of the optimum.

2 2 2 2 Table 1shows the level and range of four parameters inves-
+b3aX3Xa + b1 X + b2oXy + baaX3 + baaXy (1) tigated, i.e., UV light intensity, gtJhe conceﬁtration of BiO
whereY is a response variable of decolorization efficiency. initial pH, and stirring speed. All parameters were taken at a
The bj are regression coefficients for linear effedig; the central coded value considered as zero and studied at five
regression coefficients for quadratic effects;are coded  different levels (2, —1, 0, 1, 2). In this case, a*2ull-
experimental levels of the variables. The statistical software factorial design by eight axial points (or called start points)
STATISTICA (Stat-Soft Inc., Tulsa, OK, USA)wasusedtofit and six replicates at the centre points, resulting in a total
the experimental data to the second-order polynomial equa-number of 30 experiments, was employed to fit the second-
tion. The quality of fitting the second-order equation was order polynomial model. The statistical combinations of the
expressed by the coefficient of determinatigh The R2- critical parameters along with the maximum observed and
values provide a measure of how much variability in the predicted decolorization efficiencies are listedTable 2
observed response values can be explained by the experiThese predicted values are very close to the observed ones in
mental factors and their interactions. TRevalue is always all set of experiments. However, the highest decolorization
between 0 and 1. The closer tR&-value is to 1, the better  efficiency (99.71%) is only slightly higher than the lowest

Y = bo+ b1X1+ b2Xo + b3X3 + baXa + b12X1X2
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Table 2
Full factorial central composite design matrix for four test variables in coded and natural units along with the observed responses
Obs.no. X; Xo X3 X4 UV light Intensity Amount of Initial Stirring Decolorization Decolorization
(W/m?) TiO> (g/l) pH speed efficiency efficiency
observed (%) predicted (%)
1 -1 -1 -1 -1 15.27 2.46 2.74 5 99.53 99.42
2 -1 -1 -1 1 15.27 2.46 2.74 6.5 99.53 99.32
3 -1 -1 1 -1 15.27 2.46 4.22 5 96.12 95.83
4 -1 -1 1 1 15.27 2.46 4.22 6.5 95.87 95.97
5 -1 1 -1 -1 15.27 3.46 2.74 5 99.71 99.94
6 -1 1 -1 1 15.27 3.46 2.74 6.5 99.71 99.73
7 -1 1 1 -1 15.27 3.46 4.22 5 98.50 98.57
8 -1 1 1 1 15.27 3.46 4.22 6.5 98.78 98.61
9 1 -1 -1 -1 18.27 2.46 2.74 5 99.34 99.28
10 1 -1 -1 1 18.27 2.46 2.74 6.5 99.45 99.44
11 1 -1 1 -1 18.27 2.46 4.22 5 96.06 96.10
12 1 -1 1 1 18.27 2.46 4.22 6.5 96.96 96.51
13 1 1 -1 -1 18.27 3.46 2.74 5 99.64 99.60
14 1 1 -1 1 18.27 3.46 2.74 6.5 99.60 99.66
15 1 1 1 -1 18.27 3.46 4.22 5 98.66 98.65
16 1 1 1 1 18.27 3.46 4.22 6.5 98.78 98.95
17 -2 0 0 0 13.77 2.96 3.48 5.75 98.69 98.77
18 2 0 0 0 19.77 2.96 3.48 5.75 98.92 98.97
19 0 -2 0 0 16.77 1.96 3.48 5.75 96.06 96.46
20 0 2 0 0 16.77 3.96 3.48 5.75 99.68 99.42
21 0 0 -2 0 16.77 2.96 2 5.75 99.58 99.54
22 0 0 2 0 16.77 2.96 4.96 5.75 95.08 95.25
23 0 0 0 -2 16.77 2.96 3.48 4.25 99.61 99.60
24 0 0 0 2 16.77 2.96 3.48 7.25 99.65 99.80
25 0 0 0 0 16.77 2.96 3.48 5.75 99.27 99.14
26 0 0 0 0 16.77 2.96 3.48 5.75 99.08 99.14
27 0 0 0 0 16.77 2.96 3.48 5.75 99.15 99.14
28 0 0 0 0 16.77 2.96 3.48 5.75 98.88 990.14
29 0 0 0 0 16.77 2.96 3.48 5.75 99.22 99.14
30 0 0 0 0 16.77 2.96 3.48 5.75 99.29 990.14

Nos. 25-30 represents six replications of the center points; Obs. observation.

one (95.08%). Such insignificant difference may be within adequacy of the model. The mean squares are obtained by
the reasonable level of experiment errors. It indicates that thedividing the sum of squares of each of the two sources of
ranges of the tested variables chosen in this work are appro-variation, the model and the error variance, by the respec-
priate for the central composite design. It further implies that tive degrees of freedom (DF). The Fisher variation ratio, the
the photocatalytic decolorization process is very effective for F-value & S?/Sg), which is a statistically valid measure of
these tested variables within the ranges. Although it is not how well the factors describe the variation in the data about
clear how applicable of these optimized parameters to indus-its mean, can be calculated form ANOVA by dividing the
trial practice, the UV/TiQ photocatalytic decolorization pro-  mean square due to model variation by that due to error vari-
cess coupled with RSM presented in this study still opens ance. The greater tHevalue is from unity, the more certain
a channel in designing large-scale wastewater treatmentit is that the factors explain adequately the variation in the
operation. data about its mean, and the estimated factor effects are real.
Table 3 showed the results of the quadratic response The analysis of variance (ANOVA) of the quadratic regres-
surface model fitting in the form of analysis of variance sion model demonstrates that the model is highly significant,
(ANOVA). ANOVA is required to test the significance and as is evident from the Fish&rtest Fmogei=66.257) and a

Table 3

Analysis of variance (ANOVA) for the selected quadraticmodel

Sources of variations Sum of squares d.f. Mean square F-value ProbabilityP (>F)
Model 54.60295 14 3.9

Error 0.88292 15 0.0588617 66.257 0.000P
Corrected total 55.48587 29

R%=0.98409; adjusteaz =0.96924; MS residual =0.0588617.
3 Foo1(1415) = S?/52 = 66.257> Fo.01(14,15)tabular 3-56.
b Proger> F=0.0001.



H.-L. Liu, Y.-R. Chiou / Chemical Engineering Journal 112 (2005) 173—-179 177

very low probability value Pmogel> F=0.0001). The proba-  Table 4
biIity P-value is relatively low. indicating the Significance of Regression results from the data of central composite design experiments

the model. Moreover, the computégvalue (Fo.01(1415) = Parameter  Standard error  Computed  P-value
§?/52 = 66.257) is much greater than the tabufawalue estimate coefficient t-value
(Fo.01(14,15)tabular 3-56) at the 1% level, indicating that the Intercept ~ 99.148 0.0990 1001.025 0.0001
treatment differences are highly significant. This fit of the % 0.050 0.0495 1.010 0.3287
modelwas further checked by the coefficient of determination % _(1)'(7)‘712 8'8232 _212332 000'8821
R?. TheR?-values provide a measure of how much variabil- y, 0.050 0.0495 1010 03287
ity in the observed response values can be explained by thex; x x; —0.068 0.0463 —1.471 0.1621
experimental factors and their interactions. Rfevalue is Xox X —0.302 0.0463 —6.516 0.0001
always between 0 and 1. The closer Rfevalue isto 1,the ~ XsxXs ~ —0.437 0.0463 —9.431 0.0001
stronger the model is and the better it predicts the response;z“ X% 0.138 0.0463 2.982 0.0093
e 1xXo  —0.049 0.0607 —0.804 0.4341
When expressed as a percentdfds interpreted as the per- X1 x Xa 0.103 0.0607 1.690 0.1117
cent variability in the response explained by the statistical x; x x4 0.066 0.0607 1.092 0.2919
model. In this study, the value of the determination coeffi- X2 x X3 0.556 0.0607 9.171 0.0001
cient (R =0.9841), indicating that 98.41% of the variability X2xXs  —0.025 0.0607 —0.412 0.6860

in the response could be explained by the model. As well, the X x % 0.061 0.0607 1.010 0.3286

adjusted determination coefficient (adjus®d= 0.9692) is
also very high to advocate for a high significance of the model. s significant comparing to those between each other two fac-
These ensured a satisfactory adjustment of the polynomialtors. These results suggest that these interactions of each other
model to the experimental data. The adjus®dorrects the two parameters did not improve much in increasing decol-
R2-value for the sample size and the number of terms in the orization efficiency.
model. If there are many terms in the model and the sam-  Response surface plots provide a method to predict the
ple size is not very large, the adjuste@imay be noticeably  decolorization efficiency for different values of the tested
smaller than th&?2. Here, the adjusteR? was very close to  variables and the contours of the plots help in identification
the R%-value. of the type of interactions between these variaflé$ Each
The application of RSM offers, on the basis of parameter contour curve represents an infinite number of combinations
estimate, an empirical relationship between the decoloriza- of two tested variables with the other two maintained at their
tion efficiency and the test variables under consideration. Therespective zero level. A circular contour of response surfaces
response variable and the test variables are related by the folindicates that the interaction between the corresponding vari-
lowing quadratic expression: ables is negligible. In contrast, an elliptical or saddle nature
5 5 of the contour plots indicates that the interaction between the
Y = 99148+ 0.74X> — 1.074X3 — 0.302X3 — 0.437X3 corresponding variables is significant. The response surface
+0.138X3 + 0.103X1 X3 + 0.556X2 X3 (10) contour plots for the effect of each pair of variables are shown
in Figs. 3—-5Each contour curve represents an infinite number
whereYis the response, whichis the decolorization efficiency if combinations of two test variables with the other two main-
expressed in % ang;, X2, X3, andX, are the coded values of  tained at their respective zero level. These plots demonstrated
UV lightintensity, TiG; concentration, initial pH, and stirring
speed, respectively.
The student distribution and the corresponding values, 20
along with the parameter estimate, are givefable 4 The
P-values were used as a tool to check the significance of each

of the coefficients, which, in turn, are necessary to under- _ 18
stand the pattern of the mutual interactions between the test &
variables. The larger the magnitude of thalue and smaller % i
theP-value, the more significant is the corresponding coeffi- 16
cient[18]. The parameter estimate and the corresponBing

values (able 4 suggest that, among the test variables,;TiO 15

concentration and initial pH produce the largest effect on
decolorization efficiency. Both linear and quadratic relations
between TiQ@ concentration and decolorization efficiency 13 & o6
and those between initial pH and decolorization efficiency 18 & 22 2428 20 30 U2 S4 58 56 40 Aopg e

are highly significantf<0.0001). These observations can Tio,

be interpreted as a consequence of a proportional reIaﬁon'Fig. 3. Contour plot of the decolorization efficiency (%) by the interaction
ship between the variables and decolorization efficiency. The petween the UV lightintensity and Ti@&oncentration. Other variables were
mutual between UV light intensity and initial pid€ 0.1117) held at zero level.
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Fig. 4. Contour plot of the decolorization efficiency (%) by the interaction Fig. 6. The normal probability plot of the experimental results.
between the UV light intensity and initial pH value. Other variables were Table &

able

held at zero level. - . . o .
The critical values of variables for the optimal decolorization efficiency

that decolorization efficiency is not dependent of UV light Parameters Critical values

intensity and stirring speed, whereas Fi€dncentration and UV light intensity (W/n?) 16.08
initial pH value are very significant affecting the decoloriza- TiOz conc. (g/) 3.06
tion efficiency. 'S';‘t'_“f’_" pH & (rom) 828'34
. . - . irring speed (rpm
Fig. 6 is a plot of normal probability of the experi-  Z .~ = efficiency (%) 99.83

mental results. The normal probability plot of the “Studen- gpserved efficiency (%) 09.82
tised” residuals indicates that none of the individual residual
exceeded the residual variance (twice the square root of the

residual variance) and that an excellent adequacy of theues, which is in good agreement with the value predicted
regression model was utilizel@1]. It further proves that  from the regression model. It implies that the strategy to
the experimental values are in good agreement with the optimize the decolorization conditions and to obtain the max-
predicted valuesTable 5shows the maximal efficiency of  imal decolorization efficiency by RSM for the photocatalytic

decolorization (99.83%) by the critical value of each param- degradation of the dye Reactive Red 239 in this study is
eter, which was predicted from the data analysis with the successful.

statistical technique. After verifying by a further experimen-

tal test with the predicted values, the result indicates that

the maximal decolorization efficiency was obtained when 4. Conclusions

the values of each parameter were set as the critical val-

4.2
4.0
3.8
36
3.4
L 32
,'9 3.0

2.8
26
2.4

Statistical optimization method overcomes the limitations
of classic empirical methods and has been proved to be a
powerful tool for the optimization of the decolorization effi-
ciency of the dye Reactive Red 239 in this study. The high
correlation of the model showed that second-order polyno-
mials could be used to optimize the photocatalytic process
condition for maximizing the decolorization efficiency. The
optimized parameters for decolorization determined in this
study were set as follows: UV light intensity, 16.08 W/m
TiO, concentration, 3.06 g/l; initial pH value, 2.64; stirring
speed, 880rpm (the scale of 5.9). These values were fur-
ther validated by actually carrying out the experiment at the

2.2 B o8

2.0 5 . optimized values of these parameters. The methodology as a

18 E = whole has been proved to be adequate for the design and opti-
s 20 28 30 3F-)5H 40 45 SEee mization of the photocatalytic decolorization process. Thus,

Fig. 5. Contour plot of the decolorization efficiency (%) by the interaction
between TiQ concentration and initial pH value. Other variables were held

at zero level.

a multi-factorial statistical approach has been testified to be a
powerful tool in the development of any photocatalytic pro-
cess due to its impact on the economy and practicability of
the process.
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