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Photocatalytic decolorization of congo red over ZnO powder
using Box—Behnken design of experiments

G. Annadurai, T. Sivakumar, S. Rajesh Babu

Abstract Photocatalytic decolorization of congo red under
sunlight illumination has been examined using ZnO cata-
lyst. Batch experiments were conducted and Box-Behnken
design has been employed to study the effect of different
variables on the photodecolorization. Four variables such
as dye concentration (0.05, 0.075, 0.10 g/I), weight of cat-
alyst ZnO (0.025, 0.14, 0.25 g/l), pH (4, 7, 10) and time
(1, 2, 3 (h)) were used to identify the significant effects and
interactions in the batch studies. A second order polyno-
mial regression model has been developed using the ex-
perimental data. It was found that the photodecolorization
potential of ZnO was strongly affected by the variations in
dye concentration, weight of catalyst ZnO, pH and time.
The experimental values were in good agreement with the
predicted values and the correlation coefficient was found
to be 0.9982. Optimum conditions of the variables for the
maximum photodecolorization are dye concentration
(0.05 g/1) ZnO (0.16 g/1), pH (7.0) and time (2.0) (h).
The maximum percentage of photodecolorization was
observed to be 97%.

1

Introduction

The presence of harmful pollutants in the discharge of
waste waters is a topic of global concern. Out of the total
of 6,40,000 tons of dye production in 1975, 3,60,000 tons
were used by textile industries and 10 to 20% of these
consumed by the textile industries was let into waste water
[1]. Other industries such as pulp and paper, leather, wool,
silk, etc. also use dyes in large quantities which result in
increased discharge. Discharge of these colored wastes into
natural water bodies is undesirable from aesthetic point of
view. Textile waste water is notoriously known to contain
strong colour, high COD concentration level and sus-
pended solids [2]. Dyes are toxic and may be carcinogenic.
Environmental contamination by these toxic chemicals is a
serious global problem. Based on the chemical structure
of the chromophoric group, dyes are classified as anthro-
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quinone dyes, triacrylomethane dyes, direct dyes, reactive
dyes, azodyes and heterocyclic dyes. The decolorization of
such dyes have been carried out with different methods by
many workers [3-17]. Since colored solution containing
dyes may cause skin cancer due to photosensitization and
photodynamic damage, techniques like dissolved air-floa-
tation [18], coagulation [19], ion-exchange, reverse
osmosis, adsorption [20] and oxidation with peroxide (or)
ozone are usually applied for the removal and destruction
of dyes in waste water [21]. Currently no single econom-
ically feasible method can be relied upon for treating
textile effluents. Conventional carbon adsorption and
coagulation, flocculation and electrochemical methods
resulted in poor colour removal and also disposal prob-
lems. But the photocatalytic decolorization process is more
effective when compared to other processes. Recently the
TiO,/UV based degradation of various organic pollutants
present in waste is recognized to have emerged as an
alternative waste water treatment technology [21]. Photo
catalytic process using sunlight is much more advanta-
geous than any other because of its low operating cost.
Increasing attention has been given recently to photocat-
alytic reactions occurring on semiconductor particles
suspended in aqueous solutions. Researchers have exam-
ined photocatalytic reactions using sun light illuminated
TiO, in a variety of systems as a means to split water in
order to produce H, [22]. As environmental problems
became more series, scientists have begun to use these
same ZnO systems to degrade organic contaminants in
water. Previous research has proved the ability to degrade
organic compounds with TiO,, including surfactants,
phenols, herbicides chloroform, pesticides and carboxylic
acids. Many of these compounds can be totally and effi-
ciently mineralized. The TiO,/ZnO semiconductor oxides
photocatalytic reaction is now generating commercial in-
terest because of its low cost, simplicity, and ability to
achieve extremely low residual organic contaminant levels.
Several improvements must be made before these systems
can become economically attractive. Improvement is to be
made to increase the contact area between the semicon-
ductor oxides and the solution, which can be done by
using porous semiconductor oxide films made by sol gel
method [22, 23]. Advantage of the photocatalytic process
is its mild operation conditions and the fact that it can be
powered by ZnO in sunlight, thus reducing significantly
the otherwise required electric power and therefore the
operating costs [24-26]. Variety of semiconductor pow-
ders (metatoxides, sulphides and others) acting as phot-
ocatalysts have been used. Most attention was given to
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TiO,/ZnO because of their high photocatalytic activity,
resistance to photocorrosion, and low cost [27, 28]. The
present investigation has been undertaken to study the
photocatalytic decolorization of congo red by ZnO under
sunlight illumination. In recent years, many studies have
demonstrated that the semiconductor oxides such as TiO,,
ZnO etc. are able to decolorize a broad spectrum of
structurally diverse organo pollutants [21, 26, 29, 30].
Methodology for the degradation of congo red from syn-
thetic solution involves standardization of the various
parameters to achieve maximum performance in terms of
degradation under optimum conditions. Hence, the author
reports application of the response surface methodology
using the Box-Behnken design of experiments [7, 31-35].

2

Design of experiments

Design of experiments is a technique for conducting ex-
periments that compromises nothing in thoroughness, but
delivers results in a fraction of time. Design of experiments
is a methodology for systematic application of statistics to
experimentation. Generally, this is less time consuming
than classical methods. Design of experiments works in
both laboratory research and manufacturing processes.
Using statistics, experiments develop mathematical models
that predict low changes in input (or) control, variables
(e.g. dye concentration, weight of the catalyst, time, pH)
interact to produce changes in output variables (or)
responses (% decolorization, adsorption, degradation) in a
system. Experiments produce a model, which show that
low variables and responses are related by performing a
planned reference of experiments. The sequence is called
a design [36].

The Box-Behnken design experiments uses ZnO as a
catalyst. It is an alternative and more efficient approach,
which is increasingly used in photodecolorization system.
Basically this optimization process involves three major
steps viz., performing the statistically designed experi-
ments, estimating the coefficients in a mathematical
model, and predicting the response and checking response
and checking the adequacy of the model. The response
surface methodology uses the Box-Behnken design of
experiments to develop a mathematical correlation
between Dye concentration, weight of catalyst ZnO, pH
and time which are chosen as the critical variables and
designated as X;, X5, X3 and X;. Decolorization was sub-
jected to analysis of variance (ANOVA), appropriate to the
design of experiments [37, 38]. The decolorization of dye
was related to four variables by a multinormal of the fol-
lowing nature:

Y =by+ Z b;X; + Z Z bin,'Xj
i<j
-l-zzzbiijinXk—f-S ; (1)
j<k

where Y is the predicted response, i, j and k take values
from the number of variables. by is the constant; b; rep-
resents linear coefficient, b;; and b;j are quadratic and
cubic coefficients where i = j and i = j = k, respectively.
These refer to interactions of first or second order,
respectively, Xj, X; and Xj are the levels of independent

factors and ¢ is the random error. The low, middle and
high level of each variable were designated as —1, 0 and +1
respectively and listed in Table 1. The actual design of
experiments is listed in Table 2. The four significant
independent variables X;, X;, X5 and X; and the mathe-
matical relationship of the response Y on these variables
can be approximated by the second order quadratic model
equation:

Y = bo + b1X1 + b2X2 —|— b3X3 —|— b4X4 —|— anf
+ b2 X5 + b33 X5 + buX; + bXi X + bisXi Xs
+ b1 X1 Xy + 023X X5 + b2 Xo Xy + b3 X3Xs ., (2)

where Y predicted response; b constant; X; dye concen-
tration (g/1), X, ZnO (g/1), X5 pH and X, time (h), by, by, bs
and b, linear coefficients, b5, b3, b4, ba3, by and bs4 cross
product coefficients, b;;, b,y, bs; and by, quadratic coef-
ficients. The simplest possible model (quadratic second
order model) can be used to explain the mathematical
relationship between the controllable variables and
response. The regression equation obtained after analysis

Table 1. The level of variables chosen for the trials

Dye concentration
(g (X1)

0.05 (~1)
0.075 (0)
0.10 (+1)

Time (h)
(Xa)

1(-1)
2 (0)
3 (+1)

ZnO concentration pH
(8/) (X) (X5)

0.025 (-1) 4 (-1)
0.14 (0) 7 (0)
0.25 (+1) 10 (+1)

Table 2. The actual design of experiments

Trial no X, X, X3 X4

-1 -1
1 -1
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of variance gives the level of decolorization as a function of
different concentration of dye, weight of catalyst (ZnO),
pH and time. Regression model containing linear
(X1, X2, X5, X4) quadratic (X}, X2, X2, X2) and six interac-
tion (XIXZ) X1X3, X1X4, X2X3, X2X4, X3X4) terms plus 1
block term was employed by using the design expert (Stat-
Ease Inc. statistics made Easy, Minneapolis, MN ver.
5.0.7.1997). The design is preferred because relatively few
experimental combinations of the variables are adequate
to estimate potentially complex response functions. A total
of 29 experiments were necessary to estimate 15 coeffi-
cients of the model.

3
Materials and methods

3.1

Materials

The congo red dye used in the photodecolorization
experiments was obtained from the Department of Textile
Technology, Anna University, Chennai, India. ZnO
[Chencol Industries India] was used in this study. BET
surface area measurements were carried out for ZnO using
micromeritics pulse chemisorb 2700 system. Nitrogen was
used as the adsorbate in the 30:70 ratio of He:N, and the
particle size was formed out by Shimadzu particle size
analyser (SALD).

3.2

Design of experiments

Experiments were carried out in an open pyrex glass
vessel of 300 ml capacity (9.5 cm height, 6.5 cm diame-
ter). Four variables like dye concentration (0.05, 0.075,
0.10 g/l). Weight of catalyst ZnO (0.025, 0.14, 0.25 g/l) pH
(4, 7, 10) and time (1, 2, 3 h) served as the critical
variables X;, X5, X5 and X, as shown in Table 1. Design
of experiments (Table 2) was carried out in the pyrex
glass vessels of 300 ml capacity with different variables
from the Table 2. The mixture was continuously stirred
with the help of magnetic stirrer, then irradiated with
sunlight and the light intensity was measured by using
Digital Lux meter LX-101. At specific time intervals,
samples of 2 ml were withdrawn, added 4 ml of water
and centrifuged. The supernatant liquid was analysed by
Hitachi - U-2000 - spectrophotometer and decolorization
was followed by constructing calibration graph for the
dye.

4
Results and discussion

The BET surface area for the catalyst (ZnO), was found to
be 7.49 m®/g and the particle size 0.45 microns. The
present investigation was undertaken to study the maxi-
mum photodecolorization of the congo red with varying
weight of ZnO. The more efficient approach which is
increasingly being used in photodecolorization is statis-
tically designed experiments. Box-Behnken design of
experiments is used in the present study. All the terms
regardless of their significance are included in the fol-
lowing equation:

Y =82.0-883X, +1.17X, + 1.08 X3 +2.25 X,
+3.25 X7 — 8.0 X3 — 5.62 X — 7.12 X;
—5.0 X;X; — 1.50 X1 X5 — 8.0 X; X4
+0.75 X, X3 4+ 1.25 XXy + 3.0 X3X4 . (3)

Quadratic regression was significant at the level of 99%.
Square regression was significant at the level of 99%. The
photodecolorization form the model at each experimental
point are summarized and listed in Table 3 along with
experimental and theoretical observed values. The coeffi-
cients of above equation are calculated using Design expert
and their values are listed in Table 4. The summary of the
analysis of variance (ANOVA) is given in Table 5.

4.1

Optimization of dye concentration

Contour plot was made representing maximum amount of
photodecolorization against dye (0.05 to 0.55 g/l) and
weight of catalyst ZnO (0.25 to 0.14 g/I) at maximum
photodecolorization of 97%. The optimum values were
obtained by the derivatization of Eq. (3) and by solving the
inverse matrix. The maximum percentage of decoloriza-
tion (97%) was achieved at the optimum level of dye
concentration (0.05 g/1) and with the optimum weight of
the catalyst ZnO (0.16 g/1) as shown in Fig. 1. An increase
in dye concentration results in decreased photodecolor-
ization. This indicates the lack of available active sites on

Table 3. Experimental and theoretically predicted values for
photodecolorization

Trial no Experimental Predicted
value (%) value (%)
1 80.00 79.92
2 72.00 72.25
3 92.00 92.25
4 64.00 64.58
5 68.00 68.92
6 67.00 65.08
7 66.41 67.42
8 76.00 75.58
9 77.00 76.71
10 75.00 75.04
11 97.00 97.21
12 63.00 63.54
13 67.00 66.88
14 68.00 67.71
15 67.00 67.54
16 71.00 71.38
17 86.00 85.88
18 72.00 71.21
19 91.00 91.04
20 71.00 70.38
21 65.00 64.71
22 65.00 64.54
23 67.00 66.71
24 72.00 71.54
25 82.00 82.00
26 82.00 82.00
27 82.00 82.00
28 82.00 82.00
29 82.00 82.00
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Table 4. Coefficient of the

method Variables Coefficient Standard error t-for Ho Effect = 0 Prob > (1) VIF
bo 82.0 0.25 - - -
b, —-8.83 0.16 —55.54 <0.0001 1.0
b, 1.17 0.16 7.34 <0.0001 1.0
b; 1.08 0.16 6.81 <0.0001 1.0
b, 2.25 0.16 14.15 <0.0001 1.0
b 3.25 0.22 15.02 <0.0001 1.08
by, -8.0 0.22 —36.98 <0.0001 1.08
bss —5.62 0.22 —26.0 <0.0001 1.08
byg -7.12 0.22 —32.94 <0.0001 1.08
b, ~5.00 0.28 ~18.15 <0.0001 1.0
bys —1.50 0.28 —5.44 <0.0001 1.0
bis —-8.00 0.28 —29.04 <0.0001 1.0
b,s 0.75 0.28 2.72 0.0165 1.0
by 1.25 0.28 4.54 0.0005 1.0
b34 3.00 0.28 10.89 <0.0001 1.0
Table 5. Regression analysis
for the photodecolorization of Source Sum of Degree of Mean square F value P value
congo-red quadratic response squares freedom
?Xg\ff‘g\"/g"del fitting Model 2397.06 14 171.22 564.01 <0.0001
Residual 4.25 14 0.30 -
Lack of fit 4.25 10 0.42 6.366 E+07 <0.0001
Pure error 0.000 4 0.000
Correlation 2401.31 28 -
Effect
R-squared
= 0.9982
Adj R-squared
= 0.9965

Fig. 1.

the semiconductor oxide surface required for large
amount of dye concentration. The significant decrease in
the photodecolorization at higher dye concentration levels

may also be attributed to strongly inhibited direct excita-
tion of ZnO semiconductor due to diminished penetration
depth of sunlight in these highly coloured solutions [21,
39, 40].

4.2

Optimization of weight of the catalyst (ZnO)

Figure 2 shows that the percentage of photodecolorization
was found to increase with increase in wt of catalyst ZnO
(0.14 to 0.28 g/l) and increase in pH (7 to 10) at the
maximum percentage photodecolorization of 97%. Opti-
mum values were found to be weight of catalyst ZnO
(0.16 g/l1) and pH (7.0). Almost 100% colour removal was
observed in about an hour with ZnO under sunlight illu-
mination. Therefore, the probability of the reaction of
holes with dye is considered to be roughly proportional
to the surface coverage of photodecolorization.

4.3

Optimization of pH

The three-dimensional plot shows that the maximum
percentage of photodecolorization occurs between pH

(7 to 10) and between time 2 to 3 h then it reaches max-
imum of 97% as shown in Fig. 3. Therefore, the optimum
values of pH (7.0) and time (2 h) respectively. The primary
factor affecting the substrate decomposition in natural
system was pH. Photodecolorization at various pH (4 to
10) plays a vital role in the source, as shown in Fig. 3.
The optimum pH was found to be pH 7.0. Lower pH values
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decolorization (97%) was obtained at time (2 h) and dye
were found to be unfavourable because of the dissolution concentration (0.05 g/l). The experiments for 2 to 3 h and
of semiconductor oxide (ZnO). Similarly at higher pH as shown in Fig. 4 with an }nlt}al concentration of 0.07 g/l
values, the adsorbent surface becomes more negatively ~ and below, a photodecolorization efficiency of 97% (or)
charged which repels the dye anions and hence resulting in 8r¢ater was achieved within a period of one or two (h). The
lengthening of degradation time. percentage of photodecolorization can be increased from
4.4

97% only when the time and weight of catalyst increased.
Optimization of time (h)

4.5
From Fig. 4, the maximum percentage of photodecolor-  Factor plot
ization (97%) was observed for time 2 to 3 (h) and dye = From the factor plot (Fig. 5) it can be observed that factors
concentration (0.05 to 0.07 g/l). Optimum level of photo- such as concentration of dye, weight of catalyst (ZnO),

171



172

Bioprocess Engineering 23 (2000)

pH and time used in the present study have their indi-
vidual effect on the photodecolorization [41-43]. The
gradual increase in the rate of photodecolorization was
seen with decreasing dye concentration from (0.05 g/1)
coded value (—1); (0.075 g/l) coded value (0) to 0.10 g/l
coded value (+1). Increasing pH from 4 (coded value —1),
7.0 coded value (0) to 10.0 coded value (+1); catalyst (ZnO)
from (0.025 g/1) coded value (—1) through 0.14 g/l coded
value (0) to 0.25 g/l coded value (+1) and time from 1 (h)
coded value (—1); 2 through coded value (0) to 3 (h) coded
value (+1). But the optimum level are found to be dye
(0.05 g/1) coded value (+1); ZnO (0.16 g/1) coded value (0);
pH (7.0) coded value (0) and time (2 h) coded value (0).

5

Conclusion

Optimization of the process of photocatalytic degradation
of dyes of the sunlight, with addition of varying levels of
dye, ZnO concentration and pH and time (h) was analysed
by Box-Behnken design experiment which works on
regression analysis of the experimental data collected. The
catalyst (ZnO) has been found to be the most efficient
photocatalyst for the decolorization of dyes with sunlight.
The predicted model has been tested with the support of
ANOVA. Almost 100% decolorization was achieved in this
photocatalytic method. Sunlight illumination seems to be
more advantageous requiring a smaller amount of catalyst
for complete decolorization. The empirical modelization
technique used for the evaluation of the relationship be-
tween a set of controlled experimental parameters was
made. It requires a-prior-knowledge of the process to
achieve a statistical model graphical presentation facili-
tated with results from designed experiments. The model
predicted decolorization upto 97% within a confidence
level of 99% using ZnO.
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