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In this study, a new generation H-titanate nanofiber catalyst (TNC) with long fibril morphology and surface
covered anatase titanium dioxide (TiO; ) crystals of 10-20 nm was used as the photocatalyst for improved
photoactivity, mass transfer resistance and downstream separation. The combined Taguchi method and
response surface analysis (RSA) were employed to evaluate the effects of key operational factors of TNC
loading, pH, aeration rate and initial Congo Red (CR) concentration on the performances of TNC in an
annular slurry photoreactor (ASP). The average CR photocatalytic degradation rate (mgdm—3 min—') was
estimated and applied as the response outputs of the Ly (3)* Taguchi orthogonal array. Results from
the RSA interpretations revealed that pH, initial CR concentration and aeration rate were the significant
factors, while TNC loading appears to be the least significant factor. On contrary, positive interactions
of TNC loading were observed when being coupled with pH and aeration rate. Other interactions of
the operation factors were also determined using statistical analysis. A natural logarithmic modified
regression equation was developed from multiple regression analysis for response surface modelling.
This model predicted that the average photocatalytic degradation rate of CR was 0.1576 mgdm? min~!
under the optimal conditions. A subsequent verification experiment showed a photocatalytic degradation
rate of 0.1563 +0.0282 mg dm—3 min~!, which is in good agreement with the model predicted value. This
proved the applicability of the developed model as a reliable design and modelling tool for scaling up the

photocatalytic reactor process.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Development of advanced water treatment technologies with
high efficacy, low cost, and “zero” waste outputs are at the forefront
of R&D fields owing to the increasingly stringent environmental
pressure [1-3]. Among the currently available water abatement
technologies, heterogeneous titanium dioxide (TiO,) photocat-
alytic treatment processes have emerged as a promising candidate
for sustainable removal of recalcitrant organic pollutants with-
out generation of any secondary pollution [3-7]. This is solely
attributed to the reactive oxygen species generated on the surface
of the TiO, particles [8]. These oxidative species (i.e. OH®, 0,°~,
H,0,) can subsequently degrade the organic pollutants, eventually
leading to a complete mineralization with innocuous of water and
carbon dioxide molecules as the final by-products [1-7].
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However, there are a few technical challenges which make this
TiO, technology unviable as an industrial treatment process. One
of the more prominent issues is the difficulty and high cost for
downstream process to separate the TiO, particles after the water
treatment process [9,10]. The TiO, particles exhibit excellent quan-
tum properties (i.e. efficient charge separation, opaqueness and
light refractive index) when the particles size lies in the nanometer
range [11]. Increasing the particle size of TiO, will leads to serious
deterioration in photoactivity, although such shift in particle size
(towards bulk characteristics) promises ease of recovery. This has
lead to numerous efforts to immobilize the nano-size TiO, particles
onto larger inert substrates where the quantum properties can be
conserved and effectively utilized [1,10,12,13]. In previous study, a
new nanofiber TiO, photocatalyst was developed in which anatase
crystals of 10-20 nm was successfully deposited on titanate fib-
ril of 40-100 nm thickness and length up to 30 wm long [14,15].
This photocatalyst was easily dispersed in the photoreactor system
and can be readily separated and reused owing to the long fibril
morphology [14-16].

When nanofiber catalyst is integrated with a photocatalytic
reactor, a multivariable system is created and may lead to a setback
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towards process optimization and modelling. The conventional
technique for optimization is bounded by the one-factor-at-a-
time approach, while first principle model derivation with process
validation has been a common practice associated with many stud-
ies on optimization and modelling of a photocatalytic process.
Such techniques are fragile and time-consuming as they require
rapid experimentations to validate and correlate the interactions
between the operational factors involved [3,7,9,13,16]. Recently a
number of statistical design of experiments (DOE) and data anal-
ysis techniques have been employed in various fields of process
optimization [17-20]. These methods involve the use of statistical
models to effectively design the experiments so as to reduce the
number of experiments required while improving the results with
a number of analysing techniques. Among the statistical methods,
the Taguchi DOE method combined with response surface analysis
(RSA) is recognised as a simple and reliable tool for a multivariable
system [21-24]. The Taguchi DOE pre-determines the number of
experiments required to cover the factors involved, while the RSA
can effectively analyse the effects of several independent variables
without any knowledge on the relationship between the objectives
function and variables. The robustness of RSA includes building
models, evaluating the effects of several factors and optimizing the
process operating conditions to achieve desirable outcomes. While
development and application of photocatalysts for water treatment
have been intensively reported in the literature, use of combined
DOE and RSA methodologies for optimization, identification of fac-
tors interaction and modelling of a photocatalytic system has been
paid little attention.

This study was to apply the Taguchi DOE and RSA for iden-
tifying the optimum operation conditions for the degradation of
Congo Red (CR). A recently developed H-titanate nanofiber cata-
lyst (TNC) and a laboratory scale annular slurry photoreactor (ASP)
system were employed in the study. Four key ASP operational fac-
tors of TNC loading, pH, aeration rate and initial CR concentration
will be studied and the interaction between each chosen factors
will be identified. A Taguchi DOE of Lg (3)* array with 9 standard
experiments will be used and the estimated average photocatalytic
reaction rate from the batch kinetics data will be assigned as the
response outputs for RSA interpretation. Finally, a statistical corre-
lation that defines the chosen factors will be build by multiple linear
regression technique for optimizing the photocatalytic process and
identifying the factor interaction. A subsequent experiment valida-
tion was performed to test the accuracy of the model to predict the
photocatalytic reaction rate.

2. Materials and methods
2.1. Materials

Congo Red (C33Hz3NgNay0gS;, Colour Index 22120, Labchem
Ajax Finechem, Australia), a secondary diazo was used as a surro-
gate indicator to simulate the industrial wastewater and to evaluate
the photo-effectiveness of the TNC used in the APS system. Congo
Red is a recalcitrant azo dye that is commonly found in indus-
trial wastewater and thus considered suitable as an effectiveness
measure, in terms of its chemical structure, molecular weight and
diazo bonds. It has been involved in several photocatalysis stud-
ies including those using TiO, and hence is appropriate in making
comparisons in this study. The chemical structure of the Congo Red
is as shown in Fig. 1.

The H-titanate nanofibers were previously synthesized through a
hydrothermal reaction between concentrated NaOH and TiO, and a
post-synthesis ion exchange with HCl solution [14,15]. Specifically,
3 gofanatase particles (~325 meshes from Aldrich) was mixed with
80 mL of 10 M NaOH. The resultant suspensions were sonicated for
30 min and transferred into a PTFE container for autoclaving. The
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Fig. 1. Chemical structure of Congo Red (a secondary diazo dye).
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autoclave was maintained at hydrothermal temperature of 180°C
for 48 h. The precipitate (sodium titanate nanofibers) was recov-
ered, washed with distilled water (to remove excess NaOH) and
finally exchanged with H* (using a 0.1 M HCI solution) to pro-
duce hydrogen TNC. These products were repeatedly washed with
distilled water until pH~ 7 was reached. The hydrogen titanate
product was dried at 80°C for 12 h and then calcined at 700°C for
3h to yield anatase nanofibers. The TEM image of the single TNC
fibril is shown in Fig. 2.

2.2. Annular photocatalytic reactor system

A stainless steel-lined ASP was developed previously and used
in this study [16]. The ASP was operated as a three-phase bubble
column reactor, where the solid TNC were dispersed in the targeted
water with the aid of compressed air. The lower end of the ASP was
fabricated with a detachable conical bottom for free of reaction
dead zone, making it easy for cleaning and maintenance. A 45 pm
air sparger was fitted to the detachable conical bottom to provide
homogeneous bubble distribution for agitation, mixing and suffi-
cient dissolved oxygen for the photocatalytic reaction. The light
configuration in the ASP was distinctively designed where addi-
tional light could be placed within the central quartz core. In this
study, an UV light of 11 W (Davis Ultraviolet, Australia) was fit-
ted annularly within the quartz thimble to prevent direct contact
with the reaction fluid, while allowing optimal UV transmission for
surface activation of the suspended TNC fibrils. Sampling during
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Fig. 2. The TEM image of a single TNC fibril.
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Fig. 3. Experimental setup for the annular photocatalytic reactor system: (E1) UV
ballast, (L1) UV light, (DP1) monitoring meters, (P1) pH probes, (P2) dissolved oxygen
probe, (SP1, 2, 3) sampling ports, (R1) photoreactor, (M1) air filter (AR1) compressed
air regulation valve.

the batch kinetics study was facilitated by the four-level ports for
effective fluid descending level sampling. Measurement probes and
meters for in situ data logging of operational pH, dissolved oxygen
(DO) and temperature (TPS, Australia) were connected to the reac-
tor during investigation. A detailed design of the ASP and the whole
experimental setup were shown in Fig. 3.

2.3. Experimental setup and analysis

The aqueous solution of CR was synthetically prepared to
magnify its standard concentration in the natural occurrence of
industrial wastewater. This allows the deficit to make up and rep-
resent other lower end molecular weight compounds. The aqueous
CR solution was prepared with Nanopure water of 18.2 M{2-cm to
the designated concentration for each batch run. The initial pH of
the CR solution was adjusted using 2M HCI and 2M NaOH and
verified using a pH meter (TPS, Australia). The TNC were added
and mixed thoroughly before charging into the ASP. A relatively
low compressed air flow rate was allowed to run through the ASP
to prevent rapid sedimentation when the CR-nanofibers mixtures
were introduced. This mixture was remained in the ASP for a dark
period of 30 min prior to the illumination of UV light. This was to
ensure the uniformity in the batch kinetics data and to promote
surface contact between the TNC and the CR. Subsequently, the
samples from the ASP were collected at 1h interval. The samples
collected from the ASP were centrifuged at 5000 rpm for 10 min to
separate the solid-liquid mixture so as to facilitate the decantation
of supernatant for CR content analysis. The supernatant layer was
then filtered using Millex VX filter (Millipore 0.45 um). All the fil-
tered samples were subjected to UV-vis spectrophotometer (Helios
Gamma, England) monochromatic measurement for its CR contents
at 496.5 nm. This spectrophotometric measurement method has
been previously verified to have a direct relationship between the
CR content at 496.5 nm and its corresponding degree of minerali-
sation (i.e. in terms of its COD values) [16]. Each of the designated
experimental runs was duplicated, with the average photocatalytic
reaction rate taken for further statistical analysis.

2.4. Combined Taguchi and response surface analysis
Taguchi’s orthogonal array (OA) is a statistical DOE of two-

dimensional arrays of factors. This statistical DOE possess an
interesting quality that by choosing any two columns, an even dis-

tribution of all pair-wise combinations for the studied factors will
be obtained [23]. Compared to the conventional one-factor-at-a-
time approach for optimization, the OA-based test combinations
are dispersed uniformly throughout the study domain (i.e. only a
small region was covered in the domain of conventional study) [23].
This allows the OA-based study combinations to be time-effective
and enhances the identification of factor interactions when com-
pared to the same number of studied factors in the conventional
method [23]. Table 1 shows the Lq (3)* orthogonal array designed
for this study. From Table 1, it could be seen that the number of
runs corresponds to the number of rows in the orthogonal array (i.e.
number of generated study cases) while the number of the factors
equates to the number of columns in the array [24]. The levels for
the OA indicate the maximum number of values that can be taken
by any single factor. The strength (i.e. LevelsStrength) shows the num-
ber of columns it can present each of the possibilities equally [24].
Thus the orthogonal array of Ly (3)# in this study corresponds to
Lruns (Levels)Factors The average photocatalytic reaction rate as esti-
mated by Eq. (1) will be assigned as the response outputs for this
Taguchi OA.

_ (Rl (€Kl 1)
where R, is the average photodegradation rate (R,) of CR
(mgdm~3 min—1), [CR] is the CR concentration, t is the total reac-
tion time (min) and the subscripts (o, t) corresponds to the initial
reaction time and reaction time at t, respectively.

We used the RSA method to analyse and interpret the influence
of the operation factors of TNC loading, pH, aeration rate and CR
concentration on the R,. Different RSA models will be evaluated on
its fittingness in representing and modelling the DOE outcomes. A
mathematical model, describing the correlation between the pre-
dicted R, and the four operational factors will be developed. The
polynomial model for the R, was regressed with respect to the
operational factors as in Eq. (2) [25-27]:

k k k k
Ro = bo + Zb,»x,- + Zb,-jxf + ZZbﬁx,»xj (2)
i=1 i=1 j

ii<j

Ro

where R, is the predicted response output of the photo-degradation
rate, and i, j are linear, quadratic coefficients, respectively. The
parameters of b and k are regression coefficient and the number
of factors studied in the experiment, respectively, and X;, X; (I=1,
4;j=1,4,i + j) represent the number of independent variables in
the study. The accuracy and applicability for the estimated order
of Eq. (2) polynomial model can be evaluated with the value of
coefficient of determination R2.

The analysis, evaluation and estimation of each coefficient were
determined with Design Expert® Software Version 7.1.3. Statistical
analyses and three-dimensional plots were obtained to determine
both the interaction and optimal operational factors for the ASP. A
subsequent experimentation was performed to validate the accu-
racy of the experimental value with model predicted value.

3. Results and discussions
3.1. Optimization of the operation conditions in the ASP

The effects of the four operational variables on the R, in the
ASP system were studied. To estimate the response outputs of R,
for the completion of Taguchi OA, the R, was calculated accord-
ing to Eq. (1). Table 1 shows the Lg (3)* design of Taguchi OA and
their standard factor combinations, together with the estimated R,
as the response outputs. These response outputs were then eval-
uated with different type of response surface models (i.e. mean,
linear, 2 factors interaction (FI), quadratic and cubic) to compare
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Table 1

Taguchi OA Lg (3)* design for combinatorial optimization for the degradation of CR using H-titanate nanofibers photocatalysts.

Standard run TNC loading pH (X2) Aeration rate Initial CR concentration Response outputs
(gdm=3)(X1) (dm? min~1) (X3) (mgdm—2) (X4) (mgdm~— min-")
1 2.00 3.00 2.50 20.00 0.0470
2 2.00 6.00 5.00 40.00 0.0957
3 2.00 9.00 7.50 60.00 0.1529
4 4.00 3.00 5.00 60.00 0.1174
5 4.00 6.00 7.50 20.00 0.0545
6 4.00 9.00 2.50 40.00 0.1432
7 6.00 3.00 7.50 40.00 0.0534
8 6.00 6.00 2.50 60.00 0.0944
9 6.00 9.00 5.00 20.00 0.1576
the appropriateness of each model. From the iteration procedures, model for the response outputs.
it was found that the 2 factors interaction (FI) models with sig-
) &R =In(R) (4)

nificant power transformation could adequately fit all the design
points. Other order models exhibited a significant degree of lack of
fit term, and thus inapplicable in this case. Most power transfor-
mation function can be described by a standard equation of:

o = fn(u®) (3)

where fn is the functionalised model used, o is the standard devia-
tion, w is the mean, « is the power, and A is (1 — «) in all cases. The
initial value of A in the standard equation will be A=1.

To yield the A-value, the conventional Box-Cox (B-C) plot was
used. This B-C plot enables a guideline for the selection of the cor-
rect power A transformation [28]. Fig. 4 shows the B-C plot for the
best A-value when the starting A =1. From the B-C plot, the best
lambda value was recommended in a range of —0.42 to 0.22 at a
95% confidence interval. These values were then investigated in dif-
ferent cases of A = —0.42 and 0.22, respectively, for the accuracy in
both adjusted and predicted R? values These values give a measure
of the amount of variation about the mean (i.e. residual) as esti-
mated by the model used. Also other conventional mathematical
transformed models (i.e. square root, natural log and inverse square
root) were evaluated simultaneously for their fittingness in repre-
senting the Taguchi OA response outputs. Table 2 lists the iteration
outcomes for the suitability of each power order and mathematical
transformed models. It was found that the natural log transforma-
tion of the response outputs as in Eq. (4) is the best mathematical
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Fig. 4. Box-Cox plot for determination of the best power-transformed response
surface model.

Table 2 shows that both the adjusted and predicted R? values varied
in the order of 0.9994 and 0.9738, respectively. We use a multi-
ple regression analysis methods to establish a natural logarithms
response surface model, which is a statistical correlation that can
represents the experiment data, as presented in Eq. (5):

In(Ry) = —2.38 — 0.041X; + 0.65X, + 0.34X3 + 0.88X,
+0.81X1X; + 0.47X1X3 — 0.13X2X3 (5)

where In(Ry) is the predicted response, which is the average photo-
catalytic degradation rate as estimated by Eq. (1). The independent
variables of X1, X5, X3 and X4 are the coded representation for the
test variables of the TNC loading, pH, aeration rate and CR concen-
tration, respectively. Eq. (5) indicates that the positive coefficients
of X5, X3, X4, X1X, and X;X3 have a constructive effect to increase
the R, while the negative coefficients of X; and X, X3 affecting the
reaction rate in a reverse manner.

Results from analysis of variance (ANOVA) on the established
natural logarithmic transformed response surface model were
summarized in Table 3. The Fisher’s F-test was used to verify the
statistical significance of Eq. (5). From the Fisher’s F-test, the results
show that the established model is statistically significant (i.e. ratio
of mean square regression to mean square residual) with F-value
of 2027.67 and a probability value (Prob>F) of 0.0171 [17-20,29].
This also evidenced by the determination coefficient (R?) and the
multiple correlation coefficients (R) [20]. In this case, the model
predicted R2 =0.9738 indicates that the sample variation of 97.38%
for the CR removal was attributed to the four independent vari-
ables, and only 2.62% of the total variation was unexplained by
the established model. The adjusted R%Z=0.9994 is also of statis-
tical significance and dictates the correlation applicability of the
model (Fig. 5). Fig. 5 shows the good agreement between the pre-
dicted and actual experimental values as evidenced by the points
distributed along the diagonal line. This indicates that there was
no significant violation of the model. This was further suggested
by the lower value of the coefficient of variation (CV =0.48%) [20].
Fig. 6 presents a plot of internally studentized residuals against the
predicted response using the established natural logarithmic trans-
formed response surface model. The irregular pattern of Taguchi OA
experimental points in the plot without uniformity suggested that
the variance of the original observation is constant [19]. This once
proved that the established model is sufficient to estimate the pho-
todegradation rate of CR in the studied span, as all the residuals are
smaller than 5%.

A probability and Fisher’s F-test was also conducted to check the
significance of each of the coefficients and thus, the pattern of inter-
action between the test variables. Conventionally, the smaller the
p-values (p<0.05) indicate the higher the significance of the cor-
responding coefficient [17-20]. Table 3 shows the test estimation
results for both the p-values and F-values of each chosen variables.
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Table 2
Evaluation of different mathematical transformed models for response surface modelling of Taguchi response outputs.
Summary R(};:l .00 ROA=—0.42 R:‘)\:O.ZZ RQ”:O'S In(R,) R();:—O.S
Model F-value 39.39 673.66 343.90 114.56 2027.67 400.64
p-value (Prob>F) 0.1221 0.0297 0.0415 0.0718 0.0171 0.0384
Std. Dev. 7.451 x 103 2.30x 1072 3.55 x 1073 7.12x 1073 1.10 x 102 4.40 x 1072
Mean 0.10 2.77 0.60 0.31 -2.38 3.37
CV.% 7.32 0.84 0.60 2.28 0.48 1.31
PRESS 0.0210 0.2000 0.0047 0.0190 0.0480 0.7200
R? 0.9964 0.9998 0.9996 0.9988 0.9999 0.9996
Adjusted R? 0.9711 0.9983 0.9967 0.9900 0.9994 0.9971
Predicted R? -0.3447 0.9211 0.8455 0.5366 0.9738 0.8674
S/N ratio 16.036 65.061 46.867 27.159 113.457 50.133
Residual 5.55 x 10~° 5.46 x 10~4 126 x 10-° 5.06 x 10~° 1.28 x 104 1.94x 103
Table 3
ANOVA for natural logarithmic transformed response surface model for representation of Taguchi response outputs.
Source Sum of squares (SS) df Mean square (MS) F-value p-value, Prob>F
Model 1.83 7 0.26 2027.67 0.0171
X;-nanofibers loading 414x 103 1 441x103 34.28 0.1077
X>-pH 0.70 1 0.70 5449.63 0.0086
Xs3-aeration rate 0.20 1 0.20 1551.09 0.0162
X4-initial [CR] 0.66 1 0.66 5150.99 0.0089
X1Xa 0.38 1 0.38 2961.87 0.0117
X1X3 0.13 1 0.13 1010.02 0.0200
X1X4 0.00 0 0.00 0.00 0.0000
X2 X3 0.02 1 0.02 154.61 0.0511
X2 X4 0.00 0 0.00 0.00 0.0000
X3X4 0.00 0 0.00 0.00 0.0000
Residual 129x 104 1 129x 104
Total 1.83 8

These results suggest that the effects of pH are the most significant
on the overall photocatalytic reaction rate in the ASP (p-value of
0.086), followed by initial CR concentration and aeration rate with
p-values of 0.089 and 0.0162, respectively. The nanofibers loading
in the ASP is the least significant variables that affect the photo-
catalytic reaction rate with highest p-value of 0.1077. However it
must be noted that the effects of nanofibers loading (X;) become
profound when the interactive factors take into account with pH
(X3) and aeration rate (X3) as indicated by the positive X;X, and
X1 X3 terms in Eq. (5). The initial CR concentration (X4) is an inde-
pendent variable in this case and thus, the optimal photocatalytic
rate can be attained after optimizing the variables of X7, X, and X3.
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Fig. 5. Plot of predicted versus actual value of response outputs (i.e. predicted using
the developed natural logarithmic modified response surface model).

The three-dimensional (3D) response surface plots as presented
in Fig. 7 are graphical representations of the established regression
equation (Eq. (5)) to achieve better understanding for the inter-
actions between variables and to determine the optimum level of
each variable for maximum photocatalytic oxidation rate of CR in
the ASP system [19]. For the 6 possible two-variable combination
interaction, three pairs was determined as the prominent contrib-
utors (sum of squares > 0) to the operational conditions in the ASP,
which is the X1 X5, X1 X3 and X,X3 with their corresponding low p-
values. The other three combinations have aliased the other terms
in the model used and thus were not uniquely estimated for their
p-values. From Fig. 7a and b, it was found that the nanofibers load-
ings (X7 ) have positive synergistic effects when being coupled with

3.00
®
©
3
-Q 1.50
— [ n [ ] [ ]
o
o
N
T 0.00
s o
°
=]
»
> n - [
g -1.50 —
B
2
£

-3.00

T T T T T
-3.06 -2.76 -2.45 -2.15 -1.85
Predicted

Fig. 6. Plot of internally studentized residuals against model predicted value.
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Fig. 7. 3D response surface plots for the photo-oxidation of CR in ASP using H-titanate nanofibers photocatalyst showing the interaction between (A) TNC loading and pH;

(B) TNC loading and aeration rate; and (C) pH and aeration rate.

the pH (X3) and aeration rate (X3), respectively. This was evidenced
from the positive terms in Eq. (5) and also the convex response
surfaces that indicate well-defined optimum variables. However it
must be emphasized that the singular effect of nanofibers loading
on its photocatalytic oxidation rate of CR has a negative impact
as observed in Eq. (5). This means that an increase in the singular
nanofibers loadings variable in the ASP system will have an adverse
effect on the overall photocatalytic reaction rate. Similar positive
synergistic effect was observed when the nanofibers loading was
coupled with the amount of compressed air delivered into the ASP
system (Fig. 7b). As for the interaction between pH (X, ) and aer-
ation rate (X3), a rather symmetric and flat response surface was
observed (Fig. 7c) near the optimum point and this point will be
stagnant and not subjected to much variations. However this pair
of X X3 variables combination is not statistically significant in terms
of their p-values and undesirable negative terms in Eq. (3). With the
aid of Design Expert® software for response surface optimization,
in terms of the maximal photocatalytic reaction rate of CR in the
ASP, 39 combinations were attained.

3.2. Interactions between the operational variables in the ASP
system

Optimization of the operational factors in a photocatalytic reac-
tor system has been reported in previous studies [3,7,9,13]. The
effects of the operational factors, mainly the TNC loading, pH,
aeration rate and initial CR concentration, on the photocatalytic

degradation performance were investigated using the conventional
one-factor-at-a-time approach [16]. However most of these stud-
ies adopted such conventional optimization strategy, where the
knowledge of the interaction between the operation factors was
often neglected. This knowledge is important, particularly for opti-
mizing the performance and minimising the operation cost for an
industrial photocatalytic treatment processes. In this section, the
interactions between the operational factors as determined in Sec-
tion 3.1 will be rationalised and discussed in details.

The interaction between the TNC loading (X;) and pH (X3) is
the dominant factor combination (p =0.0117). Since the X; X, inter-
action has a positive term in Eq. (5), this does not indicate that
increasing both values simultaneously will contribute to a high
photo-degradation rate. This was proven by the occurrence of neg-
ative term for the TNC loading (X;) as in Eq. (5). In most of the
photocatalytic studies, the amount of photocatalysts added as a
suspension in a fixed reaction volume will eventually reach a sat-
uration level, where an excessive amount of photocatalysts will
compete for light photons and radially attenuating the light inten-
sity [3,7,9]. Thus the interaction between the X; and X5 is proposed
in such a way where the singular effects of X; and X, counterbal-
ance each other to achieve optimum photoactivity, as represented
by the interactive X; X, term. As reported in many previous stud-
ies, the nature of the TiO, surface exhibits zwitterionic properties
as being exposed to different pH conditions [3,7,9,13,16]. At a pH
lower than the point of zero charge (PZC) of TiO,, the TiO, surface
will be positively charged and attracts oppositely charged ions to
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the vicinity of its surface for photocatalytic reaction [7,9]. Since dis-
solved CR is an anionic molecules, it is anticipated that at pH < PZC
(TiO3) and ascending nanofibers concentration beyond the ASP sat-
uration level, the maximum photocatalytic reaction rate will be
attained. From Fig. 7a, other possibility is that at pH>PZC (TiO,)
(i.e. with increasing electrostatic repulsion between the nanofibers
and CR), these electrostatic effect can be compensated by higher
nanofibers loading to increase the possibility of surface contact and
hence, counterbalance the photocatalytic reaction rate [30].

Similar counterbalance interactive term was also observed in
the nanofibers loading (X;) with aeration rate (X3) used in the
ASP system (Fig. 7b), owing to the adversity of Xy variable in Eq.
(5). The interactive combination of low nanofibers loading (up
to saturation level) with high aeration rate (above 5dm3 min~1)
can yield an optimal reaction rate owing to a higher degree of
homogeneous dispersion and mixing. At higher nanofibers load-
ing with lower aeration rate (2.5dm3 min~1), an irregular mixing
pattern and rapid sedimentation of the nanofibers that blocked
the bubble sparger plate was observed at the end of each batch
run. Chin et al. [9] observed that at an ascending aeration rate, the
size of the bubble formed will also increase and further creates
a shielding effect (bubble clouds) against the efficient distribu-
tion of light photons in the reactor. This will further weight
on the effective attenuation of light photons within the reac-
tor when the nanofibers loading was well above the saturation
level.

As for the interactive term between the effects of pH (X, ) and the
aerationrate (X3)inEq.(5), the interaction outcomes were different
from the previously discussed X;X, and X; X3 terms (Fig. 7c). This
is owing to the critical nature of this X, X3 term in the regression
equation (Eq. (5)) that will eventually lowered the overall photo-
catalytic reaction rate. Although it was known that such term was
detrimental, the optimum level for this variable pair should be well
understood in order to minimise its unfavourable effect. Fernande-
Ibanez et al. [31] discussed that to reduce the aggregation between
the TiO, particles used; the operating pH should be well maintained
near the PZC (TiO,). This is to reduce the possible surface inter-
action between the polar molecules at pH distant from the PZC
(TiO,), which will reduce the specific surface area due to particles
aggregation. In addition, low aeration rate (2.5 dm3 min~!) should
be avoided from coupling with pH distant from PZC (TiO;), as this
will further promotes the formation of large TiO, clumps during the
batch reaction. From the previous study, it was observed that best
possible combination between these variables of X, and X3, should
be attained at pH~ PZC (TiO,) and high aeration rate in the ASP
(5dm?3 min~! and above). This will minimise the possible aggrega-
tion of TiO, nanofibers with rapid bubbling to disintegrate the large
TiO, clumps formation and further promotes homogeneous dis-
persion of nanofibers for maximum photo-efficiency. Chin et al. [9]
also observed and reported similar findings at high aeration rates,
where the bubbling produced greater shear rates to prevent TiO,
agglomeration that leads to higher surface area for photocatalytic
reaction.

3.3. Verification of the established model

As reported in Section 3.1, a maximum photocatalytic degra-
dation rate in the ASP system can be achieved with the optimal
combinations via 39 different permutations of the operation
variables. The optimum photocatalytic degradation rate was
0.1576 mg dm~3 min~! ata particular combination; nanofiber load-
ing of 6gdm=3, pH 9, aeration rate of 5dm> min—! and 20 mg dm~3
of the initial CR concentration. All the optimal values were located
within the experimental span and varied around the centre points
to a limited extent. Subsequently, a verification experiment on
the chosen variable combination in achieving the reaction rate

of 0.1576 mgdm—3min~! was carried out in the ASP system.
The average photocatalytic degradation rate was found to be
0.1563 £+ 0.0282 mg dm~3 min—!. This showed that the established
regression model for the current experimental span was highly
robust in predicting the experimental outcomes. Further efforts can
be dedicated, when expanding the current model to incorporate
different water quality by introducing a fractional corrective fac-
tor. This can be realised by taking the current model prediction as
the base case.

4. Conclusion

This study showed the development and application of sta-
tistical design of experiments and response surface analysis for
determining the optimal operation variables for optimizing the
photocatalytic degradation process using H-titanate nanofiber cat-
alyst. The results generated from the statistical analysis and model
evaluation revealed that the DOE and RSA methods can be effec-
tively adopted to optimize operation variables and to determine
their interactions in the ASP system, which demonstrated an over-
all advantage over the conventional one-factor-at-a-time method.
In combination with the Taguchi DOE, a time-effective statistical
approach was developed in solving the multivariables associated
with the TiO, photocatalytic water treatment system. In addition,
the developed regression model could be effectively used as a mod-
elling and design tool for scaling up the ASP system to a commercial
scale process. This was considered as an innovative and robust
approach for system modelling over the conventional first principle
derivation model that requires rapid parameters validation. Subse-
quent work should be expanded to build a more realistic model by
incorporating different water qualities, by taking the current result
as the base case.

Nomenclature

ANOVA analysis of variance

ASP annular slurry photoreactor
Ave average

b regression coefficient
B-C Box-Cox

CoD chemical oxygen demand
CR Congo red

cv coefficient of variation

df degree of freedom

DO dissolved oxygen

DOE design of experiment

FI factor interaction

fn function

HCI hydrochloric acid

H,0, hydrogen peroxide

Ln natural logarithmic
Lo(3)*  Taguchi orthogonal array
M molar (molL-1)

MS mean square

NaOH sodium hydroxide

superoxide radical
OA orthogonal array
OH* hydroxyl radical

PTFE polytetrafluoroethylene

PzZC point of zero charge

Ro average photodegradation rate (mgdm=3 min~1)
R} natural log-transformed rate output

R? correlation coefficient

R&D research and development
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rpm revolution per minute
RSA response surface analysis
S/N signal-to-noise ratio

SS sum of squares

Std. Dev. standard deviation

t total reaction time (min)
TEM transmission electron microscopy
TiO, titanium dioxide

TNC H-titanate nanofiber catalyst
uv ultraviolet

X independent variable
Subscripts

0 initial reaction time, t=0
t reaction time, t

i linear coefficient

j quadratic coefficient

k number of factors

Greek symbols

o standard deviation

n mean

o power

A 1 - power
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