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Abstract
Sol-gel mesoporous titanium dioxide powders have been synthesized from chitosan and/or  
hexadecyltrimethylammonium bromide (HDTMA) and characterized using x-ray diffraction (XRD), scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), ultraviolet-visible (UV-vis) spectroscopy,  
thermogravimetric analysis (TGA), differential thermal analysis (DTA) and N2 adsorption-desorption  
measurements. The photocatalytic performance of the synthesized meso-TiO2 powders was optimized based 
on the central composite design (CCD) of methyl orange (MO) degradation under UV light irradiation. The 
maximum MO degradation was 62.3% over a period of 60 min. Oxides produced using the binary chitosan 
and HDTMA template (C,H-TiO2) exhibited the relatively higher surface area (99.5 m2/g), smaller crystal size 
(12.78 nm), narrower band-gap energy (2.92 eV) and higher photocatalytic rate constant (0.0112 min–1) than as 
those from chitosan (C/TiO2) or HDTMA (H/TiO2) as the template. 
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1 Introduction

Azo dyes, such as methyl orange (MO), are well known for 
their toxicity [1], [2], recalcitrance, and insusceptibility  
to conventional biological or physical treatment 
methods [3], [4]. Typically, the levels of these dyes 
(~500 mg/L) in textile effluents are barely tolerable 
[5]. Metal oxide semiconductors with high activity 
such as TiO2, have the potential to cause the complete 
destruction of such non-biodegradable dye pollutants 
[6]–[8]. However, the efficiency of TiO2 photocatalysis 
is reduced by electron/hole transfer limitations and 
charge carriers recombination [9], particle aggregation 
(which hinders light absorption) [10] and high band 
gap energy [11]. To tackle these challenges, various 

attempts were made to control TiO2 properties such as  
structure, morphology and porosity. Currently, the  
control strategies  include metal/non-mental doping, 
construction of metal or semiconductor heterojunctions,  
chemical modification of surface, and fabrication of 
nanostructures [12]–[14].
 Templating technique has been an idealized to  
predetermine and control the internal and external titanium  
dioxide structures such as morphology, dimension 
and shape, pore structure, surface area, crystallinity  
and size distributions [15]–[17]. Various kinds of 
templates such as surfactant, homopolymer, block 
copolymer and small organic molecules have been  
successfully used in the preparation of mesoporous 
TiO2 structure [18]–[22]. These titanium oxides exhibit 
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high surface area, large pore volume, tunable pore size, 
pore shape [23] and increased active site density [24], 
for application in adsorption, catalysis, separation, 
sensing and biotechnology [23]. The improvement of 
TiO2 mesoporosity enhances interaction with chemical  
species, the transfer of light-excited carrier to the particle  
surface, and diffusion at the surface [25], [26], and 
promotes the physical and chemical properties of this 
material for successful application [27]. 
	 Chitosan	(or	(1,4)-2-amino-2-deoxy-β-ᴅ-glucan),	
a hydrophilic derivative of chitin biopolymer, has 
been singly utilized as a template for the synthesis 
of high surface area, hybrid mesoporous aluminium 
and silicon oxides spheres [28], sol-gel based 
mesoporous TiO2–curcumin nanoparticles [29], and 
a high surface area porous silica [30].  Similarly,  
hexadecyltrimethylammonium bromide (HDTMA; 
[(C16H33)N(CH3)3]Br)  has been used as template for 
synthesis of mesoporous TiO2/ZnO [31], mesoporous 
TiO2 nanotube [32] and mesoporous silica [33]. In this 
work, chitosan and HDTMA are employed for the first 
time as a bi-template to synthesize new mesoporous 
TiO2 nanoparticles, whose photocatalytic activity was 
assessed using aqueous methyl orange (MO) under UV 
light irradiation. The choice of these templates was 
dictated by their hydrophilicity, low molecular weight 
and decomposition temperature, which are desirable 
for obtaining stable titania mesostructure [21], [34].

2 Experimental

2.1  Chemicals

Titanium (IV) butoxide (99%) was purchased from 
ACROS Organics. A low molecular weight chitosan 
(ID 448869 ; 75 to 85 % deacetylated; MW = 50,000 
to 190,000 g/mol) was purchased from Aldrich.  
Hexadecyltrimethylammonium bromide (HDTMA) 
was purchased from Fluka. Glacial acetic acid, methyl 
orange (85%), H2SO4 (95–98%) and NaOH (98%), 
were supplied by R & M Chemicals.

2.2  Catalyst synthesis

The mesoporous TiO2 nanoparticles were synthesized 
by a sol-gel method. Solution A was prepared by mixing 
equal volumes (12 mL) of chitosan solution (3 g dissolved  
in 50 mL of 10% acetic acid) and HDMA solution  

(3 g dissolved in 50 mL of deionized water) and stirring  
for 30 min. Solution B was prepared by adding  
10 mL of titanium (IV) butoxide to 20 mL glacial 
acetic acid, followed by stirring vigorously for 30 min.  
Subsequently, the mixture of solution A was slowly 
added to solution B, with vigorous stirring, continued  
for 2 h. The resulting mixture was kept at room  
temperature in a dark for 24 h, followed by gelation 
at 75°C for 12 h and drying at 120°C for 5 h. The dry 
gel was calcined in air at 500°C for 4 h. Because of the 
use of bi-template (chitosan and HDMA) this material 
was labeled C,H/TiO2. Other materials labelled C/TiO2, 
H/TiO2 or W/TiO2 were prepared using only chitosan, 
HDMA or devoid of template, respectively.

2.3  Catalyst characterisation

The surface area and pore volume of the catalysts  
(previously degassed at 200°C for 2 h) were determined  
by N2 adsorption-desorption experiment at 77.322 K using  
Micromeritics 3Flex 1.02 instrument. The X-ray diffraction  
(XRD) patterns of these materials were recorded on 
Shimadzu XRD-6000 X-ray diffractometer operated 
in	the	2θ	range	of	20–80°,	using	Cu	Kα	radiation	(λ	=	
0.15406 nm). Average crystallite size was determined 
using Debye-Scherrer equation [Equation (1)].

 (1)

Where K is a constant 0.93, λ =  0.15406 nm is the 
wavelength	of	Cu	Kα	X-ray,	β is the full width at half-
maximum (FWHM) of the diffraction peak, and θ the 
diffraction angle.
 The morphologies of the photocatalysts were 
examined using NOVA NANOSEM 230 field emission  
scanning electron microscope (FE-SEM) equipped with 
energy dispersive X-ray facility for elemental analysis,  
and a JEM-2100F Field Emission TEM equipped with  
ImageJ software (Java 1.6.0). The degradation efficiencies  
of MO were calculated based on ultraviolet-visible 
(UV-vis) spectrometry using a Lambda 35 Perkin Elmer  
facility. The estimation of band-gap energy was performed  
on Shimadzu UV-3600 UV-Vis-NIR spectrometer, in 
the range of 220–800 nm, using BaSO4 as the reference.  
Thermo-gravimetric analysis (TGA) and differential 
thermal analysis (DTA) were conducted on TGA/DSC 1  
(STARe System, METTLER TOLEDO) by heating 
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10 mg initial mass of the photocatalyst from room 
temperature to 800°C at the rate of 10°C/min, under 
air atmosphere. 

2.4  Photocatalytic test

The photocatalytic performance of the synthesized 
TiO2 was followed by measuring the percentage 
degradation of methyl orange (MO) under UV light 
irradiation. Experiments were conducted in a known  
photoreactor [35], fitted now with a China model E14 
GMY	3	W	UV	lamp	having	UV	intensity	of	450	μw/cm2  
and wavelength of 253 nm, respectively. Initially, 
a solution containing a desired amount of MO and 
catalyst was added to the photoreactor, and the pH of 
the solution was adjusted by addition of either NaOH 
or H2SO4. The concentration of dissolved oxygen was 
maintained by continuously bubbling oxygen into the 
mixture. Samples were taken at every 20 min interval, 
filtered	using	0.45	μm	cellulose	nitrate	membrane	to	
remove the catalyst and analyzed using a Perkin-Elmer, 
Lambda 35 UV-Vis spectrometer at wavelength of 
465.4 nm. Percentage degradation (%D) of the initial 
MO concentration was calculated using Equation (2).

 (2)

Where [MO]o is the initial methyl orange concentration,  
[MO]t is the concentration of methylene blue at  
irradiation time, t. Blank tests were carried out under 
irradiation devoid of TiO2 and in the dark with TiO2.

2.5  Design of experiment

Having relatively the best photocatalytic properties,  
the performance of meso-TiO2 derived from two 
templates (C,H/TiO2) was optimized based on 
MO degradation, employing a three-variable, 
rotatable, central composite design (CCD) and 
analyzed using Design-Expert version 6.0.6. The  
independent parameters selected were TiO2 loading, initial  
concentration of MO and pH organized combination  
of levels at center points, factorial points and axial 
points (as shown in Figure 1). The Figure 1 shows 
the factorial points at the vertices of a cube box with 
coordinates (which are combinations of –1 and +1) and 
the center points at 0,0,0. The axial points manifest 

at	a	distance	±	α	=	1.68	from	the	central	coordinates.	
 Table 1 shows the actual levels of pH (2.5, 4, 5.5, 
7, 8.5), C,H/TiO2 (0.25, 0.5, 1. 1.5, 2 g/L) and MO (15, 
20, 25, 30, 35 mg/L), as represented by the codes (–1.68, 
–1, 0, +1, +1.68) in Figure 1. Actually, in accordance  
with Equation (3) [36], twenty experiments were 
performed each lasting for 60 min, with eight of the 
experiments at the factorial points, six experiments at 
the axial points, and six replications at the center point. 

  (3)

Where N is the total number of experiments required, n 
is the number of factors and nc is replications at center. 
The experimental design matrix were processed based 
on a suitable model to obtain statistically acceptable,  
predicted degradation efficiencies and a model equation.  
Maximum efficiencies were generated by numerical 
optimization. The optimized values were validated 
by averaging out repeated experiments. Subsequently, 
to determine kinetic parameters, experiments were  
performed for 120 min and kinetic profiles were  
plotted according to pseudo-first-order integrated rate 
equations.

Table 1: Factors and their levels for two factor-three 
level central composite design

Factor
Codes and Levels

–1.68 –1 0 +1 +1.68
C,H/TiO2 (g/L) 0.25 0.5 1 1.5 2
[MO] (mg/L) 15 20 25 30 35
pH 2.5 4 5.5 7 8.5

Figure 1: Schematic representation of the central 
composite design used in this study.
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3 Results and Discussion

3.1  Surface analysis

Surface properties are essential components of  
photocatalyst characterization. Figure 2 shows the 
nitrogen adsorption-desorption isotherm, BET surface 
area plot (left inset) and BJH adsorption cumulative 
pore volume curve (right inset) for the C,H/TiO2, 
H/TiO2 and C/TiO2 used in this study. Based on the 
IUPAC classification the catalysts exhibit a type 
IV isotherm. This can be readily observed from the  
hysteresis loops and obvious condensation/evaporation  
steps within partial pressure range of 0.6 to 0.9 [37].  
The hysteresis loops confirm the presence of mesoporous  
structure in the synthesized photocatalysts [38].  
 The surface area and pore volume of the catalysts 
were estimated using Brunauer-Emmett-Teller (BET) 

and Barrett-Joyner-Halenda (BJH) methods. The 
HDMA-derived catalyst H/TiO2 has a surface area of 
77.5 m²/g, a pore volume of 0.372 cm³/g and a pore 
size of 19.2 nm while those properties of C/TiO2 are 
53.1 m²/g, 0.146 cm³/g and 11.01 nm respectively. 
Even though the pore volume and pore size of C,H/
TiO2 particles  decrease to 0.295 cm³/g and 11.9 nm 
respectively, the surface area increases to 99.5 m²/g due 
to the beneficial effect of chitosan-HDMA bi-template. 
The surface area and pore volume of the C,H/TiO2 
are higher than those reported by Chang et al. for an 
anatase TiO2 derived using diblock copolymer template 
(89 m2/g) [39] and an Ag-S/TiO2 synthesized using 
polyethylene glycol as template (68 m2/g) [40].

3.2  Structural and compositional analysis
 
The crystalline structures of the synthesized W/TiO2, 

Figure 2: Nitrogen adsorption-desorption isotherm, BET plot (inset) and BJH adsorption cumulative pore 
volume curve (inset) for (a) C/TiO2, (b) H/TiO2, (c) C,H/TiO2.
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C/TiO2, H/TiO2 and C,H/TiO2 photocatalysts were 
recorded on XRD (Figure 3) and compared with 
JCPDS-21-1272 and JCPDS-21-1276 patterns. All 
the experimental patterns revealed pure anatase phase 
with	XRD	peaks	at	2θ	(and	planes)	as	25.23°	(101),	

37.69° (004), 48.04° (200), 53.96° (105), 55.05° (211), 
and 62.73° (204). Moreover, according to the Scherrer  
equation, the average crystal sizes of W/TiO2, C/TiO2, 
H/TiO2, and C,H/TiO2 were 17.18, 16.99, 14.68, and 
12.78 nm, respectively. The results showed that the 
average crystal size decreases as templates are applied 
separately or combined. This means that the templates 
not simply functions as the meso-structure directing 
agents, but may also suppress the growth of TiO2 
crystals during the calcination. 
 To examine the influence of the chitosan and  
HDTMA templates employed separately or as bi-template  
on the titania morphology and to further depict the 
meso-structures obtained, SEM images of W/TiO2, 
C/TiO2, H/TiO2 and C,H/TiO2 were collected and are 
shown in Figure 4. It can be seen from the figure, the 
W/TiO2 shows only the aggregates of titania crystals. In 
contrast, meso-structures can be observed for C/TiO2, 
H/TiO2 and C,H/TiO2 catalyst due to the present of struts 
as depicted by Figure 4(b), (c), and (d) respectively.  
The density of these structures is more in H/TiO2 

Figure 4: The FE-SEM images of (a) W/TiO2, (b) C/TiO2, (c) H/TiO2, and (d) C,H/TiO2.

Figure 3: The XRD patterns of the synthesized catalysts.

(a)

(c)

(b)

(d)
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than in C/TiO2, with the least in C,H/TiO2, and  
inconsistent with pore sizes. It has been shown that 
these pore sizes are governed by the decomposition of 
the templates during the calcination process [34]. As 
such, the order of average pore size is H/TiO2 > C,H/
TiO2 > C/TiO2. 
 The morphology of the synthesized catalysts 
was recorded on TEM. Figures 5–7 show TEM  

images and size distribution curve of C/TiO2, H/TiO2 
and C,H/TiO2, respectively. All of these materials  
exhibit a cube-like shape. The C/TiO2, H/TiO2  
and C,H/TiO2 powders have average particle sizes of  
18.22 nm [Figure 5(b)], 14.34 nm [Figure 6(b)], and 
12.80 nm [Figure 7(b)], respectively. It can be seen 
that the use of bi-template results in a comparatively 
tinier material (C,H/TiO2), in terms of particle size than 

Figure 5: The TEM images of C/TiO2 at different magnifications (a) and (b), and size distribution curve (c).

Figure 6: The TEM images of H/TiO2 at different magnifications (a) and (b), and size distribution curve (c).



319

A. Hamisu et al., “ Bi-Template Assisted Sol-Gel Synthesis of Mesoporous Anatase TiO2 Nanoparticles.”

Applied Science and Engineering Progress, Vol. 14, No. 3, pp. 313–327, 2021

TiO2 produced using single templates such as lignin 
(30–80 nm) [22], polyethylene glycol (20 nm) [40], 
P123 (40 nm) [41] and cellulose (10–30 nm) [42]. The  
reduction in particle size when using the bi-template 
can be attributed to the successive dispersion and 
separation of the TiO2 precursor (Ti(OH)4) within 
the chitosan and HDTMA structure which could  
effectively prevent nanoparticle aggregations during 
calcination. The insets of the Figures 5(c), 6(c), and 
7(c) reveal the polycrystalline structures of C/TiO2,  
H/TiO2 and C,H/TiO2, with interplanar spaces of 0.361, 
0.355 and 0.335 nm respectively, which correspond to 
the (101) crystal facets of anatase TiO2 [43].
 To perform elemental analysis of the synthesized 
catalysts, EDX spectra of C,H/TiO2 were acquired 
(Figure 8). The EDX spectra show the characteristic 

peaks of Ti (55.19%) and O (44.54%), confirming the 
elements in the synthesized TiO2.

3.3  Band gap analysis

The optical absorptions of the synthesized photocatalysts  
were studied by UV-vis analysis. Figure 9 shows the 
UV–vis absorption spectra of the synthesized TiO2 
powders. Their band gap energies (Eg) were estimated 
from the absorption spectra using Equation (4) [40].

 (4)

Figure 7: The TEM images of C,H/TiO2 at different magnifications (a) and (b), and size distribution curve (c).

Figure 8: The EDX analysis of C,H/TiO2.

Figure 9: UV-vis spectra of the synthesized materials.
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Where Eg is the band-gap energy (eV), h is Planck’s 
constant, and c is the velocity of light. Moreover, λ is 
the wavelength (nm) corresponding to the intersection  
point of the horizontal axis and the tangent to the  
absorbance curve of the spectra (at the point where the 
slope of the absorbance curve suddenly varies). The 
calculated band-gap energies of W/TiO2, C/TiO2, H/
TiO2 and C,H/TiO2 were 3.08, 2.99, 2.94 and 2.92 eV, 
respectively. These results illustrate that the band-gap 
energy of the W/TiO2 without template decreased from 
3.08 to 2.99 eV for C/TiO2 when chitosan was used as 
the template and 2.94 for H/TiO2 when HDMA was 
used. It was found that the band-gap energy further 
decreased to 2.92 for the C,H/TiO2 catalyst obtained 
by using two templates.
 The results reveal that lowest band gap energy 
of 2.92 eV was obtained for C,H/TiO2 catalyst which 
is comparably lower than the meso-TiO2 prepared 
using triblock Pluronic P123 as template [41], [44],  
polyethylene glycol as template [45] and phenoxyacetic  
acid as template [46]. The decrease in the band gap 
energy value may be due to size reduction of the C,H/
TiO2 photocatalyst [46], [47]. It was strongly believed 
that a decreased band gap energy yields more redox 
power for production of photogenerated electron-
hole pairs and strongly reduces recombination effect, 
which overall contributes to increase the photocatalytic  
performance of photomaterials [48]. 

3.4  Thermal analysis

Because polymers and large organic molecules undergo  
several changes when subjected to a high temperature, 
releasing gases and liquids of different shapes, colors 
and molecular weights [49], the residual content of 
templates and the stability of the TiO2 phase were  
examined using thermogravimetric analysis (TGA) 
and differential thermal analysis (DTA). The DTA 
curve of the C,H/TiO2 precursor [Figure 10(a)] shows 
three endothermic peaks. The first endothermic  
phenomenon visible at 63.43°C is due to the release of 
adsorbed water molecules by evaporation [50] while 
the second endothermic phenomenon at 320.76°C is 
due to the thermal decomposition of alkylammonium 
ions physically interacting via van der-Waals forces 
with the precursor or their partners [50], [51]. The 
third endothermic phenomenon shows at 369.14°C 
and is linked to depolymerization and decomposition 

of the chitosan [52], [53]. These phenomena confirm 
the suitability of the calcination temperature (500°C 
for 4 h) for the synthesis of C,H/TiO2 as used in this 
study. These observations are affirmed by the TGA 
curve depicted in Figure 10(b). From the TGA curve, 
a weight loss was observed between 70–100°C, 
200–338°C and 338–500°C which correspond to the 
evaporation of volatile and physically adsorbed water, 
decomposition of chitosan and HDTMA, respectively. 
No weight loss was observed above 500°C, indicating 
that the templates decomposed completely around this 
temperature leaving behind only the stable meso-TiO2. 
The thermogram also shows the stability of the TiO2 
anatase phase up to 700°C. Generally, a lower thermal 
stability of the TiO2 phase is undesirable, especially for  
the use of TiO2 as photocatalyst since the transformation  
to rutile, which has long been considered to have lesser 
photocatalytic activity, may take place [54].

3.5  Photocatalytic performance

To evaluate the photocatalytic performance of the  
as-synthesized catalysts, photodegradation of MO 
was performed under UV photolysis, in the dark with 
TiO2 photocatalyst and under photocatalytic regime in  
presence of W/TiO2, C/TiO2, H/TiO2 and C,H/TiO2. The 
results are displayed in Figure 11. The corresponding  
photocatalytic performance of are 77.46, 80.85, 89.72  
and 98.1%, respectively, which reveals the superiority 
of C,H/TiO2. The superior performance of the latter can 

Figure 10: The TGA/DTA thermograms of the C,H/
TiO2 precursor.
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attributed to the improved particle size, pore volume 
and surface area in this catalyst, and shortest band 
gap, which cause better surficial adsorption of dye 
molecules and their penetration through the channels 
of the catalyst [22], [55]. In both photolytic and dark 
adsorption systems, less than 5% of MO disappears, 
indicating that the removal of MO under UV/TiO2  
photocatalysis is almost entirely based on photocatalytic  
phenomenon.
 The degradation of MO over the synthesized 
photocatalysts were found to follow pseudo-first-order 
kinetics represented by Equation (5).

 (5)

Where [MO]t and [MO]o are the concentrations (mg/L) 
at time t and when t = 0, respectively, and k is the  
apparent reaction rate constant (min–1). A plot of 
ln([MO]o/[MO]t) versus t gave a straight line with slope 
= k and R-square values > 0.9 as shown in Figure 12.  
The rate constants for degradation over W/TiO2, C/
TiO2, H/TiO2 and C,H/TiO2 are 0.0112 min–1, 0.0122 
min–1, 0.0158 min–1 and 0.0173 min–1, respectively. It 
can be seen from the results that C,H/TiO2 derived from 
the combined two templates offered the highest rate 
constant 0.0173 min–1. This value is higher compared 
with those reported in many literature [6], [56], [57].

3.6  Optimisation

The interactive impacts of three independent variables 
(TiO2 loading, initial concentration of MO and pH) 

on the degradation of MO were investigated using 
the central composite factorial design. To develop the 
mathematical relationship between the response and 
the independent process variables, the experimental 
degradation efficiency values (D%) were processed, 
giving a cubic polynomial model with considerably 
low standard deviation of 0.77 and PRESS value of 
161.33 as shown in Equation (5)

 

 (6)

 Each coefficient of the variable in Equation (6)  
corresponds to the change in mean degradation efficiency  
per unit increase in the associated independent factor 
when the other factor is held constant, which predicts the 
degradation efficiencies presented in Table 2. It can be  
seen from the tables that the experimental and predicted  
D% correlate well and this has been supported by  
linear normal plot of residuals. The normal probability 
plot showed the residuals following a normal distribution,  
in which the points will follow a straight line as 
recommended [36], [58]. This observation is further 
supported by parity plot in Figure 12 which shows 
the distribution of the experimental degradation 
efficiencies with predicted responses. The linear  
distribution of both values is an indication of agreement  
between the experimental results with the predicted 
ones.
 The statistical significance of the CCD model was 
assessed by the analysis of variance, ANOVA (Table 3).  

Figure 11: Photocatalytic degradation of profile of MO 
(20 mg/L) over synthesized photocatalysts (0.8 g/L).

Figure 12: Plot of the variation of experimental  
degradation efficiency with predicted values.
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The high F-value of 369.97, probability > F of less 
than 0.05 and insignificant lack of fit, as obtained 
for the model are not influenced at 95% confidence 
level. Furthermore, statistical measures revealed the 
suitability of the model to navigate the design space. 
The R2 value was 0.9976, with only about 0.24% the 
variation for MO degradation efficiency not explained 
by the model. In a system like this, with different  
number of independent variables, adjusted R2 (Adj-R2) 
is more suitable for evaluating the model goodness of 
fit [35]. The obtained Adj-R2 value was 0.9949 which 
is also closed to 1 and the minimum adequate precision 
(56.953) is a value well above 4. 
 In order to validate the obtained results by the model  
and to confirm the model competence for predicting 
MO degradation, three experiments were conducted. 
From the experiments, 62.31 ± 0.48% average MO dye  
degradation efficiency was obtained which is very close  
in all respect to value based on the model (61.81%). 
 In this study, a maximum experimental MO  
percentage degradation of 62.3% was attained after 
treatment for 60 min, under optimum conditions of 
H,C/TiO2 catalyst dosage of 0.8 gL–1, initial MO 
concentration of 20 mgL–1 and pH of 2.5. To achieve 
maximum MO percentage degradation, numerical  
optimization was further conducted using a combination  

Table 3: ANOVA for cubic models
Source Sum of Square DF Mean Square F-value Prob>F Remarks
Model 2177.05 10 217.70 369.97 < 0.0001 Significant

A 67.52 1 67.52 114.74 < 0.0001
B 44.18 1 44.18 75.08 < 0.0001
C 10.09 1 10.09 17.14 0.0025
A2 687.37 1 687.37 1168.14 < 0.0001
B2 748.50 1 748.50 < 0.0001
C2 213.40 1 213.40 1272.01 < 0.0001
BC 7.03 1 7.03 0.0072
A3 15.62 1 15.62 362.65 0.0006
C3 183.68 1 183.68 11.95 < 0.0001

A2B 1.32 1 1.32 26.55 0.1678
A2C 0.000 0 312.14
AB2 0.000 0 2.25
AC2 0.000 0
B2C 0.000 0
BC2 0.000 0

Residual 5.30 9 0.59
Lack of Fit 4.26 4 1.07 0.0507 Not significant
Pure Error 1.03 5 0.21
Cor Total 2182.34 19 5.16

Table 2: The central composite design matrix and the 
value of the response function (D%)

Run TiO2 
(g/L)

[MO] 
(mg/L) pH Experimental 

D%
Predicted 

D%
1 0.8 30 5.5 41.3 40.81
2 0.4 20 5.5 34.9 34.41
3 0.8 20 5.5 55.9 56.49
4 0.6 15 4.0 35.8 35.81
5 0.8 20 2.5 62.3 61.81
6 0.8 20 5.5 56.2 56.49
7 0.8 20 5.5 57.0 56.49
8 1.0 25 7.0 43.4 43.13
9 1.2 20 5.5 40.0 39.51
10 0.8 20 8.5 29.9 29.41
11 1.0 15 4.0 42.5 43.18
12 0.8 20 5.5 56.1 56.49
13 1.0 15 7.0 36.9 36.93
14 1.0 25 4.0 44.7 45.63
15 0.8 20 5.5 56.8 56.49
16 0.6 25 4.0 38.5 38.26
17 0.6 15 7.0 28.9 29.56
18 0.6 25 7.0 34.8 35.76
19 0.8 10 5.5 31.9 31.41
20 0.8 20 5.5 56.8 56.49
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of the three parameters, the TiO2 dosage, the initial 
concentration of MO and pH. A maximum percentage 
degradation of 62.3554% was obtained at TiO2 value 
of 0.852 gL–1, [MO] value of 20.01 mg/L and pH value 
of 2.5 with desirability factor 1 (Figure 13). 

3.7  Response surface analysis

The interactive effect of the independent variables on 
the MO degradation efficiency was depicted by 3D  
surface (Figure 14), in which one variable was kept 
constant while the other two were varied. As observed 
from Figure 14(a), the MO degradation efficiency  
increases with TiO2 concentration up to 1 g/L, likely due 
to increased hydroxyl and superoxide radical generation  

[59]. Subsequently, the degradation efficiency decreases  
with further increase in TiO2 perhaps due to the increase  
in opacity. The influence of pH vis-à-vis TiO2  
concentration or MO concentration is depicted by 
Figure 14(b) and (c), respectively. There is increase in  
degradation at acidic pH levels due to the predominance  
of protonated form of the MO, and strong adsorption 
onto the TiO2 catalyst [Figure 14(b)]. On the other 
hand, the more the MO amounts were increased, the 
more degradation is affected by inhibitive effect on 
light penetration and catalyst site saturation [60]

4 Conclusions

A stable, mesoporous TiO2 photocatalyst has been 
successfully synthesized by templating with a  
combined chitosan-HDTMA assisted sol-gel method. 
This catalyst exhibits anatase structure, and consequently  
high photocatalytic activity.
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Figure 13: Pseudo-first-order graph of MO photocatalytic  
degradation.

Figure 14: The 3D response surface of MO dye degradation efficiency (D%) as a function (a) TiO2 catalyst 
loading and initial MO concentration, (b) pH level and TiO2 catalyst loading and (c) initial MO concentration 
and pH level.
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