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ABSTRACT

Developing a more efficient and sustainable method than conventional chemical and
physical approaches to synthesize TiO2-ZnO nanocomposites is essential to reduce
environmental impact. Green synthesis offers a sustainable alternative, minimizing toxic
solvents and utilizing renewable biological sources. TiO2-ZnO NCs is a well-known binary
nanocomposite with different potential biomedical, photocatalysis and solar cell
applications due to its excellent physiochemical properties. This study presents the
response surface methodology, optimization, and modeling of the reaction conditions of
TiO2-ZnO NCs by green synthesis using the co-precipitation method from Vigna unguiculata
L. extract as a reducing and stabilizing agent. Optimization of independent reaction
conditions such as amount of dopant, reaction temperature, initial pH, and stirring time was
performed using Response Surface Methodology-Box Behnken Design (RSM-BBD) of the
design expert version 13 software (DX13). The strength and amount of active site of the
synthesized TiO2-ZnO NCs were calculated by back titration analysis. The results show that
TiO2-ZnO NCs were successfully precipitated and the optimization study obtained shows
that the optimum number of active sites (8.881 mmol/g) of the TiOz-ZnO NCs was achieved
at 10.00% MR of TiO2, 90 °C reaction temperature, initial pH of 11 and 23 min stirring time.
The optimal reaction conditions were supported and confirmed by the solution ramp
functions and bar graph plots. Statistically, the regression model and analysis of variance
(ANOVA) revealed that the initial pH was the most significant parameter among the selected
reaction conditions with the probability value (p-values) of 0.0011. The two-dimensional
(2D) contour and three-dimensional (3D) response surface plots demonstrated a good
interaction between the reaction variables during the biosynthesis. The porosity, particle
size distribution (PSD) and specific surface area (SSA) of optimized TiO2-ZnO NCs were
evaluated using the nonlinear density functional theory (NLDFT) method. Consequently, the
pore volume, pore size and SSA for the developed TiO2-ZnO NCs were found to be 5.45x10-2
cm3/g, 3.23 nm, and 351.80 m?/g, respectively, indicating that the optimized TiO2-ZnO NCs
are mesoporous in nature. This work indicated that mesoporous TiO2-ZnO NCs were
prepared through the novel use of Vigna unguiculata L. extract. RSM-BBD was successfully
used in the design of experiment, model development, and optimization of highly active
Ti02-ZnO NCs production.
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1. Introduction

their availability in nature, being inexpensive, chemical
stability, and being environmental friendly species [11]. ZnO

Recently, nanotechnology has become a popular and
promising field of technology that has attracted the attention
and interests of many researchers, scholars, and engineers
around the world, this is due to its advantages over the other
field of sciences [1,2]. Some of the major applications of
nanotechnology include photocatalysis [3], fuel cells [4],
photovoltaic cells [5], sensors [6], and optical and thermal
applications [7]. This technology involves the use of very small
particle size, usually ranging from 1-100 nm [8,9], and thus
includes semiconducting materials. Some of the common
examples of semiconducting nanomaterials include ZnO, TiO,
Zr02, ZnS, Fe203, W03, ZrS [8-10]. Zinc oxide (Zn0) and titanium
dioxide (TiOz) NPs are widely used as photocatalysts due to

has three crystal structures; hexagonal wurtzite, cubic rock
salts, and cubic zinc blend. The most common is the wurtzite
structure, as it is the most stable under ambient conditions. The
wurtzite structure has two crystal lattice parameters, a = b =
3.2495 A, ¢ =5.2069 A and and the ¢/a ratio is 1.60 [12]. On the
other hand, TiO2 NP has many different types of crystal
structure known as polymorphs [13]. The most important and
common phases of TiOz NP are found naturally as rutile,
anatase, and brookite. However, among these crystal
structures, only anatase and rutile have been widely applied for
photocatalysis due to their ability to harness photons of light
during photocatalytic reactions [14].
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Information from the literature revealed that both TiO2 and
Zn0O NPs suffered from a certain number of drawbacks when
applied individually for photocatalytic activity. First, TiO:
(anatase) and ZnO have wide bands of about 3.20 and 3.27 eV,
respectively, which limits their use of the solar spectrum to only
ultraviolet (UV) light, yet it accounts for only less than 3-5% of
solar radiation [15]. Second, both TiOz and ZnO NPs have a high
electron-hole pair recombination rate, resulting in reduced
photodegradation [16]. Furthermore, it is notable that TiO:
faces a problem of photocorrosion through self-oxidation,
reducing its photostability [17,18]. Therefore, there is need to
develop a new band gap modification approach that will
improve the activity of the individual TiOz and ZnO NPs.

Different band gap modification methods such as doping,
ion impregnation, dye sensitization, and coupling have been
used with the aim of enhancing the morphology and
photocatalytic activity of TiOz and ZnO NP [19-21]. However,
the coupling method showed significant success over other
modification methods [22] and was adopted in the present
work. The process involves the mixing of two or more pure
semiconductors (TiOz and ZnO NPs) together to improve their
activity, reduce their band gap, and suppress the rate of
recombination of the photogenerated electron-hole pair than
the individual TiOz2 and ZnO NPs [23]. Various chemical and
physical processes such as solvothermal, hydrothermal,
mechanochemical, precipitation, sol-gel, co-precipitation, and
green methods have been widely used for the synthesis of TiO2-
Zn0 NCs [24-29]. Today, green synthesis is preferred because
of its less time consumption, low cost, and use of biological
sources, which do not require hazardous chemicals and
sophisticated instrumentations during synthesis. Green
synthesis deals with the preparation of nanomaterials (in this
case, TiO2- ZnO NC) from the extracts of biological sources such
as plants, fruits, flowers, leaves, algae, fungi, bacteria, yeasts,
etc. [30]. Green synthesis is also known as biosynthesis because
it involves the use of biological sources extract. Plant extracts,
in particular, offer great promise for biosynthesis due to their
widespread availability, affordability, ease of use, and
scalability [31,32]. Recently, various extracts of biological
sources have been used as a reducing agent and stabilizing
agent for the biosynthesis of TiO2-ZnO nanocomposites [33].
Rusman et al. [34] investigated the green synthesis of ZnO/TiO2
at different calcination temperatures 500, 600, 700 and 800 °C
using Calopogonium mucunoides leaf extract as reducing and
stabilizing agents. Similarly, Kelesoglu et al. [35] studied the
green synthesis and structural characterization of ZnO
nanoparticles and ZnO@TiO: nanocomposites using
cinnamomum verum bark extract as a biogenic reducing agent
and the results demonstrated significant success.
Haghighizadeh et al. [36] reported the green synthesis of ZnO-
TiOz nanophotocatalyst doped Fe (III) ions using bitter olive
extract to treat textile wastewater containing reactive dyes and
the results revealed a significant response. Similarly, Atiek et al.
[37] reported the green synthesis of the TiO2-ZnO hetero-
structure using Urtica smensis leaf extract for antibacterial
activity and the finding showed a good response. Furthermore,
Bognar et al [38] investigated sustainable green water
nanotechnologies: the synthesis of nanoparticles from
renewable sources and the results demonstrated significant
responses.

Optimization is a process of finding the best conditions
using the response surface methodology (RSM) of design expert
(DX) software [39-41]. RSM consists of different tools such as
Box Behnken Design (BBD), Face Central Composite Design
(FCCD), Central Composite Design (CCD), and Taguchi array.
Consequently, BBD are preferred due to their accuracy, less
time consumption, and less number of runs in the design of
experiment [42,43]. Nowadays, optimization processes are
widely used to investigate the roles of variables and interac-
tions among the parameters. Models like the quadratic function

and the second-order interaction function are developed using
the statistical table like the analysis of variance (ANOVA) and
statistical regression equation [44,45]. Probability values (p-
values) are mostly used to determine the contribution of each
parameter studied [46]. A p-value < 0.05 indicates that the
parameter is significant, while a p-value > 0.05 suggests that the
variable is not significant [47,48].

Several studies have been conducted to optimize condi-
tions, enhance nanoparticle yield, and improve commercial
viability [49]. Traditionally, the optimization process was
conducted using the classical method by changing an
independent variable and fixing other variables. However, the
shortcomings of the method are that it is time consuming and
arduous and does not consider the interaction between the
variables [50,51]. Recently, RSM has been applied to optimize
reaction conditions for the synthesis of ZnO and TiO2 and works
by evaluating the interactions between variables and releasing
the desired optimal conditions based on conducting several
experiments [52,53].Rakhmanova et al. [54] reported the
application of response surface methodology using Box
Behnken Design for optimization of nanosized zinc oxide
synthesis conditions such as applied voltage, tip-to-collectors
distance, and annealing temperature on the size of ZnO
particles by the electrospinning technique. The optimal
conditions for the synthesis of ZnO were found at a constant
applied potential of 16 kV, with a distance between the collector
and nozzle of 12 cm, flow rate of 1 mL/h, and calcination
temperature of 600 °C. Yusof et al. [55] investigated the
optimization of the reaction conditions of the biosynthesis zinc
oxide nanoparticles such as zinc concentration (200-500 mM),
pH (6-10) and cell-free supernatant (CFS) volume ratio (20-50
%) using the desirability function-based response surface
methodology. The optimal conditions for maximum yield and
minimum particle size were found to be 2.47 g and 75.8 nm,
respectively.

Several studies have focused on optimizing reaction
conditions to enhance nanoparticle synthesis, photocatalytic
efficiency, and biomedical applications. Mazloom et al. [56]
optimized the synthesis of the Zn3V:0s nanostructure by
adjusting parameters such as precursor type, reaction time,
temperature, solvent and pH. Ghaedi et al. [57] utilized artificial
neutral network partial swarm optimization (ANN-PSO) to
optimize adsorption conditions, while Shaterian et al. [58]
improved LaMnOs-based photocatalysis. Raja et al [59]
optimized 4-chlorophenol photodegradation using Raschig
rings-TiOz composites. Heydariyan et al [60] improved
electrochemical hydrogen storage by refining the synthesis
conditions of SmMnz0s/Mn2z03/g-C3Na. Safardoust-Hojaghan et
al. [61] optimized nitrogen-doped graphene quantum dots for
bacterial detection. Diez-Orejas et al. [62] improved graphene
oxide nanosheets for antimicrobial applications. Abdu et al. [63]
and Sugiyama et al. [64] optimized photocatalytic degradation
of pollutants, achieving significant results under optimal
conditions.

Despite their abundance, bean leaves remain underutilized,
mainly serving as a vegetable or food. Vigna unguiculata L., a
member of the Fabaceae family along with Phaseolus species,
plays a crucial role in nitrogen fixation. Although green
synthesis of TiO2-ZnO nanocomposites (NC) using various
biological extracts has been reported, its synthesis from the
Vigna unguiculata L. extract remains unexplored. Furthermore,
the optimization of reaction conditions for this biosynthesis has
not been investigated. In this study, TiO2-ZnO NCs were
synthesized via the co-precipitation method using Vigna
unguiculata L. extract, with reaction parameters optimized and
modeled through Response Surface Methodology-Box-Behnken
Design (RSM-BBD) using DX13. Synthesized TiO2-ZnO NCs
demonstrate potential applications in biomedical, thermal,
optical, photocatalytic and solar cell technologies [23].
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Table 1. Level factorial Box Behken design for green synthesis of TiO2-ZnO NCs

Parameter (Unit) Notation Low (codes) Central (codes) High (codes)
Amount of dopant (MW %) A 1.00 (-1) 5.00 (0) 10.00 (+1)
Reaction temperature (°C) B 85.00 (-1) 90.00 (0) 95.00 (+1)
Initial pH C 4.00 (-1) 8.00 (0) 11.00 (+1)
Stirring time (min) D 15.00 (-1) 20.00 (0) 30.00 (+1)

Figure 1. Vigna unguiculata L. plant.

2. Experimental
2.1. Chemicals

All of the chemicals used in this work were used as received
from the manufacturers without further purification. These
chemicals include zinc acetate dehydrate (Zn(CH3C0O0)2-2H20,
98%) obtained from Sigma Aldrich, titanium acetate dehydrate
(Ti(NO3)2:2H20, 97%) obtained from Merck, 0.5 M sodium
hydroxide (NaOH, 97%) obtained from Sigma Aldrich and 0.05
M dilute hydrochloric acid (HCl, 98%) obtained from Sigma
Aldrich and indicator phenolphthalein (87 %) obtained from
Sigma Aldrich.

2.2. Sample collection and identification

The samples of Vigna unguiculata L were collected in the
Biological Garden of the Federal University Dutsin-Ma, Katsina,
Nigeria. Plant specimens were identified, cleaned, dried, and
authenticated at the Herbarium of the Department of Biological
Sciences of the Federal University Dutsin-Ma. Then the mixture
was ground to a fine powder and stored for further preparation
and analysis. The structure of the Vigna unguiculata L. leaf is
shown in Figure 1.

2.3. Preparation of Vigna unguiculata L. extract

The procedure reported by Rusman et al. [34] was adopted
and modified for the present study. In this method, the Vigna
unguiculata L.leaves were washed several times with deionized
water to remove debris and dirt and then dried at room
temperature for two weeks. The leaves were powdered using a
blender and the powder with 100 meshes for a uniform size.
The extract was prepared by adding 5.00 g of Vigna unguiculata
L leaves powder in 100 mL of deionized water and stirred at 80
°C for 20 minutes. Subsequently, the mixture was filtered with
Whatman No.1 filter paper, and then the filtrate was used for
the synthesis of TiO2-ZnO NC.

2.4. Synthesis of TiOz-ZnO NCs

The procedure reported by Kelesoglu et al [35] was
adopted and modified for the present study. The co-
precipitation method was used for the green synthesis of TiO2-
ZnO NCs with the solution prepared with 20 mL of Vigna
unguiculata L extracts, 80 mL of deionized water, 5.93 g of zinc
acetate dehydrate (Zn(CHsC0O)2:2H20) and 0.85 g of titanium
acetate (Ti(CH3COO)4 as a precursor of ZnO and TiO2 NPs,
respectively. Then stirred at temperature 90 °C, constant speed

at 500 rpm for 23 minutes and then homogenized for 5 minutes
by constant stirring using a magnetic stirrer. Then sodium
hydroxide (0.05M NaOH) was added dropwise to the solution
until pH = 11. The paste was formed after continuous heating
and stirring for overnight. The sample paste was evaporated at
80 °C for 10 hours and calcined at 650 °C for 2 hours using a
muffle furnace to obtain TiO2-ZnO NCs.

2.5. Determination of active sites

The amount of active sites of the TiO2-ZnO NCs was studied
using the back titration method. In back-titration analysis, the
basicity of the base is reported as the acidity of the conjugate
acid and vice versa. The TiO2-ZnO NC catalyst was mixed with
known concentration of HCl and will neutralize HCI
concentration by an equivalent amount to its basicity. As a
result, the original concentration of HCl will be reduced. The
excess HCl will then be treated with a known concentration of
NaOH and the amount of NaOH reacted is equivalent to the
amount of basicity of the catalyst. Basicity measurement was
carried out using mixed 0.2 mg of sample was stirred in 10 mL
of distilled water and left for 24 h. The filtrate obtained was
separated by centrifugation and the resulting solution was
neutralized with 10 mL of 0.05 M HCl Subsequently, the
remaining acid was titrated with 0.05 M NaOH and
phenolphthalein was used as an indicator [65]. Equation 1
relationship was used to determine the amounts of basic/acid
sites from the recorded titre values.

__ Molarity of HCl reacted

Active site (mmol/g) = x 1000 @)

Mass of catalyst (g)
2.6. Optimization

To find the optimum reaction conditions during the
biosynthesis of TiO2-ZnO NC from Vigna unguiculata L. extract,
three levels and four variables of the Design Expert version
thirteenth (DX13) of Box Behken Design (BBD) based on the
response surface methodology (RSM) were used. The
independent variables selected were the amount of dopant (A),
reaction temperature (B), initial pH (C) and stirring time (D)
while the other reaction variables such as the calcination
temperature, amount of Vigna unguiculata L extract and the
agitation speed were kept constant. As BBD is more accurate,
more reliable, and less time consumption, there are three levels
(low, central, and high corresponding to the coded levels -1, 0
and +1, respectively). These levels are displayed in Table 1 and
a total of 29 sets of experiments were carried out according to
the formula (N = 2n + 2n + 5, where n is the number of variables.
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Table 2. RSM-BBD results with actual and predicted responses for the synthesis of TiO2-Zn0O NCs *.

Run A B C D Actual active sites (mmol/g) Predicted active sites (mmol/g)
1 5.00 90.00 8.00 20.00 8.71 9.17
2 1.00 90.00 4.00 20.00 8.67 8.71
3 5.00 90.00 8.00 20.00 9.65 9.21
4 5.00 90.00 4.00 15.00 8.89 8.08
5 5.00 85.00 4.00 20.00 8.56 8.20
6 5.00 95.00 8.00 15.00 9.67 9.46
7 10.00 85.00 4.00 15.00 8.67 8.74
8 1.00 85.00 8.00 20.00 8.76 8.78
9 5.00 90.00 11.00 15.00 8.59 8.60
10 5.00 90.00 11.00 30.00 8.98 9.06
11 5.00 90.00 8.00 20.00 9.54 9.78
12 5.00 90.00 8.00 20.00 7.11 7.73
13 10.00 90.00 4.00 20.00 9.67 9.62
14 10.00 90.00 8.00 30.00 5.98 7.32
15 5.00 90.00 8.00 20.00 8.67 8.27
16 5.00 85.00 11.00 20.00 8.98 9.97
17 5.00 95.00 4.00 20.00 7.45 9.05
18 10.00 90.00 11.00 20.00 8.67 7.61
19 5.00 95.00 8.00 30.00 8.98 9.05
20 1.00 90.00 8.00 30.00 9.11 9.18
21 1.00 90.00 11.00 20.00 7.87 8.54
22 10.00 95.00 8.00 20.00 8.98 9.12
23 1.00 95.00 8.00 20.00 8.65 9.35
24 5.00 85.00 8.00 30.00 8.45 8.79
25 5.00 85.00 8.00 20.00 9.34 8.79
26 1.00 90.00 8.00 15.00 6.89 8.79
27 10.00 90.00 8.00 15.00 8.99 8.16
28 5.00 95.00 11.00 15.00 8.98 8.79
29 5.00 90.00 4.00 30.00 9.11 8.98

* A is the amount of dopant (% MR Ti02), B is the reaction temperature (°C), C is the initial pH and D is the stirring time (min).

The amount of active sites of the synthesized TiO2-ZnO NCs
obtained using Equation 1 was the experimental response
(value). These data were processed using DX13 of the response
surface methodology-box behnken design (RSM-BBD) to obtain
the predicted value, response surface and regression model for
the green synthesis of TiO2-ZnO NCs.

2.7. Validation of models

The mathematical model developed by RSM-BBD for the
amount of active site of Ti02-ZnO NCs was validated and
confirmed by experimenting with optimal conditions. The
results were then compared with the predicted response. Each
experiment was carried out in triplicate and the data was
presented as mean+standard deviation (SD).

2.8. Simulated adsorption

Nitrogen adsorption isotherms at 77 K in optimized TiO--
ZnO NCs were obtained with the Monte Carlo isobaric-
isothermal Gibbs ensemble (NPT-GEMC) [66-69] as
implemented in the Cassandra Monte Carlo (MC) simulation
software [70,71]. Several force fields were used for optimized
Ti02-ZnO NCs. The transferable potential for the phase
equilibrium force field (TraPPE) was used for nitrogen
molecules [72]. Lorentz-Berthelot combining rules were
employed to calculate the cross-interaction Lennard-Jones
parameters. The equilibrium and production periods were
performed for at least 5.0x106 MC steps each. Probabilities of
translation, rotation, volume change, and particle swap
between simulation boxes were included during MC
simulations. The frameworks were fixed throughout the
simulation [66].

2.9. Pore size distribution

The pore size distributions of the optimized Ti02-ZnO NCs
were determined using the NLDFT method. NLDFT pore size
distributions (nldftPSD) were obtained via a demo version of
SAIEUS software (www.nldft.com/dowload/) (Micromeritics,
GA). The standard slit-pore mode for nitrogen adsorption at 77

K on carbon was selected because it is widely used in
experiments to characterize nanomaterials. The L-curve
method, which balances the roughness of the solution and the
goodness of the fit, is implemented in SAIEUS when choosing A
as a user-adjustable parameter. The PSD result can be
determined by solving an adsorption integral Equation 2 [69].

P Dmax P
Nexp (P_o) = fDmm NNLDFT (P_o) PSD(D)dD +
Ay [PSDN(D)]? dD )

where A is the chosen regularization (smoothing) parameter,
Nexp is the experimental nitrogen adsorption at 77 K, Nnvprr,
represents the theoretical nitrogen adsorption isotherms
assuming an ideal pore geometry such as a slit pore and
cylindrical, PSD is the distribution of the pore size, P/Po is the
pressure ratio with respect to the nitrogen saturation pressure
and D is the pore diameter.

3. Results and discussion
3.1. Statistical analysis
3.1.1. Box Behnken experimental design

Four independent reaction conditions such as the amount
of dopant, the reaction temperature, the initial pH and the
stirring time were optimized by the response surface method
(RSM) and the Box Behnken design (BBD) to determine the
optimal conditions during the biosynthesis of TiO2-ZnO NCs. A
total of twenty- nine sets of design of experiments (DOE) were
given by the design expert version-thirteen software. The
twenty-nine set of experiments obtained from the response
surface methodology -box Behnken design (RSM-BBD) was
conducted and the amount of active site was calculated using
Equation 1. Table 2 presents the experimental and predicted
amounts of active sites in TiO,-ZnO NCs during biosynthesis.
The operational parameters, including dopant amount (A),
reaction temperature (B), initial pH (C) and stirring time (D),
are displayed in their actual levels.
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Table 3. ANOVA for the response quadratic model

Source Sum of square DF Mean square F-value p-value Remarks
Model 11.16 14 1.12 3.03 0.0197 Significant
A 1.90 1 1.90 5.15 0.0033 -

B 0.28 1 0.28 0.75 0.0031 -

C 1.27 1 1.27 3.44 0.0011 -

D 0.015 1 0.015 0.042 0.0030 -

AB 0.11 1 0.11 0.30 0.0478 -

AC 0.85 1 0.85 2.30 0.0320 -

AD 1.59 1 1.59 431 0.0295 -

BC 4.00 1 4.00 10.86 0.0340 -

BD 0.78 1 0.78 2.13 0.0221 -

()] 0.37 1 0.37 1.01 0.0283 -

A? 0.14 1 0.14 1.46 0.0560 -

B2 0.56 1 0.56 1.36 0.0680 -

c2 1.12 1 1.12 2.67 0.0466 -

D2 1.34 1 1.34 2.56 0.0493 -

Residual 6.63 14 0.37 1.54 0.0489 -

Lack of fit 6.20 10 0.44 4.07 0.0924 Not significant
Pure error 0.43 4 0.11 - - -

Cor. total 17.79 28 - - - -

Table 4. ANOVA of other important parameters for the response quadratic model.

Parameter Value
Standard deviation 1.62
Mean 8.79
Correlation of variance (CV) 1.40
PRESS 20.59
Coefficient determined (R2) 0.9272
Adjusted R2 0.7546
Predicted R? 0.9154
Adequate precision 6.0981

As seen from Table 2 there was a close relationship
between the actual (experimental) and predicted values.
However, the closeness of the actual and predicted values is a
primary indication of a true model [73]. Similarly, Table 2 also
showed a good correlation between the actual and predicted
amount of active sites (mmolg?) of TiO02-ZnO NCs. The
relationship between amount of active sites of TiO2-ZnO NCs
under the influence of the amount of dopant (A), temperature
(B), initial pH (C) and stirring time (D) is explained by the
quadratic model as given in terms of coded and actual factors
according to Equations 3 and 4, respectively.

Amount of basic active sites = + 8.79 + 0.56 A+ 0.80 B +
090C+0.69D—0.17 AB+ 0.21 AC— 0.63 AD + 0.100 BC —
0.29 BD — 0.30 CD

(3)
Amount of basic active sites = + 8.79 + 0.56 amd +
0.80 temp + 0.90 pH + 0.69 st — 0.17 amd. temp +
0.21 amd pH — 0.63 amd st + 0.100 temp pH — 0.29 temp st —
0.30 pH st 4)

The signs and values of the regression coefficients of the
second-order polynomial model (Equations 3 and 4) represent
the expected change in response per unit change in the value of
independent variables used in the model. The sign of the
coefficient of each operational parameter indicates its direction
of change, while the coefficient values indicate the strength of
the relationship. Therefore, the positive sign in front of the
terms in the statistical Equations 3 and 4 shows a synergistic
effect, which means an improvement in producing the amount
of actives of the catalyst as opposed to the negative sign that
shows an antagonistic effect [74,75]. In these Equations 3 and
4, the coefficient of one factor presented its effectiveness. To
analyze the TiO2-ZnO NCs amount of active sites through the
coefficient values from the equations, it is clear that the initial
pH gives a higher positive effect as compared to the operational
parameters. The quality of the model was obtained by the
analysis of variance (ANOVA), and its summary is presented in
Table 3.

The model F-value of 3.03 implies that the model is
significant and that there is only a 0.01 % chance that a model F
value could occur due to some noise. The significance of the
model terms is proven by the small p-value less than 0.0001.
The p-values obtained range from 0.0011-0.0493 shows that all
the model terms are significant. The most significant among the
primary parameters were obtained as the initial pH (C) >
reaction temperature (B) > stirring time (D) > amount of dopant
(A) > reaction temperature-stirring time interaction (BD) >
initial pH-stirring time interaction (CD) > amount of dopant-
stirring time (AD) interaction > amount of dopant-initial pH
(AC) interaction > temperature-initial pH (BC) interaction >
amount of dopant-temperature interaction (AB) interaction >
second-order initial pH (C2)> second-order amount of dopant
(A?) >second-order stirring time (D2?) > seconder-reaction
temperature (B2), respectively. Therefore, the initial pH (C)
reaction temperature (B) were found to be the most significant
operating variables for the biosynthesis of TiO2-ZnO
nanocomposites in comparison with the other selected process
parameters. The ‘lack of fit’ value (LOF) is 4.07 and p-value is
0.0924 (more than 0.05), indicating good predictability of the
model [76]. Furthermore, the other important statistical
parameter for the response quadratic model is shown in Table
4.

According to Table 4, the standard deviation (SD = 1.62) and
the coefficient of variance (CV = 1.40) are low demonstrating
the high precision and good reliability of the experimental
values. An adequate precision measure of 6.098 which is above
4 shows an adequate signal. The regression model explained a
good relationship between independent variables as the
coefficient of determination R? (0.9272) and predicted Rf,red
(0.9154) are closed to one. This shows good agreement
between values predicted by the model and the values
measured experimentally. To further analyze the
appropriateness of the suggested models, diagnostic plots for
both responses were studied. The adequacy of the regression
model is explained as diagnostic plots. The diagnostic plots of
both responses are presented in Figure 2.
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Figure 2. RSM diagnostic plots for (a) Normal plot of residuals, (b) Residuals vs predicted, (c) Predicted vs actual and (d) Box-Cox plot for power transforms.

Figure 2a shows the normal probability plot of externally
studentized residuals. According to the graph, most of the point
lies roughly on a straight line. This indicates that there is a close
relationship between the actual and predicted values. Figure 2b
illustrates the plot of the residuals and predicted. According to
the graph, there is no obvious pattern, and the residuals are
randomly distributed, implying that the model is sufficient.
Figure 2c presents the plot of the actual and predicted values.
Based on the graph, there is a uniform distribution of the points
located in the center of the graph and a perpendicular line with
a angle of 45° indicates the model’s ability to predict the
response appropriately. Figure 2d presents a Box-Cox plot for
power transforms. These findings suggested that the models
can significantly predict the effects of all factors on TiO2-ZnO NC
biosynthesis. Therefore, it can be concluded that the estimated
effects are real and differ markedly from noise [76]. Due to the
above-mentioned, the quality of the developed model is high
and this implies that the amount of basic actives (8.881
mmol/g) of TiO2-ZnO nanocomposites obtained during
synthesis were influenced by the operating parameters within
the studied range. Therefore, the above analysis of variance
(ANOVA) shows that this predicted quadratic model is in good
consistent with the experimental response and can be adopted.

3.2. Numerical parameter optimization

In this work, the response surface methodology
optimization and modeling of green synthesis reaction
conditions using Vigna unguiculata L extract were conducted.
The four independent reaction conditions such as amount of
dopant (1.00-10.00 %MR TiO2), the reaction temperature
(85.00-95.00 °C), the initial pH (4.00-11.00) and the stirring
time (15.00-30.00 min) were selected for optimization using
RSM-BBD of the DX-13 software. However, 100 solutions were
obtained with all having a desirability of one (1). But the first
ten solutions were presented with the optimum amount of
active sites (mmolg/L) of the TiO2-ZnO NCs selected under
optimal conditions during biosynthesis (Table 5).

The result presented in Table 3 demonstrates that the
optimum amount of active sites (8.881 mmol/g) of the
synthesized TiO2-ZnO NCs was obtained at 10.00 % MR of TiOz,
90 °C reaction temperature, initial pH of 11 and 23 min stirring
time. However, the reaction conditions were in good agreement
with the previous work reported [54]. Furthermore, the
optimal conditions were further supported and confirmed by
the solution ramps and the solution bar graph plots, as shown
in Figure 3.
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Table 5. Solutions of optimization of RSM-BBD of the green synthesis of TiO2-ZnO NCs

Number Amount of dopant Temperature, °C Initial pH Stirring time, min Active sites Durability Remark
1 10.00 90.00 11.00 22.50 8.881 1.00 Selected
2 10.00 90.00 7.50 30.00 8.665 1.00 -
3 10.00 95.00 7.50 22.50 8.790 1.00 -
4 10.00 85.00 7.50 22.50 8.039 1.00 -
5 10.00 90.00 4.00 22.50 7.496 1.00 -
6 10.00 90.00 7.50 15.00 8.644 1.00 -
7 10.00 89.49 10.36 17.15 8.940 1.00 -
8 10.00 87.59 5.40 15.68 7.079 1.00 -
9 10.00 93.21 4.67 28.72 8.515 1.00 -
10 10.00 85.06 8.78 15.80 8.046 1.00 -
/T as 85

A:Amount of dopant = 10

Cilnitial pH = 11

6.89 89.67

Amount of active sites = 8.88083

BTemperature = 90

_

|

15 20

D:Time = 22.5

Desirability = 1.000
solution 1 out of 100

Figure 3. Ramp function plot for optimized parameters.

Desirability

AAmaount of dapant

B:Temperature

Cinitial pH

Solution 1 out of 100

Figure 4. The bar graph for the solution.

Figure 3 shows the ranges for each of the operational
parameters, their responses, and the optimum values selected
by the RSM-BBD software. It can be seen that the amount of
dopant ranges (1.00-10.00 % MR), and the optimal condition
selected was found to be 10 % MR TiO2, reaction temperature
ranges (85-95 °C) and the optimal condition selected was found
to be 90 ° C, initial pH ranges (4-11) and the optimum condition
selected was found to be 11, stirring time ranges (15-30 min),
and the optimum condition selected was approximately found
to be 23 min and the amount of active sites ranges (6.89-9.67
mmol/g) and the optimum value selected was found to be 8.881
mmol/g.

3.3. Optimization using the desirability function

The influence of four selected reaction conditions; amount
of dopant, reaction temperature, initial pH, and stirring time, on
the biosynthesis of TiO2-ZnO NCs was investigated using RSM-

BBD of the DX13 software. The RSM method based on
desirability functions explained by Derringer and Suich [77]
was used to find the best combination of variables. However, in
Table 5 and Figure 3, the optimal conditions for the
biosynthesis of TiO2-ZnO NCs were obtained with the
desirability of each parameter. The desirability of the
parameters of each individual process studied was found to be
1 (1.000) for the solution 1 out of 100. Therefore, the purpose
of optimization using the desirability function is to find a
combination of conditions for all parameters selected during
the biosynthesis of TiO2-ZnO NCs. Furthermore, the desirability
for each of the selected reaction conditions and the desirability
for the combined operating conditions is presented in Figure 4.
The result displayed in Figure 4 illustrates the desirability of the
individual operating parameter, the desirability of response,
and the desirability of the combined process parameters for the
solution ten (10.00) out of hundred (100.00).
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Figure 5. (a) 2D Contour plot and (b) 3D surface response plot for the interaction between the amount of dopant and reaction temperature.

According to the figure, the desirability of the amount of
dopant (A) is one (1.00), desirability of reaction temperature
(B) is 1.00, desirability of initial pH (C) is 1.00, desirability of
stirring time (D) is 1.00, desirability of the response (amount of
active sites) is 1.00 and desirability of combined operating
parameters is also 1.00 respectively. This result clearly
demonstrated that the desirability for all individual
parameters, amount of active sites, and combined processes
operating parameters were found to be equal to one for the
solution of 10.00 out of 100.00. However, the same desirability
value between the individual parameter, response, and
combined processes operating variables is a primary indication
for good optimal conditions. Therefore these findings,
however,were consistent with the results presented in Table 5
and Figure 3, respectively.

3.4. Response surface analysis

The Response Surface Methodology-Box Behnken Design
(RSM-BBD) analysis was carried out, and the results are
presented using two-dimensional (2D) contour and three-
dimensional (3D) surface response plots. A 3D surface response
plot is the graphical representation of the regression equation
obtained from the established model. However, the plots are
based on the function of two variables, while the other
operational variables are constant (under its optimum
conditions). Furthermore, the elliptical or saddle shape of the
contour plot specifies the level of significance of the interaction,
and an elliptical or saddle plot will be obtained when there is a
perfect interaction among independent variables [78,79].

3.4.1. Effect of the amount of dopant and reaction
temperature

The interaction between the amount of dopant (A) and
reaction tempertaure (B) plays a crucial role in determining the
amount of active sites during the biosynthesis of TiO2-ZnO NCs.
The 2D contour and 3D surface response plots are shown in
Figure 5. Figure 5a shows the 2D contour plot and the 3D
surface response plot of the number of active sites for the TiO2-
ZnO NCs using the interaction between the amount of dopant
and the reaction temperature. The red-colored region in the
contour plot represents the maxima of the response surface

plot. The optimal amount of active sites is predicted from the
contour plot [39]. According to Figure 5, the number of active
sites of Ti02-ZnO NC decreased linearly with increases of the
amount of dopant (1.00-10.00 % MR TiOz) and increased
progressively with increases in reaction temperature (85.00-
90.00 ° C) to the optimal level (9.500 mmol/g). These might be
due to the fact that the active surface of the catalyst was blocked
with a higher amount of dopant, which might lead to the higher
crystallite size, pore size, pore volume, and lower surface area
and subsequently decreased the amount of active sites. On the
contrary, the amount of active sites increased with an increase
in reaction temperature as a result of increases in the surface
area and decreases in the crystallite size, pore size, and pore
volume. The optimal amount of actives (9.50 mmol/g) was
obtained at a temperature of around 91.99 °C and a dopant
amount of around 5.90 % MRTiO:.

3.4.2. Effect of the amount of dopant and initial pH

The interaction effects of the amount of dopant (A) and
initial pH (C) play an important role in determining the amount
of active sites during the biosynthesis of TiO2-ZnO NCs. The 2D
contour and 3D surface response plots are depicted in Figure 6.
Figure 6 illustrates the 2D contour plot and the 3D surface
response plot of the number of active sites for the TiO2-ZnO NCs
using the interaction between the amount of dopant and the
initial pH. The red-colored region in the contour plot represents
the maximums of the response surface plot. The optimal
number of active sites is predicted from the contour plot [39].
According to the figures, the number of active sites decreased
linearly with increasing dopant amount from 1.00-10.00 % MR
TiO2 and increased progressively with increasing pH of the
initial solution (4.00-11.00). This is because as the amount of
dopant increases, the active surface of the catalyst would be
blocked, which in turn decreased the amount of active sites. As
the initial pH was adjusted to higher levels, more hydroxyl ions
would be produced, which might lead to the formation of a
higher amount of active sites. Therefore, the optimal amount of
active sites (9.50 mmol/g) was achieved at around 5.00 % MR
TiO2 and at an initial pH of approximately 8.99.
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Figure 7. (a) 2D Contour plot and (b) 3D surface response plot for the interaction between the stirring time and the amount of dopant.

3.4.3. Effect of the stirring time and the amount of dopant

The interaction between the stirring time (D) and the
amount of dopant (A) also plays a crucial role in determining
the number of active sites during the biosynthesis of Ti02-ZnO
NCs. The 2D contour and 3D surface response plots are
illustrated in Figure 7. Figure 7 indicates the 2D contour plot
and the 3D surface response plot of the amount of active sites
for the TiO2-ZnO NCs using the interaction between the stirring
time and the amount of dopant. The red-colored region in the
contour plot represents the maxima of the response surface
plot. The optimal amount of active sites is predicted from the
contour plot [39]. According to the figures, the number of active
sites decreased progressively as the amount of dopant
increases from 1.00-10.00 % MR TiOz and decreased linearly
with the increases of the stirring time from 15.00-30.00 min.
This is because as the stirring time increases the crystal
structure would be disturbed, in which the crystallite size
would be increases and the surface area would decrease, which
in turns decreases in the amount of active sites.

3.4.4. Effect of stirring time and initial pH

The interaction between the stirring time (D) and the initial
pH (C) also plays a vital role in determining the number of
active sites during the biosynthesis of TiOz-ZnO NCs. The 2D
contour and 3D surface response plots are presented in Figure

8. Figure 8 shows the 2D contour plot and the 3D surface
response plot of the amount of active sites for the TiO2-ZnO NCs
using the interaction between the stirring time and the initial
pH. The red-colored region in the contour plot represents the
maximums of the response surface plot. The optimal number of
active sites is predicted from the contour plot [39]. On the other
hand, Figure 8 reveals that the number of active sites increased
with increasing initial pH slowly from 4.00-6.50 and rapidly
from 6.50-10.99. This indicates that the synthesized catalyst is
basic in nature. The number of active sites increased
progressively with increasing stirring time (15.00-25.11 min).
These could be attributed to the fact that both the stirring time
and the initial pH are important parameters for determining the
amount of actives of the TiO2-ZnO NCs during green synthesis.
The optimal value for the amount of active sites (9.00 mmol/g)
was obtained at the initial pH = 10.87 and 26.00 min stirring
time, respectively. However, above the optimal conditions, the
amount of active sites decreased with increases of the stirring
time and with decreases in the initial pH.

3.4.5. Effect of reaction temperature and stirring time

The interaction between reaction temperature (B) and
stirring time (D) also plays a wonderful role in determining the
number of active sites during the biosynthesis of TiO2-ZnO NCs.
The 2D contour and 3D surface response graphs are presented
in Figure 9.
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Figure 9 shows the 2D contour graph and the 3D surface
response graph of the number of active sites for the TiO2-ZnO
NCs using the interaction between the reaction temperature
and the stirring time. The red-colored region in the contour plot
represents the maximums of the response surface plot. The
optimal number of active sites is predicted from the contour
plot [39]. According to the figures, the amount of active sites
increased progressively with increasing reaction temperature
from 85.00-95.00 °C and increased with increasing stirring time
from 15.00-26.11 min. This might be attributed to the fact that,
as the reaction temperature and stirring time increased, more
surface area was produced and less crystallite size was
produced, which in turn increased the active site of the catalyst.
The optimal value for the amount of active sites (9.4 mmol/g)
was obtained ataround 91.80 °C and 26.75 min. Conversely, the
amount of active sites decreased above the optimal stirring time
condition with no significant effect on the reaction temperature.

3.4.6. Reaction temperature and initial pH

The interaction between reaction temperature (B) and
initial pH (C) also plays a crucial role in determining the number
of active sites during the biosynthesis of TiO2-ZnO NCs. The 2D
contour and 3D surface response plots are shown in Figure 10.
Figure 10 illustrates the 2D contour plot and the 3D surface

response plot of the amount of active sites for TiOz2-ZnO NCs
using the interaction between the reaction temperature and the
initial pH. The red-colored region in the contour plot represents
the maximums of the response surface plot. The optimal
number of active sites is predicted from the contour plot [39].
Based on the figures, the amount of active sites increased
linearly with increases in the reaction temperature from 85.00-
95.00 °C and increased progressively with the increases of
initial pH from 4.00-11.00. These highlighted that both the
temperature and the initial pH are essential variables for the
determination of the active sites of TiO2-ZnO NCs. The optimal
predicted amount of active sites (9.00 mmol/g) was obtained at
temperature of 95.00 °C and an initial pH of 8.11. Moreover,
above optimal conditions, the amount of active sites decreased
with increasing initial pH with no significant effect on the
reaction temperature.

3.5. Optimization using the perturbation method

The interactions between the operational parameters can
also be described using the perturbation method which came
up by default from the design expert software and perturbation
theory using mathematical methods for finding an optimized
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condition to the solve the problem. In this study, the influence
of the variables studied individually, comprising the amount of
dopant (A), reaction temperature (B), initial pH (C), and stirring
time (D), on the amount of active sites of TiO2-ZnO NCs as the
response, was studied using perturbation plots. The
perturbation plot utilizes the model terms to visualize the effect
of each factor deviation from the reference point on the
response. It can be used to explore the most significant factors
in response. A steep slope or curvature of the graph reveals that
the response is sensitive to that variable, whereas a relatively
plane line indicates the insensitivity of the response to change
in that particular factor [80]. Figure 11 shows the perturbation
plot of the amount of active sites in the TiO2-ZnO NC
biosynthesis.

It can be seen in Figure 11; the initial pH curve displays a
high steep curvature followed by the reaction temperature.
However, the stirring time and amount of dopant curves show
a low curvature indicating these factors have a slight effect on
the response. These observations were confirmed from the
coefficients of the model terms in Equation 3 and analysis of
variance (ANOVA) (Table 3). Therefore, as observed from the
ANOVA, regression model equation and perturbation plots, the
most significant parameter that greatly contributed during the
biosynthesis of TiO2-ZnO NCs is the initial pH followed by the
reaction temperature. On the basis of the above findings, the

role of these wonderful parameters (initial pH and reaction
temperature) was further described herein.

3.5.1. Effect of initial pH

One of the crucial parameters that play an important role as
compared to the other selected conditions in the biosynthesis
of nanoparticles (TiO2-ZnO NCs) is the pH of the solution. It
usually ranges from 1.00-14.00 on the pH scale [81]. The low
values normally range (1.00-6.00) correspond to the acidic, and
the moderate value (7.00) corresponds to the alkaline, while the
high values range (8.00-14.00) correspond to the basic [82]. At
low pH (below 5.00) an alternative to reduction oxidation
occurred, while at a very high pH (above 9.00, 10.00) the
reduction rate would be too high, resulting in the aggregation
of TiO2-ZnO NCs [83]. However, information from the literature
demonstrated that nanoparticle synthesis was carried out at
high pH because the reduction rate is high at high pH [84,85].
Similarly, the amount of active site (response) during the
biosynthesis of TiO2-ZnO NCs progressively increased from
lower to higher pH values to optimal levels. This is because as
the initial pH was adjusted to a higher level more hydroxyl ions
would be produced, which might lead to the formation of a
higher number of active sites [85]. Similarly, the developed
model revealed the same explanations, since the optimum
condition of the initial pH in the biosynthesis of TiO2-ZnO NCs
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Table 6. Confirmation data ANOVA of the quadratic model

Run  Amt of dop (MR % TiO2) Temperature (°C) Initial pH Precipitation time (min) Actual (mmol/g) Predicted (mmol/g)
1 1.00 75.00 4.00 15.00 7.68+0.35 7.980
2 5.00 85.00 8.00 20.00 8.67+0.15 8.740
3 10.00 95.00 11.00 30.00 8.89+0.02 8.906

Table 7. Comparison in this study with previously reported synthesized Ti02-ZnO NCs in terms of method of synthesis, plant extract, optimization of reaction
conditions, and applications.

Photocatalyst Synthesized method Type of extract Optimization Application Reference
Zn0/Ti0: Green synthesis Calopogonium mucunoides Not available Treatment congo red dye [34]
2-D fern-like ZnO/TiOz  Green synthesis Hibiscus subdariffa Not available Treatment of methylene blue dye [88]
Zn0-TiOz nanohybrids ~ Hydrothermal Not available Not available Treatment of methylene blue and [89]
methyl orange dyes
Zn0/TiO2 composite Sol gel Not available Not available Treatment of methylene blue dye [90]
Zn0/TiO2 Solid state Not available Not available Treatment of quinoline [91]
TiOz/Zn0 composite Solvothermal Not available Not available Treatment of rhodamine blue dye [92]
sphere
Zn0/TiO2 NCs Pulsed laser ablation Not available Not available Treatment of methyl orange dye [93]
Zn0/TiO2 NCs Chemical method Not available Not available Treatment of bentazon dye [94]
Zn0/TiO2 Mechanical mixing Not available Not available Treatment of rhodamine B blue dye [95]
heterojunction
Zn0/TiOz composite Hydrothermal Not available Not available Treatment of methylene blue and [96]
methyl orange dyes
Zn0/TiO2 NCs Sol gel and precipitation Not available Not available Treatment of methyl orange dye [97]
Zn0/TiO2 Core/shell Sol gel deposition Not available Not available Treatment of methylene blue dye [98]
Zn0/TiOz NCs Hydrothermal Not available Not available Treatment of methyl orange dye [99]
Zn0/TiOz NCs Electrostatistically Not available Not available Treatment of methyl orange dye [100]
modified electrospinning
ZnO@TiO2NCs Green synthesis Cinnamomum verum Not available Surface characterization [35]
Zn0/TiO2 NCs Green synthesis Hibiscus rosa-sinensis Not available Treatment of bacteria [101]
TiO2-ZnO NCs Green synthesis Vigna unguiculata L Available Beneficial for the mesoporous Present
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was 11. This shows that the optimized TiO2-ZnO NCs were basic.
These findings are in good agreement with the many previous
related works [86,87]. The regression expression (Equation 3),
the perturbation plot, and ANOVA (Table 3) also supported the
observations mentioned above about pH with the probability
value (p-value) of 0.0011.

3.5.2. Effect of the reaction temperature

Reaction temperature is an important factor to consider
during the biosynthesis of nanoparticles. As seen from the
perturbation plot, the reaction temperature (B) was found for
the second variable that influences the amount of active site
during the biosynthesis of TiO2-ZnO NCs. The amount of active
sites increased linearly with the increase in reaction
temperature. This is because as the temperature increases, the
surface area of the TiO2-ZnO NCs increased and the crystallite
sites decreased, which could lead to increases in the amount of
active sites of the TiO2-ZnO NCs.

3.6. Model validation analysis
To confirm the validity of the quadratic model developed in

this synthesis, three biosynthesis runs were individually
performed in three replicates (Table 6) under low, central and

high conditions of the independence variables selected for this
study, and the resultis presented in Table 6. The result obtained
in Table 6 was compared with the predicted responses (Table
2). The experimental values were very close to the predicted
values (8.88 mmol/g), confirming the reliability of the BBD.

3.7. Nonlinear density functional theory pore size
distributions

The pore size, pore volume, pore size distributions (PSD),
and specific surface area (SSA) of the synthesized TiO2-ZnO NCs
were determined using the nonlinear functional theory
(NLDFT) method. The regularization parameters are selected
using the L-curve method available in SAIEUS. SSA was found
to be 190.04, 254.90 and 351.80 m?/g for the ZnO, TiO2 and
Ti02-ZnO NCs, respectively. The increase in SSA for TiO2-ZnO
NC could be due to the incorporation of TiO2 on the surface of
ZnO NP. On the other hand, the pore sizes were found to be 3.28,
3.24 and 3.23 nm for the ZnO, TiO2 and TiO2-ZnO NCs,
respectively. The pore volumes were found to be 1.16x101,
8.01x10-2 and 5.45x10-2 cm3/g for the ZnO, TiO2 and Ti0z-Zn0O
NCs, respectively. These results indicated that the higher the
specific surface area, the lower the pore size and pore volume
of the TiO2-ZnO NCs and vice versa. These findings are in good
agreement with many results presented in previous related
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work [35]. The particle size distributions (PSD) of the ZnO, TiO2,
and TiO2-ZnO NCs are presented in Figure 12. As seen in Figure
12, the pore sizes of all working catalysts are within the
porosity range of 2.00-50 nm. Therefore, it can be concluded
that the ZnO, TiO2, and TiO2-ZnO NCs are mesoporous or
mesopore in nature.

3.8. Comparative analysis

To show the novelty in this work, we have compared the
method of preparation, type of plant extract, optimization
during the synthesis, and applications of the synthesized TiO2-
ZnO NCs in this study with previous related work as shown in
Table 7. It can be seen from Table 7 that the optimization of
reactions in the biosynthesis of TiO2-ZnO NCs from the Vigna
unguiculata L. extract has not been reported in the previous
works. Furthermore, synthesized TiOz-ZnO NCs are beneficial
to the mesoporous materials community because the validation
of NLDFTPSD has been an extremely challenging task as a result
of the experimentally indirect techniques used for such
calculation.

4. Conclusions

TiOz2- ZnO NCs were prepared by green synthesis via the
coprecipitation method from the Vigna unguiculata L extract as
a reducing and stabilizing agent. Optimization of the reaction
variables such as amount of dopant, reaction temperature,
initial pH, and stirring time was conducted using response
surface methodology box Behnken design of the DX13 software.
The amount of active site of TiO2-ZnO NCs was calculated using
acid-base back titration analysis. The optimal amount of active
site (8.881 mmol/g) archived at 10.00 % MR TiOz, reaction
temperature 90 °C, initial pH = 11 and stirring time 23 min. The
regression model and the analysis of variance demonstrated
that the most significant parameter that contributed
enormously to the biosynthesis of TiO2-ZnO NC was the initial
pH. Similarly, the 3D and 2D contour plots also showed a good
interaction between the two variables. Consequently, the
perturbation analysis plot indicated that the initial pH, the
stirring time, and the reaction temperature have a linear
relation. The NLDFT specific surface area, pore size, and pore
volume were found to be 351.80 m2/g, 3.23 nm and 5.45x10-2
cm3/g for TiO2-ZnO NC, respectively. PSDs of TiO2-ZnO NCs
according to the NLDFT were found to be mesoporous in
nature. Therefore, the synthesized TiO2-ZnO NCs are beneficial
for the mesoporous material community.
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