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ABSTRACT

The acid-used sol-gel synthesis of nano-sized titania (TiO2) powders has been studied systematically to optimize the processing
parameters by Taguchi method that control crystallite size. In addition, crystallite and particle size of TiO2 powders were examined
by X-ray diffraction (XRD) and transmission electron microscopy (TEM). For this purpose, the amount of acid, reaction
temperature and reaction time were determined as control parameters. In order to achieve these objectives, Taguchi’s Leorthogonal
design (3 parameter, 3 level) was used for the experiential design. In order to determine the optimal synthesis conditions for nano-
sized TiO2 powders, the signal-to-noise (S/N) ratio was used, which was calculated from crystallite size of the nano-sized TiOz
powders using "the-smaller-the-better" appoachment. Besides, analysis of variance (ANOVA) was utilised to accomplish the
statistical importance of the synthesis parameters. Experiments were fulfilled to verify the model at the chosen conditions and the
particle size was determined according to XRD analysis as 46.98 nm. Moreover, the actual size of the synthesised nano-sized TiO2
powders with the average size was 51.41 nm. Therefore, the Taguchi optimization method was a main tool in the optimization of
the nanosized TiO2 powders synthesis process with less experiential tests and slightly cost-efficient approachment.
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1. INTRODUCTION

Nano-sized materials are in existence as crystal or powder forms with a dimension less than 100 nm and
a high surface-to volume ratio [1]. Besides, nano-sized materials are significant for biomedical,
communication, energy, electronic applications because of their good electrical, optical and magnetic
properties that are different from their bulk counterparts [2]. Among them, nano-sized TiO, powder is one
of the most significant particulate material using for various objectives, because of its great features of a
high refractive index leading to a high keeping power and whiteness, nontoxicity, high oxidizing
capability, chemical stability, relatively low production cost and easy availability in the market [3, 4]. TiO>
have been prepared by several physical and chemical deposition techniques such as chemical bath
deposition, sol-gel, hydrothermal, spray pyrolysis, plasma oxidation, pulsed laser deposition etc [5-7].
Among these techniques, the sol-gel technique has many advantages when compared with the other
methods, that is, it has a simple and cost-effective experiential array and also provides low temperature
processing, nucleation and growth kinetics, homogeneity, reliability, controllability, reproducibility, etc [3].

An acid-used sol-gel method only behoves the use of the titanium precursor, acid and water. Alcohol
was not used to dissolve the alkoxide/ another reagent to synthesise nano-sized TiO, powders [8]. There
are many important parameters that are required to obtain desired size of nanoparticles in the synthesis
of nano-sized TiO, powders to be produced by the given technique. The relationships between the
factors are complicated, and the sol—gel process analysis to optimize the parameters is a time and labour
depletive work. Therefore, the analysis using traditional experiential techniques are infertile [9].

Optimization of experiential design is an effective approach to minimize the number of experiential tests
as well as the production cost. Therefore, Taguchi optimization method was used in this study. The
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Taguchi optimization method is a simple and easier approach that ensures efficient solutions for the
design, as it emphasizes an acquired performance characteristic value next to the intended value. Thus,
important factors that have an important influence on the experiential conditions could be distinguished
and the optimum performance value is specified [1].

In the present work, the Taguchi optimization method was implemented during the nano-sized TiO,
powders synthesis through the acid-used sol-gel technique. It is aspired to study the relationship
between all of the main parameters at three levels on the average particles size of the nano-sized TiO»
powders without high number of experiential tests. The focal point is the optimization of synthesis
parameters to procure the smallest nano-size of TiO, powders.

2. MATERIALS and METHOD
2.1. Materials and Synthesis of TiO, Nanopowders

In this study, the nano-sized TiO, powders were synthesised through an acid-used sol-gel technique at
lower temperature with a easy instrument setup. The given chemicals were purchased from Sigma
Aldrich and used without any further purification: Titanium (IV) isopropoxide (TTIP, 97%), glacial
acetic acid (AA) and sodium hydroxide (NaOH). Freshly double distilled water was used through out
the all experiments.

In a beaker, cold distilled water (40 ml) were taken and TTIP (3.7 ml) were abruptly supplemented and
the beaker was encased. Instantly, the mixture was stirred for 30 minutes. After all this while, AA was
supplemented and stayed under invariable stirring for desired time at the required temperature. After
actualising the reaction, the heating was stopped and the solution was permitted to cool with invariable
stirring. Then, the suspended particles were settled with concentrated NaOH solution (10 ml). The
settled particles were washed with distilled water until a pH of 7 was achieved. Lastly, particles were
permitted to precipitate and the surplus water was detract from the particles. The TiO; slush was dried
in an oven at 100 °C for 12 hours. The dried powders were homogenised in a mortar [8]. Figure 1 shows
the experiential procedure.

[ 40 mL of cold distilled water ]b 3. 7mL of TTIP

Stirring (@ room temperature, 30 min

€«

[ White solution ]h Glacial acedic acid

Sturing @ desired temperature, desired time

.

[ Cooling with constant stirring ] — 10 - L of coglcentrated
NaOH solution

€

[ Precipitated particles ]

e

Washing with distilled water until pH = 7

[ TiO; slugh ]

Drying @@ 100 °C, 12 hr

€
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Figure 1. Experiential procedure of the nano-sized TiO2 powders synthesis
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2.2. Experiential Design

In the present work, the Taguchi orthogonal array approachment was applied. All parameters that had
important impact on the nano-sized TiO, powders production were selected as well as their levels. The
amount of glacial acedic acid (mL), synthesis temperature (°C) and synthesis time (hr) were chosen as
parameters at three varied levels. The amount of glacial acedic acid was varied from 1 to 9 mL, the
synthesis temperature was varied from 70 to 90 °C and the synthesis time was within 2 to 4 hours. Table
1 summarises all of the parameters and levels used in this experiment.

Table 1. Parameters and levels for Taguchi design of the nano-sized TiO2 powders

. Levels
Synthesis parameters 1 5 3
A The amount of AA (mL) 1 3 9
B The synthesis temperature (°C) 70 80 90
C The synthesis time (hr) 2 3 4

To analyze the impact of three parameters and their effects in three varied levels, 27 samples are behoved
to be synthesized; but the experiential runs can be decreased by using the Taguchi optimization method
[10]. In present work, a Taguchi experiential design with notation modified Ls (3%) was selected to
optimize experiential conditions to utilize the crystallite size of TiO, powders produced by acid-used
sol—gel technique under several synthesis factors. The modified orthogonal array of Lo designed by the
Taguchi optimization method which submits the experiential conditions is shown in Table 2. The
samples were produced according to the modified Lg orthogonal array conditions.

Table 2. Modified Lo orthogonal array

>

X

Experiment No Codes
T1
T2
T3
T4
T5
T6
T7
T8
T9
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According to the Taguchi optimization method, the optimization of obtained values was specified by
comparing S/N ratio values. Besides, an consideration of the synthesis conditions was executed by
ANOVA statistical method to study the relationships between all parameters towards the crystallite size
of TiO, powders as the responses.

2.3. Characterization

The structure of the sample was examined using a X-Ray diffractometer (XRD, Bruker D8 advance)
with Cu Ka radiation (A= 1.54059 A) which was operated at 40kV voltage and 40 mA anode current.
Data were collected in 20 values from 10° to 80°. The morphology of the sample was observed by using
JEOL JEM-2100 Transmission Electron Microscopy (TEM).

3. RESULTS and DISCUSSION

The XRD pattern of TiO, nanopowders is shown in Figure 2. The existence of multiple diffraction
peaks of A(101), A(112), A(211), A(204), R(110), R(101) and B(121) in the diffraction patterns
revealed that all the powders were anatase (A), rutile (R) and brookite (B) phase, respectively (JCPDS-
Card No. 00-021-1272 for anatase, 01-089-0554 for rutile and 00-029-1360 for brookite phase). All of
these outcomes can be seen in Figure 2 and they are in accordance with the literature [3, 8, 11].
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Figure 2. XRD pattern of TiO2 nanopowders

Intensity

In order to investigate morphology of nanopowders, TEM images were taken that shown in Figure 3.
The shape of TiO, nanopowders is close to spherical, however, because of the aggregation of particles,
the average size of TiO, nanopowders could not be determined.

Figure 3. TEM images of TiO2 nanopowders

Performance characteristics chosen to be the optimization criterion are tripartited, the smaller the best, the
nominal-the-best and the larger-the-best. The performance characteristic of the present work is the
minimum crystal size, which belongs to the smaller the best characteristic and is calculated as follows [12]:

1
S/N = =10log(> X1, ¥7) (1)
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where y; is the performance characteristic value calculated from the test and the unit of S/N is dB; the
number of the trials is n.

The crystal size of each specimen was calculated by using the width at full width at half-maximum
(FWHM) of a peak applying the Scherrer equation for the anatase (101) plane:

0.914
- Bcos6O (2)

where the crystal size (nm) is d, the wavelength of Cu Ka radiation (nm) is 1, the Bragg angle is 6 and
FWHM of diffraction peak is 5.

The crystal size values estimated from XRD patterns and the calculated S/N ratios are given in Table 3.

Table 3. The crystal sizes and S/N ratios of TiO2 nanopowders

Codes A B C d (nm) S/N ratio
T1 1 1 1 89.11 -39,00
T2 1 2 2 49.11 -33,82
T3 1 3 3 55.71 -34,92
T4 2 1 2 57.60 -35,21
T5 2 2 3 55.72 -34,92
T6 2 3 1 53.02 -34,49
T7 3 1 3 75.05 -37,51
T8 3 2 1 66.40 -36,44
T9 3 3 2 88.54 -38,94

Figure 4 shows the S/N ratios of the crystal size values acquired from the experimental results that were
calculated according to Equation (1), which will be evaluated for determining the optimum levels of
each factor. The larger is the S/N ratio, the smaller is the variance of the crystal size around the preffered
value. Hence, the optimum conditions of the TiO, nanopowders are A2B2C3. In other saying, based on
the S/N ratios, the optimum synthesis conditions of the TiO2 nanopowders are the 3 ml of acedic acid
amount (A2), 80 °C of synthesis temperature (B2) and 4 hours of synthesis time (C3), respectively.

Main Effects Plot for SN ratios
Data Means
350 /\ »
355 ‘/" \ / \
-360

-365

Mean of SN ratios

370 /
375 \
®

-380
1 2 3 1 2 3 1 2 3

Signal-to-noise: Smaller s better

Figure 4. Main effects plot for signal-to-noise (S/N) ratios of TiO2 nanopowders

The mean S/N ratio for every level of the factors is summarized and the S/N response table for crystal
size is demonstrated in Table 4. As can be understood from Table 4, the delta value of (maximum-—
minimum) of symbol A is the highest value. Hence, it can be determined that amount of acedic acid is
the most important parameter for affecting the crystal size.
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Table 4. S/N ratios for each parameters

Level A B C

1 -35.91 -37.24 -36.64
2 -34.87 -35.06 -35.99
3 -37.63 -36.12 -35.78
Delta 2.76 2.18 0.86
Rank 1 2 3

ANOVA is applied on the experiential results acquired from Taguchi trials. Based on the three
parameters at three levels, acquiring S/N ratios of the experiential results after determining the suitable
orthogonal arrays defines the interactions between the factors and the responses. The ANOVA results
are listed in Table 5. As shown in Table 5, ANOVA can also acquire the degrees of freedom (DF), the
adjusted sums of squares (Adj SS), the adjusted mean square (Adj MS), the F-statistic (F) from the Adj
MS and its p-value. Table 5 demonstrates that the amount of acedic acid has the lowest p-value (the
highest F-value) among other parameters, which is also the most significant parameter. In other respects,
the other parameters have displayed high p-values (more than 0.05), which indicates those are not
important parameters in the synthesis process.

Table 5. ANOVA results of the TiO2 nanopowders

Source DF Adj SS Adj MS F-value p-value
A 2 679.21 339.61 1.01 0.497
B 2 425.68 212.84 0.63 0.612
C 2 82.17 41.09 0.12 0.891
Error 2 671.40 335.70

Total 8 1858.46

After selecting the optimum levels of synthesis parameters, the last step is estimating and confirming
the improvement the quality characteristic by using the optimum levels of synthesis parameters. The
estimated S/N ratio by using the optimum levels of synthesis parameters can be calculated as follows [9]:

S/Nestimated = S/NM+[(S/NAl_S/NM)+(5/N31_S/NM)+(S/NC4—S/NM)+
(S/NDZ _S/NM)] ©)

Where S/N,, is the total mean S/N ratioand S/N ,,,S/Ng,,S/N,, S/N, are the mean S/N ratio at
the optimum levels for each parameter. The estimated S/N ratio (-33.4390) for the average crystal size
of TiO, nanopowders can be acquired and the corresponding estimated average crystal size of TiO;
nanopowders can also be calculated as:

S/Nestimated = _1010g(yezstimated) (4)

Table 6 indicates the comparison of the estimated the average crystal size of TiO, nanopowders with
the experiential results using the optimum synthesis conditions. The experimental data showed good
agreement with estimated result.

Table 6. Result of the confirmation experiment for the average crystal size of TiO2 nanopowders

Condition d (nm) S/N ratio
Estimated A2B2C3 46.98 -33.4390
Experiential A2B2C3 51.40 -34.2193

Figure 5 shows TEM image of confirmation experiment for the avarage crystal size of TiO;
nanopowders.
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TC

Figure 5. TEM image of the confirmation experiment
4, CONCLUSION

The synthesis of TiO, nanopowders by using an acid used sol-gel technique was implemented by
performing the Taguchi optimization method. All of the process parameters, their responses and
relationships between the process parameters were analyzed and examined by using ANOVA analysis.
The optimum conditions used to synthesize smaller TiO, nanopowders includes acedic acid amount of
3 mL, synthesis temperature of 80 °C and synthesis time of 4 hours. The experiential results
demonstrated that the average crystal size was 51.40 nm, as affirmed by XRD analysis, which was in
aggrement with the estimated result of 46.98 nm.
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