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Titanium dioxide (TiO.) is a semiconductor known for its excellent optical
properties and is widely used in various applications. In this study, TiO»-
Metakaolin composites were synthesized to investigate the optical properties of
TiO,-Metakaolin in comparison to pure TiO.. The synthesis was conducted using
the sol-gel method, with metakaolin concentrations varied at 0.5%, 1%, and 1.5%
(w/v), based on the volume of the Ti(OH). sol. XRF analysis revealed that the
composite primarily consists of SiO., TiO-, and Al,O;. XRD results confirmed that
the synthesized TiO. is in the anatase phase, while kaolin transformed from
crystalline to amorphous metakaolin. FTIR analysis identified absorption peaks
at wave numbers 3410-3448 cm (OH), 2364—2357 cm™ (OH), 1624—1633 cm™!
(Ti-OH), 1070-1072 cm~*(Si-0-Si), 800—823 cm™* (Ti-0), 547—555 cm™ (Si-O or
Al-0), and 464—480 cm™ (Ti-O-Ti), indicating interactions between TiO. and
metakaolin. DRS-UV characterization showed that the band gap energies of the
TiO.-metakaolin composites with metakaolin concentrations of 0.5%, 1%, and
1.5% (w/v) were 3.06 €V, 3.05 eV, and 3.11 eV, respectively. These values are lower
than the band gap energy of pure TiO- (3.18 eV), demonstrating that metakaolin
effectively reduces the band gap energy of TiO..

1. Introduction

Titanium dioxide (TiO.) is a semiconductor material
known for its excellent optical properties [1] and
relatively inert nature compared to other compounds. It is
non-toxic, exhibits high oxidation capability, and is cost-
effective [2]. TiO- has a band gap energy ranging from 3.0
to 3.2 eV, which limits its active functionality to the UV
light region [3]. To enhance its performance in the visible
light spectrum, TiO. is often modified, typically by
compositing it with other metals. However, this approach
poses environmental concerns due to the generation of
metal waste.

Another promising approach is the use of kaolin.
Kaolin, primarily composed of SiO. and Al.0;, can
enhance light scattering, thereby improving light
absorption in the visible light region and suppressing
electron recombination events [4]. When composited
with TiO2, kaolin can further increase absorption capacity
due to its large porous structure [5]. Additionally,

incorporating metakaolin in specific compositions has
effectively reduced the band gap energy of TiO. [1].

Therefore, this study utilizes kaolin, which primarily
consists of Si0, (46.54%) and Al,O; (39.5%) [6]. Kaolin is
then converted into its metastable form, metakaolin,
which exhibits greater reactivity than kaolin [7]. The
incorporation of metakaolin is achieved through the sol-
gel method. This method is chosen due to its relatively
simple equipment requirements, ability to produce
uniform particle sizes, and capacity to yield high-purity
materials [8].

This study synthesized TiO.-metakaolin composites
with metakaolin concentrations varied at 0.5%, 1%, and
1.5% (w/v), using the volume of Ti(OH)x sol as the base.
The influence of metakaolin on the optical properties of
TiO,-metakaolin was investigated through
characterization techniques, including X-ray
fluorescence (XRF), X-ray diffraction (XRD), Fourier
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Transform Infrared Spectroscopy (FTIR), and Diffuse
Reflectance Spectroscopy (DRS) UV-Vis analysis.

2. Experimental

2.1. Materials

The tools utilized in this study included laboratory
glassware, a reflux apparatus, a Shimadzu IR Prestige-21
Fourier Transform Infrared (FTIR) spectrophotometer, a
Shimadzu UV-2450 DRS UV spectrophotometer, a
furnace, an X-ray Diffraction (XRD) Philips X-ray
instrument (40 kV), and an X-ray Fluorescence (XRF)
PANalytical Epsilon 3 analyzer. The materials employed
were distilled water, acetic acid (Merck), hydrochloric
acid (Merck), acetylacetone (Merck), ethanol (Smart
Lab), Capkala kaolin, and titanium tetraisopropoxide
(Sigma Aldrich).

2.2. Synthesis of Ti(OH)a Sol

Solution A was prepared by mixing 2 mL of acetic acid
and 2 mL of distilled water into 26.5 mL of ethanol.
Solution B was made by dissolving 7.5 mL of titanium
tetraisopropoxide (TTiP) in 26.5 mL of ethanol, which
was then transferred into a reflux flask, stirred using a
magnetic stirrer, and supplemented with 1 mL of
acetylacetone. Solution A was slowly dripped into
Solution B within the reflux apparatus at 55°C for 2 hours.
The resulting solution was allowed to rest for 10 minutes
until Ti(OH)n sol was formed [5].

2.3. Metakaolin Preparation

The preparation of Capkala kaolin involved washing
the kaolin with distilled water until the pH of the wash
water matched that of distilled water. The kaolin was then
dried at 105°C for 5 hours. After drying, the kaolin was
ground and sieved through a 150-mesh sieve to ensure
uniform particle size. The processed kaolin was weighed
and mixed with 2 M HCl in a 1:10 ratio, followed by stirring
with a magnetic stirrer for 2 hours. The kaolin was then
filtered and washed with distilled water until the pH of the
kaolin matched that of distilled water. Subsequently, the
kaolin was dried at 100°C for 3 hours [9]. Following this,
the kaolin underwent physical activation by calcination at
700°C for 30 minutes. The calcined kaolin was then
ground using a mortar at room temperature [6].

2.4. Synthesis of TiO.-Metakaolin

The composite synthesis was done by rapidly stirring
a specific amount of metakaolin while slowly adding
Ti(OH)n sol. The metakaolin concentrations used were
0.5%, 1%, and 1.5% (w/v) relative to the volume of
Ti(OH)x sol. The mixture was stirred continuously using a
magnetic stirrer for 4 hours, followed by an aging process
for 16 hours until the mixture formed a gel. The gel was
then dried in an oven at 80°C for 3 hours and subsequently
calcined at 450°C for 3 hours to obtain TiO.-metakaolin
composite crystals [10].

2.5. Characterization

The synthesized composites were characterized
using XRF, XRD, FTIR, and DRS UV-Vis techniques. XRF
analysis was performed to identify the elemental
components present in the synthesized materials. XRD

analysis was conducted to determine the phases and
crystalline structures within the synthesis products. FTIR
analysis was carried out to identify the functional groups
present in each synthesized sample. DRS UV-Vis analysis
was used to obtain reflectance, absorbance, and band gap
energy data for pure TiO, and TiO,-Metakaolin
composites.

3. Results and Discussion
3.1. Synthesis of TiO, from TTiP

The synthesis of TiO, was carried out using TTiP as
the precursor and ethanol as the solvent. Acetic acid
served as the catalyst, while distilled water facilitated the
hydrolysis reaction. Acetylacetone was added as a
chelating agent to prevent agglomeration [11]. This
process yielded Ti(OH)a sol, which underwent an aging
process to form a more rigid gel. During aging, TTiP
molecules polymerized, creating cross-linked chains that
trapped the solvent within the structure. Subsequently,
calcination was performed to thermally break the Ti-O
bonds, allowing the formation of Ti-O-Ti bonds as the
temperature decreased [12]. The final product of the
synthesis was a white TiO. powder.

The synthesized products were subsequently
analyzed using XRF testing to determine their chemical
composition. Table 1 presents the composition of various
oxide compounds identified in the synthesis results. The
XRF results indicate that TiO. constitutes the highest
proportion, confirming the high purity of the synthesized
TiO.. In addition to TiO., several other oxide compounds
were detected, albeit in minor percentages.

Table 1. Composition of several oxide compounds of the
synthesized product

Component % Relative weight
TiO> 96.5
P.0Os 1.9
SiO, 0.8
Cao 0.64
0s0, 0.1
Cuo 0.085
1000
A
A= anatase
800
> 600 ‘
| =
2
C
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Figure 1. The diffractogram of synthesized material of
TiO, with TTiP precursor
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XRD is a technique used to determine the crystal
structure and size of materials. Figure 1 displays the XRD
pattern of TiO. synthesized using TTiP as the precursor.
The XRD pattern of TiO. exhibits distinct peaks at 26
values of 25.4°, 37.8°, 48.2°, 54°, and 55.2°. These peaks
align with the anatase phase of TiO, as referenced in the
International Center for Diffraction Data (ICDD) No. 98-
004-4882 [13]. The crystallite size was calculated using
the Debye-Scherrer equation (Equation 1).

KA
- Bcosb (1)

where D represents the crystal size, K is the shape
factor of the crystal, 1 is the wavelength of the X-rays, gis
the Full Width at Half Maximum (FWHM), and 0 is the
diffraction angle. Using the Debye-Scherrer equation, the
calculated crystal size of the synthesized TiO. is 19.5 nm.

3.2. Metakaolin Formation

Metakaolin is formed by changing kaolin into
metakaolin through the dehydroxylation process. The
dehydroxylation process aims to release the H.O bonds in
the kaolin structure [14]. Dehydroxylation results in the
transformation of the kaolinite structure from crystalline
to amorphous. The reactions are presented in Equation

(2) [15].
. 700°C .
Aleles(OH)z, —_— Alele7 + 2H,0 (2)

Based on the XRF analysis results, the oxide content
of kaolin and metakaolin is presented in Table 2. The
analysis indicates that SiO, and Al,O; are the dominant
components in both kaolin and metakaolin, consistent
with previous research showing that metakaolin
primarily consists of SiO» and ALO; [16]. The XRD analysis
results for the initial kaolin and after the dehydroxylation
process at 700°C are shown in Figure 2.

Figure 2 shows the absence of a kaolinite peak and a
decrease in peak intensity in the metakaolin
diffractogram. This reduction in kaolinite is due to the
transformation of the kaolinite crystal structure into an
amorphous structure in metakaolin [17]. The decrease in
kaolinite peak intensity is observed in the metakaolin
diffractogram at 26 = 19.7° (ICDD 00-003-0052).
Compared to the kaolinite peak in kaolin at 26 = 20° (ICDD
00-003-0059), the kaolinite peak in metakaolin exhibits
lower intensity.

Table 2. The composition of the oxide content of kaolin
and metakaolin

Kaolin Metakaolin

% Relative % Relative

Component Component

weight weight
Sio. 61 Si0, 59
AlLO; 31.7 AlLO; 26.9
P»0s 33 P20s 3.3
K>0 2.9 K>0 2.3
TiO, 2.7 TiO- 2.8
Fe»0; 2.8 Fe,03 2.1

—— Metakaolin
Kaolin

K = Kaolinite

Q= Quartz

Intensity (a.u)

10 20 30 40 50 60 70 80 90 100
20 (%)

Figure 2. XRD analysis results of kaolin and metakaolin
after the dehydroxylation process at 700°C

Kaolin undergoes a structural transformation from a
diffractogram with sharp peaks to metakaolin, which
exhibits broader, less distinct peaks. Sharp peaks indicate
that kaolin is crystalline due to its well-defined atomic
arrangement [18]. In contrast, the broad and diffuse
peaks in the metakaolin diffractogram confirm its
amorphous nature, characterized by an irregular atomic
arrangement. The structural differences between kaolin
and metakaolin influence the sharpness of the kaolinite
peak and the broadening of the metakaolin peak [19]. This
transformation is evident at angles 26 = 12.5°, 20°, 25°,
35.1° 38.6°, and 62.4°, which are characteristic of
kaolinite minerals (ICDD 00-003-0059). However, these
absorption peaks are not distinctly defined in the
metakaolin diffractogram.

The crystal size of kaolin and metakaolin was
determined using the Debye-Scherrer equation. The
calculations indicate that the crystal size of kaolin is 36.9
nm, while that of metakaolin is 28 nm. The smaller crystal
size of metakaolin is attributed to the broadening of its
diffraction peak, as the Debye-Scherrer equation states
that crystal size is inversely proportional to peak width
(FWHM) [20].

3.3. Synthesis of TiO.-Metakaolin

The synthesis of TiO.-metakaolin was conducted
using the sol-gel method, following the TiO. synthesis
procedure. Metakaolin was added at varying
concentrations of 0.5%, 1%, and 1.5% (w/v). XRF analysis
was performed to determine the composition of TiO-
metakaolin, as presented in Table 3.

Table 3. Oxide composition of TiO.-metakaolin
composites with varying metakaolin concentrations

Relative weight percentage of

Material oxides (%)
Si0o, TiO, ALO;
Metakaolin 59 2.8 26.9
T102—Igl'e522kaolm 292 442 17.6
TiO,-Metakaolin 1% 31.2 40.9 13.4
TiO,-Metakaolin 39.2 30.6 217

1.5%
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Figure 3. FTIR spectra of (a) TiO.-Metakaolin 1.5% (w/v),
(b) TiO2-Metakaolin 1% (w/v), (c) TiO.-Metakaolin 0.5%
(w/v), and (d) TiO-
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Figure 4. Diffractograms of (a) TiO-, (b) TiO.-Metakaolin
0.5% (w/v), (c) TiO,-Metakaolin 1% (w/v), (d) TiO»-
Metakaolin 1.5% (w/v)

Table 3 shows that the obtained composites have
similar main compositions. The TiO. content in the
synthesized composites is higher than in the initial
metakaolin. As the concentration of metakaolin
increases, the SiO. content in the composite also
increases due to the higher amount of added metakaolin.

Functional group analysis was performed to identify
the functional groups in the TiO.-metakaolin composite.
The FTIR analysis results, shown in Figure 3, indicate the
formation of new peaks in the spectra following the
addition of metakaolin. The appearance of these new
peaks suggests the occurrence of chemical interactions
[21]. An absorption band is observed in the wavenumber
range of 1070-1072 cm™, corresponding to the
asymmetric stretching vibrations of Si—0-Si [22]
originating from the SiO, in metakaolin. Additionally, a
new absorption peak appears in the TiO. wavenumber
range of 400-611 cm™, specifically between 547 and 555
cm. This peak is attributed to the bending vibrations of
Si—0 or Al-0 bonds derived from metakaolin [23].

The XRD analysis of TiO.-metakaolin reveals a
diffraction pattern characteristic of TiO, in the anatase
phase (ICDD No. 01-073-1764) and SiO. in the quartz

phase (ICDD No. 01-085-0798). This is evident from
distinct peaks in each TiO.-metakaolin variation,
observed at 26 = 25—-26° and 48-50°. Combining these
peaks within a single diffraction pattern confirms the
successful synthesis of the material [24]. Variations in
metakaolin concentration influence peak intensity, with
increasing metakaolin content leading to a decrease in
TiO, peak intensity [25]. As the concentration of
metakaolin increases, the quartz phase becomes more
dominant in the TiO>-metakaolin composite. The crystal
size of the synthesized TiO.-metakaolin is 40.2 nm for
0.5% (w/v) TiO,-metakaolin, 42 nm for 1% (w/v) TiO,-
metakaolin, and 26.4 nm for 1.5% (w/v) TiO.-metakaolin.
The addition of metakaolin reduces crystal size, as it
inhibits the growth of TiO.-metakaolin crystals [26].

3.4. Optical Properties

The absorbance spectra from the DRS UV-Vis
analysis of the TiO.-metakaolin composite are presented
in Figure 5. The TiO.-metakaolin composites exhibit
different absorption characteristics compared to pure
TiO,. While TiO, shows high absorption in the UV region,
its absorption capacity in the visible light region is very
low, with most radiation being reflected. In contrast,
TiO,-metakaolin demonstrates a high absorption
capacity in both the UV and visible light regions. Among
the composites, TiO.-metakaolin 0.5% exhibits the
highest absorption capacity compared to TiO»-
metakaolin 1% and 1.5%. This trend aligns with the
principle that lower reflectance corresponds to higher
absorbance capacity, as reflectance is inversely
proportional to absorbance [27].

The band gap energy was determined using the Tauc
plot method with the Kubelka-Munk approach, as
described in Equation (3) [28].

F(R) =00 =X (3)

where F(R) is the Kubelka Munk function, k is the
absorption coefficient, s is the scattering factor, and R is
the reflectance. The band gap energy (E;) is obtained by
plotting [F(R)hv]" against Eg where TiO. exhibits an
indirect transition, making n = ¥2. The band gap energy
values are shown in Table 4.

Table 4. Band gap energy values and corresponding
wavelengths of TiO, and TiO.-metakaolin variations,
calculated using the Kubelka-Munk method

Band gap
Material Wa\(/eler;gth energy

nm (eV)

TiO, 390 3.18
TiO,-Metakaolin

0.5% 405 3.06
TiO,-Metakaolin

1% 407 3.05

'0

TiO,-Metakaolin

399 3.11

1.5%
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a. TiO,-Metakaolin 0,5%
b. TiO,-Metakaolin 1%
c. TiO,-Metakaolin 1,5%
d. TiO,

Absorbance

200 300 400 500 600 700 800
Wavelength (nm)

Figure 5. DRS spectra of TiO. and TiO.-metakaolin with
variations of 0.5%, 1%, and 1.5% (w/v) in the wavelength
range of 200—800 nm

Table 4 shows that the synthesized TiO- has a band
gap energy of 3.18 eV, corresponding to a wavelength of
390 nm. This confirms that the anatase phase of TiO- is
active in the UV region. The addition of metakaolin to TiO-
decreases its band gap energy, with 0.5% (w/v)
metakaolin reducing it to 3.06 eV (405 nm), 1% to 3.05 eV
(407nm), and 1.5% to 3.11 €V (399 nm). This indicates that
the TiO.-metakaolin composite exhibits potential activity
in the visible light region (380—780 nm) [29].

The lowest band gap energy was observed with the
addition of 0.5% (w/v) metakaolin. The reduction in band
gap energy upon metakaolin incorporation is attributed
to the presence of impurities in TiO., which lead to the
formation of new energy levels between the valence and
conduction bands, thereby altering the band gap [30].
Additionally, the presence of SiO» and AL;O; in metakaolin
can influence electron recombination. However,
excessive metakaolin content may hinder electron
mobility [1]. These findings suggest that metakaolin
addition modifies the optical properties of TiO..
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Figure 6. Tauc plot of [F(R)hv]% vs Eg for (a) TiO.,
(b) TiO>-metakaolin 0.5% (w/v), (c) TiO>-metakaolin 1%
(w/v), and (d) TiO.-metakaolin 1.5% (w/v)

4. Conclusion

The TiO.-metakaolin composite was successfully
synthesized using the sol-gel method. The synthesized
TiO. exhibited an anatase phase. XRD characterization
confirmed that metakaolin and TiO.-metakaolin
composites underwent a phase transition from crystalline
to amorphous. FTIR analysis revealed new peak
formations and shifts, indicating interactions between
TiO, and metakaolin. The calculated band gap energies for
TiO>-metakaolin composites with 0.5%, 1%, and 1.5%
(w/v) metakaolin were 3.06 eV, 3.05 eV, and 3.11 eV,
respectively.
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