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photocatalyst is a technology that has been proven successful for
effluent treatment. Nevertheless, use of TiO2 photocatalyst in particles

K d

eyworas form could result in loss of TiO2 photocatalyst over time during effluent
Direct heating, photocatalyst, treatment. Immobilization of TiO2 photocatalyst on substrates could
titanium dioxide address this problem. In this study, a method called direct heating (DH)

was devised to deposit TiOz particles on kanthal wires to prevent the
particles from being washed away during effluent treatment. This
method has low equipment cost and short synthesis duration when
compared to others. The TiO2 particles synthesized at 50 W in 15 min
gave the best photodegradation efficiency, which was 36.3 % under 90
mins of UV light irradiation. It contained a mixture of anatase (22.5 %)
and brookite (77.5 %), with an average particle size of 139.34 + 15.89
nm. The TiO2 particles had high surface coverage on kanthal wire with
little agglomeration. The current work presents a captivating and low-
cost setup, providing easy control over synthesis conditions and scaling
potential for immobilizing TiO2 particles on the kanthal wires.

1. Introduction

One of the most harmful pollutants in the world is dye. In many industries, including textiles, rubber, paper, food,
and plastics, dyes are widely used. These industries produce coloured effluents even in low concentration (ppm
level). The ecosystem and aquatic life will be severely harmed if the untreated dye effluent is discharged into water
systems. The textile industry is one of the biggest sources of dye effluent pollutants overall since dyeing requires
a significant amount of water [1].

In most cases, AOPs could degrade the organic pollutants in wastewater with powerful oxidants, i.e., hydroxyl
radicals [2]. The non-biodegradable and extremely stable organic molecules could be broken down using AOP
based on semiconductor photocatalysts. Due to the presence of electron-hole pairs, the presence of catalyst will
speed up the AOPs. Free radicals were created by the photogenerated electrons and holes, which effectively
oxidized and reduced the organic contaminants [3]. Upon completion of the photocatalytic process, the organic
pollutants will disintegrate into smaller molecules like water and carbon dioxide. TiO: is a popular photocatalyst
for the removal of organic dyes [4, 5]. The use of TiO2 photocatalyst in particle form is not suitable as it tends to
drain away in wastewater. To lessen the gradual loss of TiO2 photocatalyst during effluent treatment, attempts
have been made to grow TiO2 photocatalyst on supporting substrates.
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TiOz particles could be synthesized using a variety of synthetic methods, including hydrothermal method [6]
template-assisted method [7], sol-gel method [8], electrochemical anodizing method [9], microwave-assisted
method [10], and chemical vapour deposition method [11]. The main drawbacks of these approaches are either
incurred of high equipment costs, high electrical power consumption, or lengthy synthesis times. For instance,
Sun et al. [12] took 36 hrs to produce TiOz nanotubes using hydrothermal method; whereas Qiang Zhang et al.
[13] synthesized TiOz2 films between 300 °C to 400 °C using chemical vapour deposition method. In these synthesis
methods, heat is first created outside the reactor and then transferred into the reactor chamber. As a result, heat
is squandered in large amounts across the area, causing long synthesis duration (in hours) and high electrical
power consumption (in kW.h).

DH method is a simple, and one-step process for the synthesis of nanomaterials. In our earlier work, TiO2
particles were synthesized using DH method [14]. We also demonstrated that the immobilization of ZnO rods and
TiOz particles on kanthal wires using this method [15, 16]. Table 1 summarises the estimated synthesis duration,
equipment cost, and energy needed for common synthesis methods used to produce TiOz. It could be seen that DH
method takes less than 1 hour for the synthesis of TiO2 nanoparticles (without immobilized on substrate) [15],
whereas hydrothermal takes more than 61 hours, and sol-gel method takes more than 12 hours. Moreover, DH
method only used RM 710 for equipment cost, which is cheaper than the hydrothermal method (RM 16789.45)
and the sol-gel method (RM 19330.67). Moreover, DH method only uses 0.06 kWh per run, which leads to a (RM
0.01332) energy consumption cost per run. This is cheaper than hydrothermal method (RM 13.26672) and sol-
gel method (RM 4.8063).

Table 1 A comparison of synthesis duration, equipment cost, energy used and operational cost for the synthesis of

TiO: particles
Methods Synthesis Equipment Cost Energy used Energy
Duration (hour) (RM) (kWh) Consumption
Cost (RM)
Hydrothermal >61 16789.45 59.76 RM 13.2667
Sol-gel >12 19330.67 21.65 RM 4.8063
Direct Heating Method <1 710.00 0.06 RM 0.0133

In this work, the effect of heating power on the deposition of TiOz particles using DH method was investigated.
The study showed that heating the kanthal wire with 50 W for 15 min was sufficient to deposit TiOz particles on
kanthal wires with good surface coverage and photodegradation efficiency. The rapid synthesis process was
achieved due to very little heat loss to the environment.

2. Materials and Methods

2.1 Deposition of TiO2 Particles on Kanthal Coils by DH Method

A 30 cm length of kanthal wire with a diameter of 0.812 mm was cut from the wire spool by a wire cutter. It was
winded around a pen to produce a wire coil with 8 turns without overlapping. The coil was 20 mm in length. Under
sonification, the kanthal coil was cleaned and degreased in an acetone bath for 15 min. After that, cleaning was
done for 15 min while being sonicated in an isopropanol bath. The coil was then cleaned for a further 10 min in a
deionized water bath before air dried.

Fig. 1 shows the setup of DH method. The precursor solution was prepared by mixing 5 ml of titanium
tetraisopropoxide (TTIP) (Sigma Aldrich) with 15 ml of isopropanol (Sigma Aldrich). Separately, a 250 ml solution
of distilled water was adjusted to pH 1 using hydrochloric acid (HCI) (QReC). To this acidic solution, 2 drops of
hydrogen peroxide (H202) (Merck) were added as an oxidizing agent to facilitate the formation of TiO2. The TTIP
mixture was then hydrolysed by being added dropwise into the acidic solution while continuously stirring with a
magnetic stirrer. Following this, the kanthal coil was immersed in the precursor solution, and the electrical power
supply was turned on. The effect of heating power on the deposition of TiO2 particles on the surface of kanthal
wires was studied. The heating power was varied from 30, 40, and 50 W but the heating duration was fixed at 15
min. At the end of synthesis process, the kanthal coils were rinsed with distilled water and air dried prior to
characterization. Fig. 2 (a) shows the schematic diagram of location where temperatures were measured with the
Uni-T UT320D Digital Thermometer 2-Channel Type K/]. Point A was at kanthal coil, whereas Point B was at the
position near to the bottom of beaker. Fig. 2(b) shows the schematic diagram of TiO particles that were grown on
kanthal wire and its by-product.
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Fig. 1 Schematic diagram of the setup of DH method

. TiO, particles
Point A ot ---r 2

o RRWQQL llcm deposited on
\1 1 9.7em kanthal wire

7.5cm

e O TiO, particles

N |_~Point B O O (by-product)

(a) (b)

Fig. 2 Schematic diagram of (a) Setup of DH method; (b) TiO:z particles that were deposited on kanthal wire and its
by-product (at the bottom of the beaker)

The morphology of the deposit was characterized using a scanning electron microscope (FEI Quanta 650 FEG
Scanning Electron Microscope). The size of the particles that deposited on the kanthal wire was subsequently
measured by Image ] software. The quantity of deposit found on the surface of kanthal coils was small. In addition,
the bending of kanthal coils made it difficult to analyse for its structural and optical properties. Therefore, the
deposits (by-product) at the bottom of the beaker were collected and dried prior to analysis. The crystal phases
of deposits were characterized using an X-ray diffractometer (XRD, Bruker D2 Phaser). The XRD target was
copper, emitting X-ray with a 0.15406 nm wavelength (Cu Kq). The scanning range of XRD analysis was performed
from 102 to 902 of 26 at an accelerating voltage of 30 kV. The XRD data was analysed by X'pert Highscore Plus
software. The spectrum obtained from Fourier-transform infrared spectroscopy (FTIR, Perkin Elmer) was used
to identify the functional groups of as-synthesized particles. The UV-visible spectrometer (Varian Cary 50) was
used to measure the characteristic absorbance of degraded MB solution at 664 nm.

2.2 Photocatalytic Degradation of Methylene Blue Solution by TiO2 Particles

The photocatalytic activity of the TiO2 particles deposited on kanthal coils was studied. The coils with TiO2
deposits and 100 ml of MB solution (1 mg L-1) were kept in a beaker. To achieve adsorption-desorption between
the MB solution and the surface of the TiO2 particles, the solution was stirred in the dark for 30 min [17]. The
photocatalytic process was then started by turning on the UV light (wavelength: 254 nm) at room temperature.
4.5 mL of aliquots were sampled every 15 min until 90 minutes. By using UV-Visible spectroscopy, the absorbance
of the samples collected at various time intervals was measured. The concentration of MB proportional directly to
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its absorbance intensity (A = 664 nm) as stated in Beer-Lambert rule. The photodegradation efficiency of TiO:
particles deposited on kanthal coils in the removal of MB could be calculated using Equation 1:
CO - Ct IO - It

100 =
Co

Photodegradation ef ficiency (%) = x 100 (D

where C, is the initial MB concentration in the solution, C: is the residual MB concentration, Io is the initial
absorbance intensity, and I: is the residual absorbance intensity after the irradiation time (¢t), respectively.

3. Results and Discussion

Fig. 3 shows the temperature profile at points A and B as a function of heating duration using various heating
powers. In general, the temperature at Point A (near kanthal wire) rose rapidly as compared to Point B (at the
bottom of beaker). The temperatures at Point B almost remained constant throughout the heating duration for all
heating powers. It is also noted that higher heating power obtained higher heating rate, achieving higher
temperature in shorter duration. For instance, it recorded 85 °C at 15 min when using 50 W heating power.

The morphology of TiO2 particles that deposited on kanthal wires produced using various heating powers are
shown in Fig. 4. Fig. 4 (a) depicts that no deposition was discovered on the surface of kanthal wire using 0 W of
heating power. As shown in Fig. 4 (b) - (d), TiOz particles were deposited on the surface of kanthal wires at all
heating powers. With the increase of heating power from 30 W to 50 W, the surface coverage of TiO: particles
increases. This indicates that more TiOz particles were deposited on the surface of kanthal wires. A higher heating
power resulted in a higher heating rate and a higher temperature on both the kanthal wire and precursor solution.
This allowed more TiO2 nucleation, and subsequently growth of TiO: particles on the surface of kanthal wire and
in the precursor solution (by-product).
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Fig. 3 Temperature profile at point A and B against time

Table 2 The size of TiOz nanoparticles deposited on kanthal wires at various heating powers

Diameter of TiOz nanoparticles (nm)

Heating power (W)

Mean Standard Deviation
0 - -
30 144.01 16.80
40 139.34 15.89
50 113.01 24.48
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Fig. 4 FESEM images of TiOz deposited on kanthal wires in pH 1 solution for 15 min at (a) 0, (b) 30, (c) 40, and (d)
50w

Table 3 ANOVA table on particle size deposited using various heating powers

Source DF Adj SS Adj MS F-Value P-Value
Factor 2 16764 8382.1 22.18 0.000
Error 87 32881 377.9

Total 89 49645

The XRD patterns of particles (by-products) produced at various heating powers are displayed in Fig. 6. The
diffraction peaks at the positions of 26 = 25.28°,37.60°, 48.00°, 53.92°, 69.00° could be indexed to the (101), (004),
(200), (105), (116) of tetragonal anatase phase TiO2 (ICSD 98-005-9309). It should be emphasised that all the
particles produced by DH contained anatase TiO. Besides, the diffraction peaks at the positions of 26 = 30.80°,
63.00° correspond to Miller indices of (121), (601) of an orthorhombic brookite TiO2 (ICSD 98-010-5395).
Anatase-phase crystallite is known to form earlier than o ther phases during the synthesis of TiO: particles. The
amount of Anatase and Brookite produced by DH was estimated using the Rietveld refinement method. Based on
the information presented in Table 4, the amount of anatase in the composition decreased while the amount of
brookite increased as the heating power was raised (higher solution temperature). This observation is aligned
with the finding of Tarek A. Kandiel et al [18]. According to their work, Anatase would change into brookite at
temperature between < 600 °C attributed to the thermodynamic stability in these temperature range. In summary,
the XRD results show that the DH method was successful in producing TiO: particles with a mixture of crystal
phases, namely anatase and brookite.
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The TiO2 particles (by-products) produced by different heating powers were analysed by FTIR spectroscopy.
Fig. 7 shows the FTIR spectrum of TiO:z particles produced with different heating powers. The peak at 3376 cm'!
corresponds to both symmetric and asymmetric stretching vibrations of the hydroxyl group (OH group). The
characteristic peak at 1633 cm'! corresponds to the Ti-OH bending vibrations of the absorbed water molecules.
Therefore, both peaks at 3376 cmtand 1633 cm! correspond to the surface adsorbed water and hydroxyl group.
The presence of OH bands in the spectrum means the H20 chemically and physically adsorbed on the surface of
TiOz particles. In addition, the peak at 501 cm is ascribed to the Ti-O stretching mode. It is noted that the peak in
the range of 400 to 800 cm! represent the anatase TiO2. However, the Ti-O peak is less intense, and it might be
due to small crystallites size that result in the broadness of the peaks [17]. Therefore, both XRD and FTIR analyses
indicate that the particles produced by DH were TiOz, regardless of their heating power.
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Fig. 5 Interval plot of TiO: particles size deposited on kanthal wires by DH method using various heating power
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Fig. 6 XRD patterns of TiO: particles produced by DH method using various heating powers
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Table 4 The crystal phase content of TiO: particles produced by DH method using various heating powers

Phase content (wt. %)

Heating power (W)
Anatase Brookite
0 - -
30 77.1 22.9
40 40.9 59.1
50 22.5 77.5
1 1 1 1 1 1
ERR
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Fig. 7 FTIR spectrum of TiO: particles (by-product) produced by DH method using various heating powers

Fig. 8 displays the photodegradation efficiency of TiO: particles deposited on kanthal wires using various
heating powers for 90 minutes. The lowest photodegradation efficiency of 7.6 % was recorded for bare kanthal
wire (0 W). This was attributed to the degradation of MB dye by UV exposure [19]. The photodegradation
efficiencies increased from 17.5, 34.9, and 36.3 % with increasing heating powers from 30, 40 and 50 W,
respectively. By increasing the heating power, a better surface coverage of TiOz particles on the kanthal wires was
observed. A good surface coverage indicates that more TiO: particles were deposited, allowing more efficient
photodegradation on MB dye. Table 5 shows a comparison of photodegradation efficiency of TiOz particles
immobilized on various substrates with our work. Although the photodegradation efficiency was not the best as
compared to other studies, it demonstrated the potential of immobilizing TiO2 particles on kanthal wires using

direct heating method.

Table 5 A comparison of TiOz photodegradation efficiency immobilized on various substrates

Type of organic Concentration (ppm)/ Efficiency Time taken
Substrate compounds Volume (ml) (%) (hr)
Glass tube Bisphenol A 10ppm 72.0 6.0
Borosilicate glass Methylene blue 10ppm 96.2 1.5
spheres
. Dimethoate and
Silica gel glyphosate 17ppm & 23ppm/200ml 100.0 1.0
Polymeric substrates Methylene blue 4ppm/100ml ~95.0 2.0
Methyl Red and Methyl
Quartz substrate Orange 8ppm & 10ppm 100.0 2.0
Kanthal coil Methylene blue 1ppm/100ml 36.3 1.5
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Fig. 8 Photodegradation efficiency of MB dye degraded by TiO: particles produced by DH method using various
heating powers under 90 min of UV light irradiation

4. Conclusion

TiO2 particles were successfully deposited on kanthal coils by DH method. The best heating power to deposit TiO2
particles was 50 W. Both XRD and FTIR confirmed the existence of TiO. In fact, the TiO2 particles deposited
consisted of 22.5% of Anatase and 77.5% of Brookite. At this heating power, the surface coverage of TiOz particles
on kanthal coils was good with little aggregation. The particle size is 139.34 * 15.89 nm (n = 30). It achieved 36.3
% photodegradation efficiency on MB dye when exposed to UV light. In summary, the DH method demonstrates
its potential to deposit TiO2 particles on kanthal coils rapidly (15 min) with small electrical power usage (50 W).
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