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Abstract: The development of new materials with diverse applications that fit well in the context
of the current economy, where energy issues abound, is paramount. The goal of this study was to
generate materials with high photocatalytic properties, at low cost and with less energy, and without
health and ecological risks. Such materials would allow for a form of sustainable development
that respects nature. This study investigated the influence of calcination time on titanium dioxide
nanoparticles (TiO2 NPs) produced by green synthesis using Aloe vera leaf extract under a constant
temperature of 500 ◦C. The interaction between synthesis conditions like calcination time and the
size of nanoparticles produced in relation to changes in photocatalytic activity were analyzed and
discussed. The results showed that when calcination was increased at 500 ◦C, the synthesis of small-
diameter nanoparticles was promoted. TiO2 were 23 ± 2 nm (D1) and 83 ± 5 nm (D2) after 5 h and
1 h of calcination, respectively. Moreover, the calcination duration promoted an increase in crystalline
nature. In the same way, the level of reduction of azo dye Remazol Red Brilliant F3B (RR180) increased
when calcination time increased, and therefore, changed the optic and photo-catalytic properties of
the TiO2 nanomaterial. In addition, TiO2 nanopowders (size 23 ± 2 nm) had the higher efficiency in
photodegradation (100%) of dye RR180 under visible light irradiation for 60 min for up to one hour
duration, but TiO2 NPs (83 ± 5 nm) had the higher efficiency (100%) for up to two hours duration.

Keywords: Aloe vera; green synthesis; photocatalytic degradation

1. Introduction

Various new technologies have been integrated into the process of depolluting ef-
fluents. This has been achieved using filter membranes (microfiltration, ultrafiltration,
nanofiltration, etc.), reverse osmosis, evaporation, electrophoresis and nanomaterial tech-
nologies [1–3]. In fact, many industrial sectors use this technology for wastewater treatment,
in the textile industry, in the food industry and in the pharmaceutical sector [4,5]. The pres-
ence of compounds in sewer systems, water mains and oil installations (pipes, refrigeration
circuits, storage tanks, fire protection systems, etc.) reduces economic profitability and
causes environmental pollution [6–8]. The rapid development of various chemical indus-
tries, especially nanomaterials, must eliminate production problems and improve quality.
The product is based on clean, safe and energy-efficient technology [9–11]. Recently, signifi-
cant research efforts have been devoted to material catalytic reactors, such as nanomaterial
reactor types, which are multifunctional catalytic reactors that integrate nanomaterials and
chemical reactions into a single unit [12–18]. Proper design of the catalytic nanomaterial
reactor improves efficiency and reduces downstream separation costs. As a result, catalytic
nanomaterial reactors are an important technology in various industrial fields, including
biotechnology, pharmaceuticals, petrochemicals, chemical plants, energy and environmen-
tal applications [17–23]. This process is an innovative alternative to sustainable growth that
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relies on a design strategy to obtain benefits in manufacturing and processing. It depends
on reducing the size of industrial equipment, reducing financial costs, energy consumption,
environmental impact, increasing the efficiency of industrial facilities and safety controls.
Conventional treatment methods do not provide effective removal of contaminants. For
the breakdown of contaminants, photocatalytic oxidation using titanium dioxide (TiO2)
is efficient. TiO2 is popular because it is stable, insoluble, nontoxic, corrosion-resistant
and cheap. TiO2 powders, whether commercial or self-synthesized, exhibit substantial
differences in structure, particle size, and electronic characteristics, all of which affect TiO2
photoactivity. Wang et al. [17] demonstrated that particle size has a significant impact on
the kinetics of e/h+ recombination in nanocrystalline TiO2-based catalysts. According to
Jang et al. [18], when the particle size dropped and the anatase mass percentage rose, a
greater degree of methylene blue breakdown by TiO2 nanoparticles was found under the
irradiation of a black light.

In the photodegradation of rhodanide B, Hao [19] examined various TiO2 particles (8,
16 and 150 nm), and found that the smaller photocatalyst particles increased product yields
more than the larger ones. When employing TiO2 catalysts with crystal particle or primary
sizes bigger than 7 nm, Maira et al. (2000) [20], discovered that the smaller crystals had a
larger surface area and demonstrated higher trichloroethylene degradation. The photoac-
tivity appeared to diminish as particle size increased. Nevertheless, Krysa et al. [21] found
that while synthesized TiO2 had a greater surface area than Degussa P25, its photoactivity
was lower and did not reflect the higher surface area.

Metal oxide nanoparticles have attracted a lot of attention in a variety of disciplines,
including the physical, chemical, biological, medicinal, optical, mechanical and engineering
sciences, due to their large surface area. Spray-pyrolysis, sol-gel, hydrothermal synthesis,
coprecipitation, and thermal breakdown have all been utilized to make TiO2 nanoparticles.
Some hazardous compounds are absorbed and displayed at the surface as a result of chem-
ical production processes, which may have adverse consequences in medical applications.

Recently, biosynthesis or green synthesis has emerged as an alternative process for
NPs preparation. The benefit of plant extracts is providing a biological synthesis route
of several NPs. Such synthesis routes are more environmentally friendly, cost-effective,
biocompatible, safe, and give a regulated synthesis with defined size and morphology
of NPs. There is no obligation to add different chemical stabilizers, since the extract is
combined with a salt solution as the precursor, and the plant extract acts as a reducing
and stabilizing agent for the synthesis of NPs [24]. In this study, an eco-friendly and rapid
method for the synthesis of TiO2 NPs was described. To the best of our knowledge, this is
the first time that a study has attempted to exploit the Aloe vera leaves extract as a reducing
agent in the green synthesis of TiO2 NPs. The aim of this work was to improve the effects of
different sizes of TiO2 biosynthesized particles on the photoactivity of a commercial textile
dye, and the particle size changes were tracked over time. This study addressed the link
between the photooxidation rate of azo dye and the average particle size of nanoparticle
aggregates. The study looked to synthesize TiO2 NPs by green synthesis and studied the
possibility of modifying the properties of the nanoparticles by changing the plant extract
properties and synthesis conditions.

2. Materials and Methods
2.1. Materials

This study investigated the synthesis of TiO2 using Aloe vera as the model crop.
Aloe vera plants are among the most important crops, and they are naturally grown any-
where in the world. They are easily cultured and maintained in laboratory conditions.
Figure 1 shows the structure of RR180.
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Figure 1. Remazol Brilliant Red F3B (Reactive Red 180).

2.2. Synthesis of TiO2

Aloe vera plant leaves were collected from Shaqra, Saudi Arabia. Synthesis of TiO2 was
performed according to Rao et al. [24].

The leaves of Aloe vera were separated from the plant and thoroughly washed, and
then cut into small pieces. An amount of 25 g of leaves were put into 100 mL distilled water
and boiled for 2 h at 90 ◦C. The extract was filtered using Whatman filter paper. The filtrate
was stored for the synthesis of nanoparticles.

To synthesize the TiO2 nanoparticles, 1.0 N of Titanium Chloride (TiCl4) (purity ≥ 99.0%,
CAS number: 7550-45-0) was dissolved in 100 mL of Millipore water. Leaf extract was
added dropwise under constant stirring to achieve a solution with a pH of 7. The mixture
was subjected to continuous stirring for 4 h. In this process, nanoparticles were formed,
and afterwards separated using Whatman filter paper and repeatedly washed with water
to remove any byproducts. The nanoparticles were dried at 100 ◦C overnight and calcined
in a muffle furnace at 500 ◦C without any special atmosphere for 5 and 1 h for samples
with the designations D1 and D2, respectively. The calcination took place for 5 h and 1 h.

2.3. Characterization of TiO2 Analysis

To describe their structural and textural characteristics, the TiO2 nanoparticle powders
underwent a variety of procedures for characterization. The crystalline phase was analyzed
by X-ray. X-ray powder diffraction data (XRD) were collected on an X’Pert Pro Panalytical
diffractometer with CuKα radiation (λ = 0.15406 nm) and graphite monochromatic. The
XRD measurements were performed using a phase scanning method (range from 10 to 85);
the scanning rate was 0.02 s−1 and the step time was one second. The infrared spectrum
was registered by a Perkin-Elmer (FTIR 2000) spectrometer using KBr pellets in the region of
4000–400 cm−1. UV–vis diffuse reflectance spectroscopy (DRS) spectra were reported using
UV spectrophotometers with a wavelength range of 200–1400 nm. The photoluminescence
(PL) emission spectra were recorded using a Perkin-Elmer spectrophotometer (LS 55) with
a Xenon lamp. The sample excitation was achieved at 325 nm at room temperature, and
the emission was examined between 400 and 700 nm. Using scanning electron microscopy
(SEM), morphology was examined (Philips XL30 SFEG). The TiO2 tablet was 13 mm in
diameter and 0.6 mm in thickness, and it was made by placing approximately 200 mg of
TiO2 powder under a pressure of 12 MPa for 1 min in a metal cylinder. The microstructure
and phase composition of the TiO2 samples were analyzed using the method described by
Zhong et al. [25].
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2.4. Photocatalytic Runs

The photocatalytic activity of TiO2 NPs was determined [26,27]. A model azo dye,
Remazol Brilliant Red F3B (Reactive Red 180) (RR180), was used without further purifi-
cation (CAS Number: 98114-32-0). Before initialization of the experiment, the powder
was sonicated for 30 min to distribute and enhance the adsorption level. After 30 min,
an ultrasonic horn was used for further distribution of the powder for 15 min to obtain a
homogeneous solution. This two-step distribution process was enough to maintain the
adsorption-desorption level and a homogeneous dye solution with uniformly distributed
TiO2 particles. In each photocatalytic degradation process, a fresh batch of 500 mL aqueous
solution of RR180 azo dye was prepared by diluting the dye in the deionized water to
achieve a concentration of 50 mg L−1. The degradation reactions were carried out in a
laboratory-scale photo-reactor capable of housing UVA-emitting wavelength lamps. The
light intensities of the lamps were measured by a UV light meter at 3.5 mWcm−2 for UVA
(Lutron UVA-365 sensor, Taipei, Taiwan) within the reactor. Cooled air was blown into the
batch and the reactor in order to feed and accelerate the reactions, and to keep the reactor
temperature around 25 ◦C (see Figure 2). The temperature and the pH of the solution
were monitored during the reactions by a portable pH meter (VWRMulti 340i, Weilheim,
Germany). Catalyst concentrations were adjusted to 0.5 g L−1 in order to explore the
activity of the nanopowder. The suspension was sonicated for 30 min in an ultrasonic bath
and 15 min under an ultrasonic horn to homogeneously maintain the powder distribution.
During the experiments, a sample was taken from the solution to detect concentration
changes at 15 min intervals. Each sample was centrifuged at 6000 rpm by centrifugation;
then, the absorbance of the sample was detected by using a UV-Vis spectrophotometer
(Hach-Lange DR3800, Loveland, CO, USA) at 540 nm maxima. The absorbance values were
converted to concentration values by using the Beer-Lambert’s law. Final degradation rate
values were evaluated by the formula below:

D(%) =
C0 − C

C0
× 100 (1)

where C0 is the concentration of RR180 at equilibrium established under dark conditions
and C is the concentrations of the dye solution taken at different irradiation time intervals.
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3. Results and Discussion
3.1. Characterization Results

Spectra corresponding to TiO2 (1 h) and TiO2 (5 h) are shown in Figure 3. The observed
XRD peaks are in good agreement with the standard JCPDS file (84–1285), which confirms
an anatase structure at all peaks. Favored growth is located along the crystal plane (101).
No excess peaks were observed, suggesting that nanocrystals TiO2 were established at
500 ◦C. The average particle size (D) of the samples as prepared was determined using the
Debyee—Scherrer formula, as shown by Equation (2):

D = k × λ/βcosθ (2)

where D is crystallite size in nm, λ is the wavelength (1.5406 Å) of the Cu K-alpha X-ray
radiation used, θ is the Bragg angle and β is the full-width at half-maximum (FWHM)
which corresponds to the most popular peak (101) expressed in radians.
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Figure 3. X-ray diffraction (XRD) of TiO2 nanoparticles (NPs).

The average crystallite size of the TiO2 nanoparticles was considerably decreased from
83 ± 15 nm to 23 ± 1.6 nm when the duration of calcination increased from 1 h to 5 h,
respectively. The decrease in particle size with a duration of 5 h can be attributed to higher
precipitation intensity. The average crystal size of TiO2 NPs significantly decreased from
83 ± 5 nm to 23 ± 2 nm when the calcination time increased from 1 h to 5 h. Plant extracts
were chosen instead of chemical reactants. This provided us with a cost saving, and an
environmental gain that promotes sustainable development. We varied the calcination
time to see the influence of the exposure of nanoparticles to short and long durations on
the structural and optical properties, as well as to see how we could obtain good-quality
nanoparticles at the same time as gaining energy. The interaction between these different
factors is the promoter for the best material and the right conditions of synthesis. For this
reason, we chose the right synthesis conditions and selected the right materials; innovations
and elements that have relevance today. The anatase titanium dioxide structure was the
best photocatalyst obtained by modifying synthesis conditions, especially type of precursor,
temperature and washing steps [28–35].
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The structural properties of nanoparticles (shape and size) are very important data
sources for the valorization of material (Figure 4). SEM images confirmed the existence of
nanoparticle clusters and exhibited a sphere-filled shape. The typical manual histogram
is shown in Figure 4C,D. Image J software showed the size distribution of TiO2 NPs. The
TiO2 NPs particle size at 500 ◦C for one h and five h was 84 nm and 25 nm, respectively.
Several factors can influence green synthesis, mostly the type of plant extract, pH and
temperature. As described in this work, at a temperature of 500 ◦C, the increase in cal-
cination time promoted the synthesis of small diameter nanoparticles. Temperature was
an important parameter and influenced the structural and textural properties of catalysts.
Calcination temperature revealed that aging time affects the size and morphology of the
nanoparticles. In the literature, it has been determined that the titanate phase transforms
to an anatase phase at a calcination temperature higher than 500 ◦C. The intensity of the
rutile phase increased in the calcination temperature range from 700 to 900 ◦C [36]. In
a study reported by Indrayana et al. [37], nanoparticle size decreased with temperature
and dwelling time from 2 h to 4 h. D1 particles were smaller than D2, as shown by the
results of the spectrum of photon energy. The Debye—Scherrer formula was applicable
for the present work [29]. Based on these results, we can suggest that the elongation of
calcination time could positively affect the structure of green synthesis TiO2 NPs, but under
a controlled temperature at 500 ◦C.
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Figure 5 shows the infrared absorption range of TiO2 NPs. The spectra of TiO2 NPs
show a strong absorption band between 800 and 450 cm−1, which is attributed to the
Ti-O vibration mode. Crystalline solids are never perfect [23]. Some defects affect band
profiles. In fact, in TiO2 oxide, defects can come in the form of atomic vacancies or atoms in
interstitial positions [28].
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For this purpose, we used photoluminescence (PL) at room temperature. The photo-
luminescence spectra of TiO2 nanospheres are shown in Figure 6. The spectrum analysis
shows the presence of a series of bands located around 442, 489, 506, 532 and 570 nm. These
emission bands are attributed to surface state emissions and are due to the recombination
of the trapped electron-hole resulting from dangling bonds in the TiO2 nanoparticles. In-
deed, the band localized around 442 nm can be attributed to the transition of electrons
through defect levels in the band gap, such as the oxygen gap that formed during sample
preparation [38]. The emission band located around 534 nm is due to O2− vacancies.

Photoluminescence is mainly a surface phenomenon. Therefore, it was concluded
that the visible luminescence band originates from oxygen vacancies associated with
Ti3+ in anatase TiO2. These results are in alignment with other results presented in the
literature [39].

The influence of calcination time has been investigated on the optical properties of
TiO2 nanopowders prepared via green synthesis process. TiO2 D1 and D2 are composed of
a wide absorbing band, the maximum of which is in the UV zone around 344 and 302 nm,
respectively (Figure 7). The single absorption band present on all the spectra is attributed to
the gap transition of TiO2 (interband electronic transition). The variation of the absorbance
in this region is used for the gap determination. Results in Figure 8 show a straight line,
which indicates that the optical transition is direct. From the graphical representations, the
values of the gap energy Eg determined from the absorption spectra are 3.02 and 3.19 eV
for TiO2 for 1 h (Figure 8A) and 5 h (Figure 8B), respectively. These values are lower than
those reported in the literature; 3.27 eV for bulk TiO2 [40]. After prolonged calcination, the
typical TiO2 band gap was likely reduced as a result of oxygen vacancies acting as electron
donors in the photocatalyst’s valence band, which led to the formation of additional layers
(microstates) with novel electronic properties and further decreased the energy absorption
gap [41].
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3.2. Photocatalytic Results

The photocatalytic mechanisms of the TiO2 nanoparticles irradiated with UVah light
for the degradation of RR180 are presented in Figure 9. When TiO2 NPs were irradiated, the
•OH radical level was significantly increased. The mechanism was previously described
by Jain and Vaya [35]. The •OH radicals are commonly considered to be the active species
in photodegradation for the mineralization of organic dyes via photocatalysis. We used
a fluorescence technique to compare the production of •OH radicals after irradiating
TiO2 NPs D1 and D2. Hydroxyl radicals are well-known for reacting with disodium
terephthalate (DST) to produce 2-OH-DST, which emanates a strong fluorescence centered
at 428 nm upon excitation at 312 nm. As can be seen in Figure 9, a significant increase in
fluorescence intensity at 428 nm was observed by prolonging the irradiation time. When
TiO2 NPs (25 nm) were irradiated, the generation of •OH radicals significantly increased.
For example, after 20 min of irradiation, TiO2 NPs (25 nm) produced approximately
2.7 times more •OH radicals than TiO2 NPs (83 nm) in the same experiment (Figure 10).
Notably, 2-OH-DST was not produced in controlled experiments performed without light
irradiation, thus confirming a photo-induced mechanism.
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Figure 10. Variations of the PL intensity at 428 nm of 2-OH-DST upon irradiation of DST with TiO2

NPs (1 h) and TiO2 NPs (5 h) nanoparticles.

Photocatalytic activity of the TiO2 nanomaterials was largely dependent on material
structure, and therefore, synthesis conditions. To compare the performances of the different
diameters of TiO2 photocatalyst (D1 and D2) obtained after controlling calcination time
under a constant temperature of 500 ◦C, photodegradation experiments on azo dye (RR180)
were performed in the same photochemical reactor, with 50 mg/L of azo dye (RR180), at
T = 25 ◦C and 0.25 g/L of TiO2.



Crystals 2022, 12, 1629 11 of 16

The curves in Figure 11 show the results of the photodegradation of the azo dye in
relation to the TiO2 irradiation time. We studied decolorization by heterogeneous photo-
catalysis using TiO2 as a suspended catalyst. The activity was followed by decolorization
(Figure 12). The RR180 photodegradation spectra at a pH of 4.5 show a rapid decrease in
RR180 absorption at 540 nm. From Figures 11 and 12A, TiO2 NPs (D1 and D2) show pro-
nounced photocatalytic activity towards RR180 degradation. Indeed, RR180 concentration
decreases with increased time of exposure to visible light. After 60 and 120 min, about 100%
of the bleaching process was performed with TiO2 NPs (D1) and (D2), respectively. We
observed that TiO2 NPs (D1) produced more photodegradation of RR180 compared to that
of TiO2 NPs (D2). The photoreactivity of TiO2 decreased with increasing particle sizes. The
rate constant for TiO2 NPs (D2) was twice that of the TiO2 NPs particles (D1) (Figure 12B).
The size, the specific surface of the particles and the crystalline structure of TiO2 improved
photodegradation [42–44]. However, other authors have observed an optimum size value
for which photoactivity was highest [45]. The specific surface also influences the band gap
energy, which defines the number of photons that can be absorbed. Therefore, for better
photoactivity, it is essential to strike a compromise between the specific surface and the
charge carrier dynamics [46,47]. The size effect is highly relevant for TiO2 NPs catalysis.
In many cases, nanoparticles exhibit catalytic activity. The size of nanoparticles affects the
mechanism of their photocatalytic activity [47–50].

Crystals 2022, 12, x FOR PEER REVIEW 13 of 18 
 

 

tailoring the morphology, crystallinity, and photocatalytic activity of TiO2 NPs can be 

achieved by adjusting the calcination temperature [56]. 

 

Figure 11. Photocatalytic degradation rates of TiO2 nanoparticles. Figure 11. Photocatalytic degradation rates of TiO2 nanoparticles.

Moreover, the type of light in the photocatalysts system largely influenced photodegra-
dation processes [51–55]. Due to better crystallinity and the removal of byproducts, the
photocatalytic activity of the TiO2 NPs improved when the temperature was raised; how-
ever, it worsened above 500 ◦C due to the reduced surface area. These findings imply
that tailoring the morphology, crystallinity, and photocatalytic activity of TiO2 NPs can be
achieved by adjusting the calcination temperature [56].
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3.3. Reusability Test

Five runs of cycling photodegradation studies for the TiO2 catalyst utilizing RR180 as
a target substrate were carried out to assess the photocatalyst’s stability. In every recycling
stage of bioprepared TiO2 NPs, the NPs were separated from the degraded RR180 solution
by centrifugation (10,000 rpm for 5 min). Intensive washing was performed with distilled
water and the particles were dried to study the recyclability of the catalyst. The results
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of the RR180 dye removal efficiency as a function of the number of cycles are shown in
Figure 13. The photocatalyst can be reused for up to 5 runs with a reduction efficiency of
94%, according to the findings. After each cycle, degradation efficiency gradually decreased,
which is likely owing to the loss of part of the catalyst during the recycling process. These
findings contribute to significant photocatalytic efficiency, photocatalyst durability and
stability in the removal of RR180 dye from the solution.
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Figure 13. Reusability of the prepared TiO2 NPs for the degradation of Remazol Brilliant Red F3B
(Reactive Red 180).

4. Conclusions

Titanium ions were successfully reduced into titanium dioxide nanoparticles using an
innovative aqueous biological extract acquired from Aloe vera leaves. The calcination time
was changed while maintaining a constant temperature of 500 ◦C. This allowed us to obtain
nanoparticles with various structural, morphological, optical and photocatalytic properties.
As the calcination time was increased, the nanoparticle size was reduced. Similarly, small
diameter nanoparticles had new optical properties which required an improvement of the
material’s photocatalytic activity. TiO2 nanoparticles were used to remove RR180 from
aqueous solutions. Their photodegradation capacity (100%) under visible light irradiation
toward dye RR180 varied with time, from 1 h with TiO2 nanopowders (D1; size 23 ± 2 nm)
to 2 h with TiO2 NPs (D2; 83 ± 5 nm).
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