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Abstract
The seed extract of Abelmoschus esculentus (AE), also known as Okra, was used as a source of reducing and capping agents 
to synthesized biogenic titanium dioxide nanoparticles (TiO2 NPs) due to its rich flavonoid contents. The synthesized AE-
TiO2 nanoparticles were further evaluated by the effect of loading of TiO2 NPs and irradiation time on the photocatalytic 
degradation of methylene blue dye. The synthesized TiO2 NPs were then characterized by scanning electron microscopy 
(SEM), X-ray diffraction (XRD), thermogravimetric analysis (TGA), energy dispersive X-ray spectroscopy (EDS), Fourier 
transformed infrared (FTIR) spectroscopy, Raman spectra, UV–visible spectrophotometry, and particle size distribution 
(PSD). The findings confirmed the successful synthesis of the spherical anatase phase of TiO2 NPs, as well as the existence 
of phytochemicals in the extract, which were involved in the capping/stabilization of NPs. The synthesized TiO2 NPs were 
found to be 60–120 nm in size and almost uniformly distributed throughout the sample. The photocatalytic activity measured 
in a 300 mL cylindrical photochemical reactor and irradiated with 250 watts UV lamp was investigated based on methylene 
blue degradation. Effects of irradiation time and catalyst loading were elucidated and correlated with the characteristics of 
the catalysts. The findings revealed that the synthesized TiO2 NPs were well-dispersed, stable, and could achieve more than 
80 % degradation in 240 min of irradiation with 90 mg/L of AE-TiO2 NPs loading compared to only 70 % by the commercial 
one. These results suggested that AE-TiO2 NPs possesses significant catalytic activity, and the photocatalytic process could 
be used to degrade, decolorize, and mineralize the methylene blue dye. The polyphenolic tannins present in the extract were 
the reason behind the desirable characteristics of the nanoparticles and better photocatalytic activity of AE-TiO2 NPs.
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Introduction

In recent years, there has been incredible attention in nano-
particle research. Nanobiotechnology is a technology that 
enriches the use of materials of nanometer dimensions in 

various areas of science such as nanomaterials, biotechnol-
ogy, material science, physics, and chemistry. Nanobiotech-
nology also facilitates the improvement of good hygiene, 
reliable and environmentally fusion, and collection of metal 
nanoparticles, along with various chemical and physical 
methods for synthesis of metal and metal oxide nanoparti-
cles (Barkalina et al. 2014). Recently, nanoparticle biosyn-
thesis has gained serious attention owing to the increasing 
need for non-toxic chemicals, antibacterial, antiviral, diag-
nostic, anticancer, targeted drug delivery of eco-friendly sol-
vents, and renewable resources (Gebre and Sendeku 2019). 
Conventional methods such as solvothermal, sol-gel, direct 
precipitation, hydrothermal, co-precipitation, sonothermal, 
and microwave methods are time-consuming and require 
specialized instrumentation (Anupama et al. 2018). Moreo-
ver, they often use harmful solvents or reagents as costly 
substrates along with potentially harmful impacts (Anupama 
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et al. 2019). Additionally, the chemically synthesized nano-
particles are described as less stable with high agglomera-
tion tendency (Abdullah et al. 2009; Saxena et al. 2012). 
Henceforth, natural and biological materials can be used as 
an alternative source to solve these issues.

Scientists have reported various approaches to synthe-
size metal and metal oxide nanoparticles by using different 
biological sources such as plant extracts, bacteria, fungi, 
algae, and yeast (Ahmad et al. 2020; Santhoshkumar et al. 
2014). The biosynthesized nanoparticles are environmen-
tally benign, economical, energy efficient, and facile syn-
thesis method which is sufficiently reliable for large-scale 
industrial production (Nabi et al. 2020). The plant interme-
diation biosynthesis of nanoparticles has become one of the 
significant parts of nanobiotechnology research in the world 
today. The synthesis of nanoparticles by chemical techniques 
can result in certain toxic species being developed on the 
surface of nanoparticles (Ahmad et al. 2020; Kuppusamy 
et al. 2016). To overcome this problem, a “green chemistry” 
approach based on the synthesis of metal nanoparticles using 
plants and plant extracts can be a highly efficient and effec-
tive approach because they can contribute certain reducing/
stabilizing agents such as terpenoids, alkaloids, phenolic 
compounds, enzymes, flavonoids, proteins, and polysac-
charides to facilitate the formation of more biocompatible 
nanoparticles (Nabi et al. 2020; Mohamed et al. 2018). The 
use of plant extracts is said to be more effective in compari-
son to biological processes as it eliminates the challenging 
conditions of storage of cell culture environment which are 
extremely difficult to accomplish (Makarov et al. 2014). 
Moreover, plants and crops have long been thought to be 
useful and inexpensive sources for biological nanoparticles 
production (Narayanan and Sakthivel 2011). Consequently, 
researchers used plant extracts to find new low-cost path-
ways for the synthesis of nanoparticles (Mohanpuria et al. 
2008).

Photocatalytic removal of organic pollutants has appeared 
as one of the excellent methodologies for the treatment of 
harmful organic effluents, which uses semiconductors as 
catalysts such as ZnO, TiO2, ZnS, WO3, CdS, and Fe2O3 
(Rajabi et al. 2013). The interest has grown substantially 
among researchers towards heterogeneous photocatalyst 
after the first revolutionary paper in the 1970s by Paola et al. 
(2012). The benefits of photocatalytic activities over con-
ventional methods, including rapid oxidation, no creation of 
polycyclic compounds, complete oxidation of contaminant, 
and highly efficient, have been demonstrated by Saien et al. 
(2011). As a result, the use of heterogeneous photocatalysts 
emerges as a viable option for organic effluent treatment, 
and the catalyst reduced to a nano size can exhibit distinct 
features compared to their properties at the macroscale, 
allowing for photocatalytic removal of organic pollutants 
(Rajabi et al. 2013).

Titanium dioxide (TiO2) nanoparticles have been widely 
used as an environmentally friendly and clean photocatalyst 
in recent years. TiO2 material is an important semiconduct-
ing transition metal oxide with unique properties such as 
ease of control, low cost, and non-toxic (Santhoshkumar 
et al. 2014). It also possesses good resistance to chemical 
erosion, making it suitable for solar cells, chemical sensors, 
and environmental applications (Khan et al. 2002). The elec-
trical, magnetic, and optical properties of these nanoparti-
cles are better compared to those of their bulk counterparts 
(Xu et al. 2008). TiO2 exists in both amorphous and crystal-
line forms, with the most common crystalline polymorphous 
of anatase, rutile, and brookite (Mahshid et al. 2007).

In addition to waste reduction, reaction procedural sim-
plification, and process intensification, the green features of 
any catalytic or biocatalytic process can also be evaluated 
based on the synthesis procedure of the catalysts involved 
in those processes (Zinatizadeh et al. 2007). In this con-
text, very few preliminary works on rare metal nanoparti-
cles such as lanthanum and titanium have been reported in 
previous studies through greener synthesis routes. Several 
research groups synthesized TiO2 nanoparticles using natu-
ral products from various plants such as Mentha arvensis 
(Waseem et al. 2020), Lemon peel (Ghulam et al. 2020), 
Psidium guajava (Santhoshkumar et al. 2014), Ocimum 
americanum (Vijayakumar et al. 2020), Ageratina alttis-
sima L (Ganesan et al. 2016), Vitex negundo (Ambika and 
Sundrarajan 2016), Curcuma longa (Jalill et al. 2016), Vigna 
unguiculate (Chatterjee et al. 2017), and Moringa oleifera 
(Patidar and Jain 2017). The biocompatible and non-toxic 
properties of TiO2 NPs generally make them suitable for 
use in biomedical research including bone tissue engineer-
ing as well as in pharmaceutical industries. Therefore, there 
is a need to establish new approaches for the production of 
TiO2 NPs. The productions of several metals, their oxides, 
their nitrides, their sulfides, and their carbides are seen as 
more sustainable processes. There is an urgent need for 
such approaches to produce materials that are biologically 
safe, environmentally friendly, and cost-effective in order to 
reduce or prevent expensive and eco-destructive methodolo-
gies in the synthetic industries. As a result, new methods for 
synthesizing TiO2 nanoparticles can be improved.

Abelmoschus esculentus (Okra) that belongs to the mal-
low family is an important vegetable that can be found in 
almost every country in the world and is generally used in 
traditional medicine. The main inorganic elements in this 
plant are K, Na, Mg, and Ca, and it has antibacterial, anti-
oxidant, and antispasmodic properties (Duan et al. 2015). 
Organically, Okra seed is specifically composed of oligo-
meric catechins, flavonol derivatives, total phenol, vitamins, 
and polyphenols (Duan et al. 2015). The polyphenolic con-
tent of Okra confers antioxidant activity (Jochebed et al. 
2017). According to a previous study, the results of Okra 
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seeds FTIR showed that proteins, fats, and amino acids 
were responsible for the major spectra bands of the samples 
and the protein hydrolysates exhibited greater antioxidant 
properties (Nnamezie et al. 2021). Moreover, various spec-
tra bands of functional groups such as amino acids, alkane 
compound, enzymatic protein hydrolysates, methoxy methyl 
ether compound, and carboxylic acids were found in Okra 
seeds. The plant extract of Okra has been used for the bio-
synthesis of various metal and metal oxide nanoparticles 
(Anupama et al. 2019; Nitin et al. 2021; Elmusa et al. 2021) 
with encouraging results. However, seed extract of Okra has 
yet to be investigated for TiO2 NPs. It is hypothesized that 
the same nanoparticle formation mechanism reported for 
the other metals or metal oxides can also work in the desired 
way in the case of TiO2 nanoparticles. Thus, the novelty of 
the current study lies in the fact that the biosynthesized TiO2 
NPs using Abelmoschus esculentus (Okra) seed extract is 
reported here for the first time, along with their impressive 
photocatalytic activity. The seeds are known to be a rich 
source of biomolecules such as phenols and polyphenolic 
tannins which might act as reducing/capping agents during 
the synthesis of TiO2 NPs (Elmusa et al. 2021). The optical 
and photocatalytic properties of the synthesized TiO2 NPs 
were also investigated and benchmarked against commercial 
TiO2.

Materials and methods

Materials

All the materials were used as received without further 
purification. Titanium hydroxide (metatitanic acid, TiO3H2 
purity>97%), methylene blue (C16H18ClN3S), ethanol 
((C2H6O), purity 99.9%), nitric acid (HNO3, 68%), hydro-
chloric acid (HCl, 38%), and sodium hydroxide (NaOH, 
≥96.0%) were purchased from Sigma Aldrich (Germany). 
The green synthesis of TiO2 NPs was carried out by using 
the aqueous seed extract of Okra. These seeds were pur-
chased from a local market outside the Universiti Sains 
Malaysia campus. Distilled water and the filter papers hav-
ing pore size of 1.2 μm (Whatman, England) were used dur-
ing the preparation of the seed extract. For comparison of 
results, a commercial anatase TiO2 from Aldrich (USA) was 
also used in the photocatalytic activity study.

Preparation of Abelmoschus esculentus (AE) seed 
extract

The typical Abelmoschus esculentus (Okra) seeds are as 
shown in Fig. 1. The seeds were first washed with distilled 
water several times. Around 10 g of seeds was then weighed 
and grained using mortar and pestle. The crushed seeds were 

dispersed in 250 mL of distilled water and heated for 4 h at 
90°C for the extraction process. Then, the solution was fil-
tered using a Whatman No. 1 filter paper (Surya et al. 2018).

Synthesis of TiO2 nanoparticles

Two hundred fifty milliliters of Okra seed extract was added 
dropwise to 0.5 M of titanium hydroxide solution on con-
stant stirring for 4 h at 60 °C for the synthesis of TiO2 NPs 
until the pH reached 8. The solution was then centrifuged at 
4000 rpm for 10 min and the precipitate was separated and 
washed with ethanol to remove any ionic and other soluble 
impurities. Next, the synthesized NPs were dried in an oven 
for 24 h at 80 °C. The dried NPs were then crushed with 
the help of mortar and pestle. Finally, the fine powder TiO2 
synthesized with the assistance of Okra extract (AE-TiO2 
NPs) was achieved after the calcination at 500 °C for 2.5 h 
in a muffle furnace (Ghulam et al. 2020).

Characterization of TiO2 NPs

FTIR measurements were taken using a Bruker vertex 70 
system. Powdered and dried TiO2 NPs and AE-TiO2 NPs 
were pelleted with potassium bromide (KBr) (1:3 ratio). 
The spectra were recorded in the wavenumber range from 
400 to 4000 cm−1. XRD analysis was conducted at D8 
Bruker Advance system in the 2θ range of 5–80° using Cu 
α radiation (k=1.540593 Å). The tool was equipped with 
a graphite monochromator and operated at a current of 50 
mA and a voltage of 40 kV. Thermogravimetric and dif-
ferential thermal analyses (TGA-DTA) were performed in 
air within a temperature range from 28 to 800 °C and at a 
temperature rate of 20 °C min−1 using a Shimadzu DTG-
60H system (Japan). Scanning electron microscopy (SEM) 
images of TiO2 NPs and AE-TiO2 NPs formed were taken 

Fig. 1   Abelmoschus esculentus (Okra) seeds
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from JFM-6510 LV (JEOL, Japan). Meanwhile, the elemen-
tal composition of synthesized nanoparticles was studied 
using energy dispersive X-ray spectroscopy (EDS). Using 
an inVia Renishaw’s Centrus 1C4A91 UK Raman spec-
troscopy system with a spectral resolution of 2 cm−1, the 
UV Raman spectra of TiO2 NPs were recorded. The laser 
line at 532 nm edge (power 0.1%) was used as an excitation 
source with grating 2400 l/mm (vis). The exposure time and 
spectral ranges are 40 s and 101.56 cm−1 to 1002.41 cm−1 
(center—1111 cm−1), respectively. The UV–vis absorption 
spectra of the TiO2NPs and AE-TiO2NPs were recorded at 
room temperature employing a PerkinElmer Lambda 45 
UV–visible spectrophotometer. The samples were scanned 
from 200 to 900 nm with a resolution of 1 nm and a scan 
speed of 960 nm/min (Vijayakumar et al. 2020).

Photocatalytic behavior

Methylene blue (MB) was chosen as a model organic sub-
stance to demonstrate and compare the photocatalytic activ-
ity of the AE-TiO2NPs. A 300 mL photochemical reactor 
made from a cylindrical glass and equipped with 250 watts 
of UV lamp, a central QVR jacketed tube, and a 250 watts 
power controller fuse box along with a circular water system 
was used to make the setup. The photocatalytic reactor used 
in the experiment is shown in Fig. 2. Different catalyst load-
ings (15–90 mg) were first dispersed in 100 mL of distilled 
water and mixed with 30 mg/L of MB at a pH of 10 under 
continuous stirring of 30 min in dark condition to achieve 
adsorption and desorption. The experiment under UV lamp 
was then carried out from 0 to 240 min with 10 mL of sam-
ple aliquots taken every 20 min. Then, the degraded amount 
of MB was checked using a UV–vis spectrophotometer at 
maximum absorption peak of 664 nm. The standard calibra-
tion curve was prepared by plotting between the recorded 
absorbances and the concentrations of methylene blue solu-
tion in the range of 0–50 mg/L. The following equation is 

used to calculate the photodegradation efficiency of the 
photocatalyst.

where Co is the initial concentration while Ct is the concen-
tration at time t of MB (Fardood et al. 2020).

Results and discussion

Characterization of TiO2 nanoparticles

The X-ray diffraction (XRD) patterns of TiO2 NPs and AE-
TiO2 NPs are shown in Fig. 3. The sharpness of the peak 
indicates the crystalline nature of both types of TiO2 NPs to 
deny any detrimental effect posed by the extract on the crys-
tallinity. The characteristic peaks of TiO2 NPs and AE-TiO2 
NPs at 2θ are 25.31°, 36.80°, 37.87°, 38.91°, 48.10°, 53.91°, 
55.10°, 62.71°, 68.78°, and 70.31° and 25.28°, 36.93°, 
37.77°, 38.55°, 48.03°, 53.88°, 55.74°, 62.64°, 68.74°, 
and 70.28°, respectively. The miller indices (hkl) peaks for 
both NPs are (110), (101), (004), (112), (200), (105), (211), 
(204), (220), and (107). The pattern of synthesized AE-TiO2 
NPs is quite similar to the reference pattern (JCPDS Card 
No.: 01-073-1764). However, the occurrence of the most 
intense peak is visibly shifted slightly from 28.31° to 25.28° 
to indicate slightly regular crystallites of the AE-TiO2 NPs. 
The average nanoparticle size of the synthesized NPs is cal-
culated using the Debye-Scherrer formula (Moradnia et al. 
2020).

where λ denotes the wavelength of X-ray (λ = 1.541874 Å), 
K is the Scherrer constant (k= 0.9), β is the full width at half 
maximum (FWHM), D represents particle size, and 2θ is the 
angle of X-ray diffraction peak.

The average crystallite size of TiO2 NPs and AE-TiO2 
NPs were estimated to be 35.42 and 37.73 nm, respectively. 
The distinct peaks of X-ray confirmed the anatase phase of 
both types of TiO2 NPs. All peaks were attributed to the 
facets of the crystalline TiO2 NPs tetragonal anatase phase. 
However, any other peaks associated with the impurity were 
not observed to indicate the complete removal of crystal-
line materials during the photocatalyst preparation proce-
dures. The sharp peaks indicate that the TiO2 NPs were of 
high crystallinity, which was considered to be beneficial for 
photocatalytic activity and was directly associated with the 
charge recombination rate. The high crystallinity reduces the 
number of trapped electrons, which serve as recombination 
centers for photo-induced electron hole pairs (Carneiro et al. 

(1)Dye degradation(%) =
Co − Ct

Co

× 100%

(2)D =
K�

�COS�

Fig. 2   Photocatalytic reactor used in this study
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2011). Furthermore, the significantly long-life span of the 
electron hole pairs corresponding to the high charge separa-
tion considerably produces a large number of electrons and 
holes, thereby initiating the photocatalytic redox reactions. 
As a result, it was concluded that the AE-TiO2NPs prepared 
were mainly of anatase phase and small sized which could 
be due to the surfactant behavior of the Okra extract.

In addition, the FTIR spectroscopy method was used to 
identify potential biomolecules based on chemical groups in 
the Okra seed extract that were responsible for the capping/
reduction of precursor metal ions that played a significant 
role in synthesizing NPs. The FTIR spectrum of the extract 
is shown in Fig. 4a. A broad and intense band at 3448 cm−1 
indicates the presence of hydroxyl groups, which could be 
due to the presence of phenolic substances in the extract 
(Moradnia et al. 2020). The presence of phenolic substances 
was most likely due to the existence of polyphenolic tannins, 
which might have capped the surface of TiO2 nanoparticles 
in the synthesis of AE-TiO2 NPs. The peak intensity at 1648 
cm−1 and 2150 cm−1 points to the presence of C=O anhy-
drides from the carbonyl group with stretching vibrational 
frequency. Finally, a broad peak at 678 cm−1 indicates the 
presence of C-H flexion, to conclude that aromatic com-
pounds were also present in the extract.

The typical FTIR spectra of TiO2 NPs and AE-TiO2 NPs 
recorded in the range of 500 cm−1 to 4000 cm−1 absorp-
tion band are shown in Fig. 4b. Broad peaks recorded at 
3438 cm−1 and 3424 cm−1 and small peaks at 1642 cm−1 and 
1630 cm−1 could be related to the existence of the hydroxyl 
group and surface adsorbed water, respectively (Ghaly et al. 
2011). The hydroxyl group could play a significant role in 

Fig. 3   XRD patterns of com-
mercial TiO2 NPs and AE-TiO2 
NPs

Fig. 4   FTIR spectra of a seed extract of Okra and b TiO2 NPs and 
AE-TiO2 NPs
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improving photocatalytic activity by improving the inter-
action with the aqueous solution during the reaction. The 
enhanced hydroxyl group presence on the surface of TiO2 
NPs was responsible for increased electron transportability 
and, as a result, an increase in photocatalytic activity was 
expected (Carneiro et al. 2011). Based on the intensity of 
the peaks, AE-TiO2 NPs could be concluded to be relatively 
more hydrophilic. The small peaks at 500–700 cm−1 are 
associated with the Ti-O stretching and Ti-O-Ti bridging 
stretching modes (Peiro et al. 2011). The absorption peak at 
704 cm−1 could reveal the contribution of the AE-TiO2 NPs 
in the anatase phase as previously reported (Karakitsou and 
Verykios 1993).

Thermogravimetric analysis was performed on the cal-
cined AE-TiO2 NP powder. The thermogravimetric analysis 
(TGA) and thermal differential analysis (TDA) profiles are 
depicted in Fig. 5. The TGA curve represents the weight 
loss of the AE-TiO2 NPs, while the DTA curve represents 
the energy gains or losses during the process. Initially, the 
dehydration of any entrapped water molecules observed as 
an endothermic effect was noticed below 100 °C, resulting 
in a minimal weight loss observed. A noticeable exothermic 
peak in the DTA curve could be ascribed to the evaporation 
of carbonized residues on the surface of the AE-TiO2 NPs. 
No significant weight loss was observed after 500 °C, sug-
gesting the thermal stability of the AE-TiO2 NP powder. 
Similar findings have also been reported (Ramimoghadam 
et al. 2014).

Scanning electron microscopy (SEM) images were used 
to analyze the form, morphology, and the size of the syn-
thesized nanoparticles. Fig. 6a and b show that the AE-
TiO2 NPs had rather spherical shapes, whereas TiO2 NPs 
had sphere-like surface morphology, respectively. It is also 
visible that AE-TiO2 NPs managed to maintain the indi-
viduality of the crystallites compared to the commercial 
TiO2 NPs. However, clear voids were created between the 

crystallites in the case of AE-TiO2 NPs. The particle sizes 
of AE-TiO2 NPs and TiO2 NPs were found to be in the 
size range of 80–120 nm. Based on the crystallite sizes 
as concluded based on the XRD results, only minimum 
agglomeration of the individual crystallites could be con-
cluded, especially on the AE-TiO2 NPs despite the calcina-
tion temperature of 500 °C for 2.5 h.

Fig. 7a and b show the histogram of the particle size 
distribution of nanoparticles which are calculated with the 
help of the ImageJ software. The peaks in the distribution 
occur in the size range of 100–120 nm and 120–140 nm for 
AE-TiO2 NPs and TiO2 NPs, respectively. A large number 
of small and distinct AE-TiO2 NPs were spotted along with 
some larger agglomerated NPs, which are easily visible in 
the SEM images. The slight agglomeration of AE-TiO2 NPs 
could be caused by the pH of the solution. Moreover, the 
biomolecules in the seed extract of Abelmoschus esculen-
tus such as polyphenols, flavonoids, alkaloids, terpenoids, 
free amino acids, and tannins could play significant roles 
in enhancing dispersions between NPs by reducing their 
agglomeration during the synthesis (Alessandra et al. 2019) 
and thus could play a key role in reducing particle agglom-
eration. The individuality of the particles could ensure the 

Fig. 5   Thermogravimetric analysis (TGA/DTA) results of the cal-
cined AE-TiO2 NPs

Fig. 6   SEM images of a AE-TiO2 NPs and b TiO2 NPs
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extra surface area for the interaction with the solution during 
the photocatalytic study.

Additionally, an energy dispersive X-ray spectroscopy 
(EDS) method was used to determine the elemental compo-
sition of NPs. The corresponding weight and atomic percent-
ages of both the nanoparticles are shown in Fig. 8a and b. 
The occurrence of only titanium and oxygen peaks affirmed 
the synthesis of pure anatase AE-TiO2 NPs. There seem to 
be no other impurity peaks found to indicate the complete 
burning of Okra extract during the calcination process. The 
results also pointed to the conclusion that as the Ti:O atomic 
ratios were not exactly 1:2 (1:2.5 and 1:3.5 for AE-TiO2 NPs 
and TiO2 NPs, respectively), other titanium oxide species 
besides TiO2 could also exist in the two photocatalyst sam-
ples. In conclusion, the use of Okra extract in the synthesis 
of TiO2 could cause the reduction of higher titanium oxide 
species.

UV–vis spectroscopy was used to examine the optical 
properties of the synthesized samples. The aqueous seed 

extract was found to have a peak at 256 nm, which was 
consistent with the published results (Sandhanasamy and 
Mohamad 2021) as shown in Fig. 9. The UV–vis spectrum 
of AE-TiO2 NPs suggests that the higher absorption was 
recorded in the range of 250–400 nm. Changes in the crys-
talline phase and average crystalline size correspond to the 
sharp absorption peak. The synthesis of AE-TiO2 NPs was 
confirmed by the sharp absorbance peak around 350–400 

Fig. 7   Particle size distribution of a AE-TiO2 NPs and b TiO2 NPs

Fig. 8   EDS spectra and corresponding elemental compositions of a 
AE-TiO2 NPs and b TiO2 NPs

Fig. 9   UV–vis absorption spectra for Abelmoschus esculentus seed 
extract and AE-TiO2 nanoparticles
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nm. The strong absorption peaks at 352 and 388 nm which 
are observed within the range from 200 to 800 nm confirm 
the successful synthesis of metallic AE-TiO2 NPs. As a 
result, the investigated nanomaterial was deemed highly 
suitable for catalytic applications (Fardood et al. 2020).

Further analysis of the TiO2 NP structural phase was per-
formed by Raman spectroscopy. As illustrated in Fig. 10, 
anatase generally has six Raman active modes of factor 
group analyzed which are indicated by peaks at 144 cm−1 
(Eg), 197 cm−1 (Eg), 399 cm−1 (B1g), 513 cm−1 (A1g), 519 
cm−1 (B1g), and 639 cm−1 (Eg). Five active Raman modes 
of AE-TiO2 NPs were observed for anatase phase which 
are 144.5 cm−1 (Eg), 197.83 cm−1 (Eg), 402.62 cm−1 (B1g), 
524.06 cm−1 (B1g), and 642.64 cm−1 (Eg). Meanwhile, the 
TiO2 NPs have only four active Raman modes which are 
144.5 cm−1 (Eg), 398.39 cm−1 (B1g), 516.43 cm−1 (B1g), and 
642.61 cm−1 (Eg). The Raman peaks at 144.5 and 197.83 
cm−1 correspond to the presence of Ti Ti bonds in the octa-
hedral chains. The Raman bands observed at 402.62, 524.06, 
and 642.64 cm−1 are generated from Ti O bonds. The basic 
characteristics of the Raman spectra of AE-TiO2 NPs also 
bear a close resemblance to TiO2 NPs, with a reduction in 
peak intensity. However, the decrease in the intensity peaks 
confirms the absorption of biomolecules in the seed extract 
of Abelmoschus esculentus.

Photocatalytic activity

The photocatalytic degradation of methylene blue (MB) 
was investigated using green synthesized TiO2 (AE-TiO2) 
NPs and commercial TiO2 NPs by photocatalytic reactor 
under UV light irradiation. The results illustrated in Fig. 11 
indicate that the AE-TiO2 NPs could enhance the degrada-
tion efficiency of MB as compared to TiO2 NPs. The AE-
TiO2 NPs achieved more than 80% photocatalytic activity, 
which was quite satisfactory when compared to TiO2 NPs, 
which showed 70% removal. This could be attributed to the 

desirable morphology and exciting optical properties of TiO2 
NPs synthesized using the green synthesis technique. The 
time required for maximum dye degradation was approxi-
mately 200–240 min of exposure to irradiation. The degra-
dations of dye with respect to time and concentration by the 
photocatalysts are observed in Fig. 11, which illustrates the 
gradual degradation of MB with respect to time.

Dye color degradation can occur as a consequence of the 
breakup of chromophores inside the dye molecule, which 
gives the dye its distinct color (Aravind et al. 2021). The 
decolorization efficiency increased with the increase in TiO2 
loading, particularly up to 90 mg/L. This is owing to the 
belief that TiO2 enhances the active sites for dye adsorption 
on the surface of the photocatalyst including the generation 
of free hydroxyl radicals (•OH). However, increasing the 
catalyst loading (>90 mg/L) does not result to a significant 
increase in decolorization and degradation efficiency. This 
behavior could be caused by a variety of factors, including 
increased light scattering and screening effects, along with 

Fig. 10   Raman spectra of AE-TiO2 NPs and TiO2 NPs

Fig. 11   Profiles of photocatalytic degradation of methylene blue with 
time for different catalyst loadings of a AE-TiO2 NPs and b TiO2 NPs
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possible photocatalyst particle agglomeration, which reduces 
the active catalytic surface. As a result, a TiO2 loading of 90 
g/L was considered the optimum value for the photocatalytic 
activities. The photocatalytic activity increased as the irra-
diation time was increased, and the increase in the concen-
tration of catalyst also increased the degradation efficiency. 
Moreover, the presence of reducing organics such as poly-
phenolic tannins in Okra seed extract could be the reason 
for the improved MB degradation efficiency as compared 
to commercial TiO2 NPs. It is known that when inorganic 
substances are heated with reducing substances in an oxida-
tive environment during the calcination step, the organic 
reductant could reduce the oxidation ability of the inorganic 
species. In this study, this was observed as higher purity of 
TiO2 in AE-TiO2 NPs as compared to TiO2 NPs. However, 
the complete chemical analysis of organic complex forma-
tion in biosynthesized TiO2 NPs is very challenging due to 
the complex nature of interactions involved in the synthesis 
process leading to the formation of TiO2 NPs. Therefore, 
further research needs to be undertaken in order to clearly 
understand the interaction between the titanium and phenolic 
groups during the synthesis process and their impact on pho-
tocatalytic activity. In this study, AE-TiO2 NPs demonstrated 
higher photocatalytic activity compared to commercial TiO2 
NPs. This was associated with the smaller particle size and 
lower presence of higher oxidation species of titanium of the 
former. These were the beneficial effects of the use of Okra 
extract in its synthesis.

The mechanism of photocatalytic degradation is shown 
in Fig. 12. It is hypothesized that when AE-TiO2 NPs were 
exposed to UV irradiation, more electrons were energized 
from the valence band (VB) to the conduction band (CB), 
resulting in the formation of more positively charged holes 
(by h+) on the surface. Generally, a reaction takes place 
between electrons and holes present on the surface of the 

semiconductor, with electrons (e−) capable of reducing O2 
to O2‾●, as well as positive holes (h+) reacting with H2O 
or OH− to produce hydroxyl radicals (●OH) (Sabouri et al. 
2020). These free radicals are strong oxidative species, which 
are capable to degrade harmful organic pollutants such as dye 
molecules and produce degradation products. When a posi-
tive hole reacts with a water molecule, it produces an OH● 
radical and hydrogen ions (H+). Additionally, a superoxide 
anion is produced by the reaction of an electron with oxygen, 
which leads to the formation of an OH● radical through a 
series of reactions. Moreover, Both H2O● and OH● radicals 
are powerful oxidizing agents that can quickly attack MB dye 
molecules, causing total mineralization and the formation of 
CO2, NH4

+, SO3
2−, and H2O. Irradiation time has a significant 

impact on MB dye degradation, decolorization, and miner-
alization, as the total organic carbon value decreased as the 
irradiation time increased. As a result, h+ and OH● are by far 
the most important active species for MB degradation by AE-
TiO2 NP photocatalyst throughout the reaction. The reactions 
involved during the photocatalytic degradation are expressed 
as follows (3–15) (Akbari et al. 2020):

(3)Catalyst + Irradiation → h+
VB

+ e−
CB

(4)TiO
2
+ hv(UV) → TiO∗

2
+ h+ + e−

(5)TiO
2

(

h+
)

+ H
2
O → TiO

2
+ H+ + OH∙

(6)TiO
2
(e−) + O

2
→ TiO

2
+ O−∙

2

(7)MB + hv → MB∗

(8)TiO
2
+MB∗

→ MB∗∙ + TiO
2
(e−)

Fig. 12   Mechanism of methyl-
ene blue photocatalytic degrada-
tion by AE-TiO2 NPs
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Conclusions

TiO2 NPs were successfully synthesized biogenically from 
Abelmoschus esculentus (Okra) seed extract without the 
use of any additional solvents, catalysts, or templates. The 
presence of various biomolecules such as phenols and tan-
nins in seed extract was responsible for the reduction of 
metallic ions and acts as capping/reducing agents during 
the green synthesis of TiO2 NPs, thus stabilizing the NPs. 
The synthesized TiO2 NP particle sizes occurred in the range 
of 60–120 nm and of spherical anatase crystals. The EDS 
plot shows that the particles were of high purity and free of 
contamination. When compared to commercial TiO2 NPs, 
green synthesized TiO2 NPs possess higher methylene blue 
degradation efficiency of 89 % in 240 min of irradiation 
with 90 mg/L loading of catalyst. Nanoparticles with a high 
surface-to-volume ratio might have more active adsorption 
sites, which in turn enhanced the photocatalytic activity. 
The outstanding photocatalytic activity of green synthesized 
TiO2 NPs showed that the formed photocatalyst could poten-
tially be effectively used for water purification. The stabil-
ity and reusability of catalyst also demonstrated that these 
photocatalysts have the potential to address the limitations 
of the photocatalytic process.
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