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Abstract 

The biosynthesis procedure for nanomaterial preparation is a promising alternative due to its simplicity and envi-

ronmental friendliness. In this work, TiO2 NPs were biosynthesized using the aqueous leaf extract of Azadirachta 

indica. The influence of the extract volumes, solvents, and acetic acid on the properties of TiO2 NPs was studied. 

Phytochemical screening and ATR-FTIR spectrum confirmed the presence of phenolic compounds in the leaf ex-

tract. XRD patterns showed that the samples were mainly in the anatase phase. However, for the water-based 

samples and when 1 and 2 mL of extract volumes were used, anatase/brookite mixture was observed. FESEM im-

ages displayed almost spherical and agglomerated NPs. UV-Vis-NIR studies showed that the samples’ bandgaps 

values are within the range of anatase TiO2. The photocatalytic activity of the TiO2 NPs was evaluated in the pho-

todegradation of methyl orange (MO) under UV light irradiation. The water-based sample synthesized using 2 mL 

of the extract achieved 98.62% of MO degradation within 270 min and demonstrated the highest pseudo-first-order 

photodegradation kinetic constant of 0.0147 min-1. These results indicate that the use of the plant-based biosyn-

thesis method with water as the solvent successfully produced TiO2 NPs with good physicochemical properties and 

photocatalytic activity in the photodegradation of organic dye. 
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1. Introduction 

In recent decades, nanotechnology has un-

dergone a rapid evolution, mainly thanks to the 

development of nanoparticles (NPs), which have 

various applications in science and technology 

[1]. At present, the use of NPs is gaining wide-
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spread interest [1] as it has been observed that 

material properties are enhanced with decreas-

ing size. For example, the physicochemical, 

magnetic, optical, distribution, and morphologi-

cal properties are significantly improved when 

compared to materials of larger sizes [2]. NPs 

have been extensively utilized in medicine, do-

mestic water purification systems, cosmetics, 

electronics, solar panels, textiles, sensor tech-
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nology, industrial applications, commercial 

products, environmental sanitation, and bio-

medical equipment [3].  

The synthesis of NPs can be achieved by 

various chemical, physical, or biological meth-

ods [4]. A new branch termed nanobiotechnolo-

gy was recently proposed;   the melding of nan-

otechnological advancement with principles of 

biotechnology by combining physical and chem-

ical techniques to synthesize NPs, serving a 

specific application [5]. Nanobiotechnology is 

seen as a promising branch due to the over-

whelming potential for healthy, eco-friendly, 

and hygienic methods for metallic NPs synthe-

sis [6].  

Chemical and physical synthesis methods 

require a significant amount of hazardous 

chemicals, which are not environmentally 

friendly and can be detrimental to humans. In 

addition to the sizeable use of harmful chemi-

cals, these synthesis methods are costly and re-

quire a considerable amount of heat and pres-

sure [7,8]. Toxic chemicals can limit this mate-

rial’s advantages in some possible medical ap-

plications, as some chemical species are ad-

sorbed onto the particles’ surface [9, 10]. Apart 

from toxicity, scientists face difficulties in con-

trolling the size and shape as well as achieving 

the monodispersity of NPs [11]. Therefore, such 

methods must be replaced with a feasible meth-

od that mitigates these issues. 

Among the known preparation methods, the 

biosynthesis method emerges as the most fa-

vorable. Aside from limiting the use of harmful 

solvents and surfactants, it is considered an 

improved approach used to produce self-

aggregated, well-defined morphology, con-

trolled shape, and size NPs [12,13]. In addition, 

it does not require high pressure or high tem-

perature, and above all, it is not harmful to the 

environment [14]. Plants, bacteria, fungi, algae, 

and actinomycetes can all be used to produce 

NPs, and have been proven to improve the pho-

tocatalytic and pharmacological characteristics 

of the synthesized NPs [15]. According to 

Nadeem et al. [16], plants, particularly the 

leaves,  are the most suitable for NPs synthesis 

because they are rich in metabolites, which are 

mainly involved in the reduction process. The 

leaves of plants have been found to contain use-

ful phytochemicals, such as ketones, aldehydes, 

flavones, amides, terpenoids, carboxylic acids, 

phenols, and ascorbic acids, which can serve as 

reducing and capping agents for NPs [17]. 

Compared to employing microorganisms, which 

need delicate conditions, such as pH and tem-

perature, for the preservation and other re-

quirements for microbial growth, using phyto-

chemicals is simple, easy, cost-effective, and 

delivers a high yield while preserving sustaina-

ble developments [18]. It has been reported in 

the literature that phytochemicals may also 

play a role in photocatalytic activity applica-

tions. In fact, they participate in oxidation and 

reduction reactions during the photocatalytic 

activity of organic dyes [19]. 
The properties of titania (TiO2), such as its 

high photocatalytic activity, exceptional physi-

cal and chemical stability, low cost, non-

corrosive, nontoxicity, and high availability, 

have made it the focus of numerous studies in 

comparison to other materials [20]. Generally, 

the synthesis of TiO2 gives crystalline and 

amorphous forms and occurs mainly in three 

polymorphic crystalline forms: brookite, rutile, 

and anatase [21]. TiO2 has been explored in 

various applications, including water purifica-

tion [22], biotechnology such as cosmetics, med-

icines, and pharmaceutical products [23, 24], 

hydrogen production through water splitting 

[25], and various others. In wastewater issues 

and treatment, methyl orange (MO) dye is a 

common industrially produced azo dye that can 

generate a considerable amount of coloured 

wastewater if discharged into the wastewater 

system. The traditional biological, physical, or 

chemical treatments face limitations in dye 

wastewater treatment [26,27]. On the contrary, 

photocatalytic technology is one of the most ap-

propriate techniques for azo dyes reduction 

dyes [28]. It can fundamentally eliminate con-

taminants relative to the conventional 

wastewater treatment process, and despite the 

liquid or gaseous state of the pollutants, photo-

catalytic technology can have a good degrada-

tion effect [29]. The fact that TiO2 NPs absorb 

3 – 4% of solar energy makes them the most ef-

fective solar collector [19], and therefore, they 

are well-known photocatalysts for the decom-

position of hazardous chemical compounds in 

water [30]. In recent years, several studies 

have reported on the synthesis of TiO2 NPs fa-

cilitated by plant-based extracts, includ-

i n g  T r i g o n e l l a  f o e n u m - g r a e c u m 

[31], Cinnamomum zeylanicum [30], Carica pa-

paya [32], Cucurbita pepo [33], Justicia gen-

darussa [34], Matricaria chamomilla 

[35], Thymus migricus  and Alcea 

[36], Tamarindus indica [37], Punica gran-

atum, Lippia citriodora [38], Deinbollia pinna-

ta [15], and Prunus domestica L. [5].  

Azadirachta indica or neem (A. indica) 

plant is a species of the Meliaceae family and, 

while commonplace in India, can also be found 
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in other south-east Asian countries [39,40], in-

cluding Malaysia [41]. A. indica is well-known 

for its various advantageous properties, such as 

anti-inflammatory, antioxidant, antifungal, an-

tidiabetic, anticancer, antiviral, and other ac-

tivities [42,43]. Several compounds in A. indica 

leaves have been shown to be favorable for the 

synthesis of TiO2 NPs, such as flavonoids, poly-

phenols, alkaloids, and terpenoid compounds 

[44]. To the best of our knowledge, only a small 

number of works have been reported on the use 

of A. indica, especially the leaves. Among 

these, some have been done on the synthesis of 

ZnO [45], Ag [46], and TiO2 [47]. In the current 

study, a more comprehensive work that out-

lines the potential mechanism for the biosyn-

thesis of TiO2 NPs and identifies the potential-

ly responsible compounds is presented. Moreo-

ver, the TiO2 biosynthesis method using A. In-

dica leaves have various synthesis parameters 

that have not been examined in previous 

works. Therefore, getting a deeper understand-

ing of these parameters is greatly beneficial to 

the development of the biosynthesis method. In 

this work, TiO2 NPs have been synthesized us-

ing an aqueous extract of A. Indica and influ-

encing parameters, such as the volume of plant 

extract, solvents, and the influence of glacial 

acetic acid, on the properties of TiO2 NPs were 

studied, followed by the evaluation of the pho-

tocatalytic activity. The synthesis procedure 

used in this work is inspired by a study report-

ed by Senthilkumar and Rajendran [34].  

 

2. Materials and Methods 

2.1  Materials 

The plant leaves of A. indica were collected 

from Johor Bahru, Johor, a state in the south of 

Malaysia. Ferric chloride (FeCl3, (97%)), sodi-

um hydroxide (NaOH, (98%)), hydrochloric acid 

(HCl, (37%)), chloroform (CHCl3, (99%)), and 

sulfuric acid (H2SO4, (98%)) were purchased 

from Sigma-Aldrich and used for the leaf ex-

tract phytochemical screening tests. Titanium 

tetra-isopropoxide (TTIP) (C12-H28O4Ti, Sigma-

Aldrich (97%)), ethanol absolute (C2H6O, 

MERK (99.9%)), and glacial acetic acid 

(CH₃COOH, HmbG (99%)) were used for TiO2 

NPs preparation. The photocatalytic activity of 

the biosynthesized TiO2 NPs was evaluated in 

the photodegradation of methyl orange (MO) 

(C14H14N3NaO3S, Sigma-Aldrich (85%)). A com-

mercial TiO2 (Anatase, <25 nm particle size, 

spec. the surface area of 45 – 55 m2/g, Sigma-

Aldrich (99.7%)) was purchased in order to 

compare its photodegradation efficiency with 

the biosynthesized TiO2 NPs. All the chemicals 

were used as received without further purifica-

tion. 

 

2.2. Preparation of A. indica Leaf Extract  

Fresh and healthy leaves of A. indica leaves 

were collected, and the impurities or dust on 

the leaves were removed with tap water fol-

lowed by distilled water. The leaves were then 

left to dry for 14 days at room temperature to 

remove any moisture residue. They were fur-

ther cut into pieces and ground using a mixer 

grinder. About 20 g of finely cut A. indica 

leaves were placed in a beaker containing 100 

mL of distilled water. The content was mixed 

thoroughly and heated at a constant tempera-

ture of 60 °C for 30 min in a water bath, with 

occasional stirring. The aqueous extract solu-

tion was later filtered through the Buchner 

funnel, which was equipped with a Whatman 

No.1 filter paper, connected to a vacuum pump, 

and then stored in a refrigerator at 4 °C. 

 

2.3. Qualitative Phytochemical Screening of 

the Extract  

The A. indica aqueous extract was subjected 

to chemical tests for the identification of its ac-

tive constituents. The test was conducted using 

the methods reported by Vimalkumar et al. 

[48] and Bouasla et al. [49] with slight modifi-

cations. A 50% aqueous plant extract was pre-

pared by adding 10 mL of the extract into a 20 

mL volumetric flask, to which distilled water 

was added until reaching the mark. The pre-

pared solution was used throughout the tests. 

Qualitative phytochemical analysis on the de-

tection of phenol, flavonoid, and terpenoid was 

accomplished by using well-established stand-

ard methods. All these qualitative determina-

tions rely on the visual colour change reaction 

as a basic response to the presence of a specific 

phytochemical compound in the extracts [50]. 

 

2.3.1. Detection of phenols   

The test was conducted following the ferric 

chloride test by adding 2 mL of FeCl3 (5%) to 2 

mL of the extract. The formation of blue or 

black colour indicates the presence of phenols. 

 

2.3.2. Detection of flavonoids 

The detection of flavonoids was performed 

using the alkaline reagent test, where 2 mL of 

NaOH (2% w/v) was added to 2 mL of the ex-

tract, which will result in a colour change to 

deep yellow. A few drops of HCl (2 M) were 

then added, and the decolourisation of the yel-
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low colour will serve as the indication of flavo-

noids’ presence in the extract. 

 

2.3.3. Detection of terpenoids  

The Salkowski test was used for terpenoid 

detection. Around 2 mL of CHCl3 was added to 

2 mL of the extract, and two separate layers 

will be formed. Then, a few drops of concentrat-

ed H2SO4 were slowly added. The formation of 

a brick red colour between the layers will indi-

cate the presence of terpenoids. 

 

2.4. Synthesis of TiO2 NPs 

TiO2 NPs were prepared by dissolving 14.8 

mL of TTIP in 35.2 mL of water as the solvent 

and stirred for 10 min at room temperature. 

Then, a selected amount of the aqueous leaf ex-

tract (1, 2, 5, 10, and 15 mL) was added drop-

wise under continuous stirring for 1 h at room 

temperature. The resulting mixture was then 

treated with 10 min of ultrasound homogeniser 

(40% amplitude, 20 kHz frequency) and kept 

cold using an ice bath. Subsequently, hydro-

thermal treatment was applied to the mixture 

using stainless steel autoclave with a Teflon 

chamber and heated for 12 h at 180 °C. After 

cooling down the autoclave, the precipitate was 

washed with ethanol and centrifuged at 4000 

rpm for 30 min three times before being put to 

dry at 60 °C for 16 h. After drying, the sample 

was calcined at 500 °C for 5 h. TiO2 NPs were 

tested for their photocatalytic activity, and the 

collected data were contemplated as a base for 

subsequent synthesis. 

Following the same steps described above, 

another sample was prepared by dissolving 

TTIP in ethanol absolute as the solvent instead 

of water. The influence of acetic acid was also 

studied by preparing two samples, where TTIP 

was dissolved in the selected solvent (ethanol 

or water), followed by the addition of leaf ex-

tract. However, prior to the ultrasound treat-

ment, 5 mL of glacial acetic acid was slowly 

added to the mixture. Finally, a sample was 

prepared by a combinatorial approach, which 

consists of dissolving TTIP in a water-ethanol 

mixture at a volume ratio of 1:1 (17.6 mL 

each), and then aqueous leaf extracts and 5 mL 

of glacial acetic acid were slowly added. Table 1 

lists the abbreviations for all the prepared 

samples. 

 

2.5. Catalysts Characterisations 

The X-ray diffraction (XRD) analysis was 

performed using an X-ray diffractometer 

(Rigaku Smart Lab, Japan) with Cu Kα radia-

tion (λ=1.5418 Å, 40 kV, 30 mA), and the data 

was collected over 2θ ranging from 20 to 80 º. 

Fourier transform infrared (FTIR) spectra of 

the TiO2 NPs using Perkin Elmer Spectrum 

1600 FTIR spectrometer within the range from 

4000 to 400 cm−1. The functional groups pre-

sent in the aqueous leaf extract were recorded 

by FTIR coupled with Attenuated total reflec-

tance (ATR). Absorbance studies were recorded 

within the scope of 300 − 800 nm using Ultra-

violet-Visible-Near-Infrared (UV-vis-NIR) spec-

trophotometer (SHIMADZU UV-3600Plus se-

ries). The specific surface area and pore size 

distribution studies were measured by nitrogen 

adsorption isotherms using Thermo Scientific 

Surfer Analyzer. The Brunauer-Emmett-Teller 

(BET) and Barrett–Joyner–Halenda (BJH) 

models were used to estimate the surface area 

and pore size of the TiO2 NPs. The surface 

morphology was determined using a Field-

emission scanning electron microscope 

(FESEM) (Zeiss Crossbeam 340).  

 

2.6. Photocatalytic Activity of TiO2 NPs 

The photocatalytic activity was investigated 

by suspending 0.1 g of the prepared TiO2 NPs 

Table 1. List of samples abbreviations.  

Sample Abbreviations 

TiO2 was prepared with distilled water as the solvent and differ-

ent amounts of leaf extracts, where the number at the back 

stands for the volume of extracts used. 

TiO2-DW-1, TiO2-DW-2, TiO2-DW-

5, TiO2-DW-10, and TiO2-DW-15. 

TiO2 was prepared using ethanol as solvent. TiO2-EtOH 

TiO2 was prepared with the addition of acetic acid and distilled 

water as solvent. 

TiO2-DW-AA 

TiO2 was prepared with the addition of acetic acid and ethanol 

as solvent. 

TiO2-EtOH-AA 

TiO2 was prepared by combining solvents and acetic acid. TiO2-Comb 
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in a beaker containing 50 mL of MO dye solu-

tion (20 mg/L). The mixture was subjected to 

sonication to achieve homogeneity. The TiO2 

NPs and MO solution was kept in the dark un-

der constant stirring for 1 h to reach adsorption 

equilibrium. The photocatalytic activity was 

then tested in the degradation of MO using a 6-

watt UV lamp. During the reaction, 3 mL ali-

quot was taken after intervals of 30, 60, 90, 

120, 150, 180, 210, 240, and 270 min (for 4.5 h). 

The obtained aliquots were subjected to centrif-

ugation at 4000 rpm for 25 min and analysed 

using a Shimadzu UV-Vis spectrophotometer 

(UV-1800 240V, Japan). The dye concentration 

(%C) after various time intervals was calculat-

ed using the following Equation (1).  

  

                                                                   (1) 

 

where, Ao and At are the absorbance of the dye 

before degradation and after degradation of dye 

at different time intervals time “t”, respective-

ly. Moreover, according to Dash et al. [51] , the 

kinetics of photocatalytic reactions are com-

monly investigated via the Pseudo-first-order 

rate law; therefore, the kinetics of MO dye deg-

radation were investigated by employing the 

pseudo-first-order kinetics reaction and ex-

pressed by the integrated formula shown in 

Equation (2). 

    

               (2) 

 

where, Ao is the initial absorbance of MO, At is 

the MO absorbance at a specific time (t), and k 

is the pseudo-first-order rate constant.  
 

3. Results and Discussion 

3.1. Phytochemical Screening Results  

The results were based on the colour chang-

es observed during the qualitative tests, as 

shown in Table 2. For the detection of the pres-

ence of phenolics, after the addition of FeCl3, 
the colour changed to black, confirming the 

presence of phenolics. For the flavonoids test, 

when NaOH was added, the colour changed to 

a deep yellow colour, and once HCl solution 

was added, the colour started to get lighter. 

Based on these colour changes, it could be con-

firmed that flavonoids were present. As for the 

terpenoids detection test, two layers were 

formed after the addition of chloroform. How-

ever, when H2SO4 was added, the brick red col-

our did not appear between the two layers, 

showing no sign of terpenoids in the A. indi-

ca leaf extract. 

 

3.2. Possible Mechanism for the Formation of 

TiO2 NPs 

Based on the phytochemical screening of A. 

indica leaf extract, the flavonoids and phenols 

are present and were reported to be the key bi-

oreduction components in plant extracts. Simi-

lar studies on TiO2 NPs biosynthesis using A. 

indica have suggested that these compounds 

have helped form and stabilize TiO2 NPs with 

their ability to donate hydrogen atoms or elec-

trons [18,47]. The mechanism of TiO2 synthesis 

from TTIP (Ti{OCH(CH₃)₂}₄) precursor starts 

with the hydrolysis of TTIP by water molecules 

resulting in titanium hydroxide (Ti(OH)4) as 

shown in the following Equation (3). 

 

Ti[OCH(CH3)2]4    +   4H2O   →   Ti(OH)4 +  

                  4(CH3)2CHOH         (3) 

 

Previous research has shown that the 

leaves of A. indica produce polyphenolic flavo-

noids such as quercetin [52]. The hydrogen at-

om in each of the hydroxyl groups in quercetin 

initially acquires a partial charge by virtue of 

being attached to the highly electronegative ox-

ygen atom, which hereby acquires a negative 

charge. Meanwhile, the hydroxide group at-

tached to the titanium atom behaves in a simi-

lar fashion in which the oxygen and hydrogen 

atoms acquire a partial negative and positive 

charge, respectively. Due to the presence of 

lone pair electrons on the oxygen atom in the 

titanium complex, it pulls the positively 

charged hydrogen from the quercetin, generat-

ing an intermediate structure. The intermedi-

ate complex removes a water molecule from the 

titanium atom, leaving a positive charge on the 

atom, resulting in the positively charged 

TiO(OH)2 intermediate. Figure 1 is the suggest-

ed bioreduction mechanism of TiO2 NPs, simi-

lar to that proposed by Aslam et al. [53]. A sim-

ilar process of electron transfer in the subse-

quent step results in the formation of the de-

sired TiO2 NPs.  

0ln
t

A
kt

A
=

0

0

% 100t
A A

C x
A

−
=

Table 2. Phytochemical constituents present in 

A. indica leaf extract  

Test Constituents Results 

Ferric chloride test Phenolics Present 

Alkaline reagent test Flavonoids Present 

The Salkowski test Terpenoids Absent 
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3.3  Physicochemical Properties of TiO2 NPs  

3.3.1  Functional group analysis of A. indica 

leaf extract and TiO2 NPs 

FTIR spectroscopy was used to identify the 

functional groups present in the aqueous leaf 

extract of A. indica and the prepared TiO2 NPs. 

The FTIR-ATR spectrum for the aqueous leaf 

extract is shown in Figure 2. The peak at 3300 

cm-1 is associated with the OH band stretching 

vibration, which indicates the presence of alco-

hols and phenolic compounds. The vibrations of 

the C=C group of alkenes are denoted by the 

peak at 2073.56 cm-1, while the C=O stretching 

of primary amides or the C=C groups of aro-

matic rings can be assigned to the peak at 1634 

cm-1. Meanwhile, the nitro N–O bending vibra-

tion is responsible for the peak at 1396 cm-1, 

and the C–O vibrations of carboxylic acids 

peak can be seen at 1082 cm-1. As reported by 

other research, the findings showed that flavo-

noids and proteins included in the extract are 

thought to be important for the formation and 

stabilization of TiO2 NPs [18]. 

Figure 3 shows the FTIR spectra of the bio-

synthesized TiO2 NPs. The broad absorption 

bands observed at 3444 cm−1 and 1630 cm−1 

correspond to the O–H bond stretching and 

bending vibrations at the surface of TiO2 NPs, 

respectively, due to adsorbed moisture [51]. A 

broad absorption band in the region of 430 – 

850 cm-1 is attributed to the Ti–O and Ti–O–O 

stretching vibrations in the TiO2 NPs, confirm-

ing that TiO2 NPs were successfully obtained 

[54,55]. The TiO2 NPs calcined at 500 °C indi-

cated no traces of organic components’ func-

tional groups, confirming complete calcination. 

 

3.3.2  Crystallinity studies of TiO2 NPs by X-

ray diffraction  

The crystallinity of the biosynthesized TiO2 

NPs was determined using XRD analysis. Fig-

ure 4 shows the XRD patterns of TiO2-DW-1, 

TiO2-DW-2, TiO2-DW-5, TiO2-DW-10, and 

TiO2-DW-15. Within the 2θ range of 20 – 80 °, 

several diffraction peaks of the anatase phase 

(JCPDS no. 00-021-1272) were observed. The 

major peaks were observed at 2θ values of 

25.31 °, 37.68 °, 48.02 °, 53.99 °, 55.03 °, 62.57 

°, and 74.97 °, corresponding to (101), (004), 

(002), (105), (211), (204), and (215), respective-

ly. However, a small amount of brookite phase 

(JCPDS no. 01-072-0100) was observed at a 2θ 

Figure 1. The possible mechanism of the bioreduction to TiO2 NPs in the presence of quercetin in 

A. indica leaf extract  

Figure 2. FTIR-ATR spectrum of aqueous A. 

indica leaf extract  

Wavenumber (cm-1) 
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value of 30.81 ° corresponding to (211) for TiO2-

DW-1 and TiO2-DW-2, with 12.0 and 3.1% of 

brookite phase, respectively. The anatase 

phase TiO2 is thought to be the most active 

[56]. Nevertheless, it has been reported that 

the photocatalytic activity of samples with a 

mixture of phases (anatase/rutile or ana-

tase/brookite) is better than that of single-

phase samples [57]. Thus, TiO2-DW-1 and 

TiO2-DW-2 have shown a great performance 

suggesting that the phase mixture is one of the 

possible photocatalytic activity enhancing fac-

tors. 

Based on the photocatalytic activity testing 

results, which will be discussed in the following 

sections, 2 mL of leaf extract was chosen as the 

optimum amount. Figure 5 shows the XRD re-

sults of TiO2-DW-2, TiO2-DW-AA, TiO2-EtOH, 

TiO2-EtOH-AA, and TiO2-Comb. It was appar-

ent that all the samples obtained a single ana-

tase phase, except for TiO2-DW-2. The XRD 

peaks of the biosynthesized TiO2 NPs show 

that the TiO2-DW-2 sample has very low crys-

tallinity as the peaks became broader and 

weaker in intensity, indicating a decrease in 

crystallinity. As for the TiO2-DW-AA sample, 

prepared with the addition of acetic acid, the 

diffractogram shows sharper peaks with 

stronger intensity compared to that of TiO2-

DW-2, which was prepared without acetic acid. 

Figure 3. FTIR spectra of (a) TiO2-DW-1, (b) TiO2-DW-2, (c) TiO2-DW-5, (d) TiO2-DW-10, (e) TiO2-DW-

15 (f) TiO2-DW-AA, (g) TiO2-EtOH, (h) TiO2-EtOH-AA, and (k), and TiO2-Comb  

Figure 4. XRD patterns of the biosynthesized 

(a) TiO2-DW-1, (b) TiO2-DW-2, (c) TiO2-DW-5, 

(d) TiO2-DW-10, and (e) TiO2-DW-15 samples, 

including an inset showing the zoomed-in view 

of brookite phase peak  

Figure 5. XRD patterns of (a) TiO2-DW-2, (b) 

TiO2-EtOH, (c) TiO2-EtOH-AA, (d) TiO2-DW-

AA, and TiO2-Comb samples, including an in-

set showing the zoomed-in view of brookite 

phase peak  
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This result is in agreement with the literature, 

which reported that the addition of acetic acid 

increases crystallinity [34]. TiO2-EtOH shows 

the sharpest peaks with the strongest intensi-

ties, indicating its highest crystallinity than all 

of the prepared samples. The decrease in crys-

tallinity for TiO2-EtOH-AA and TiO2-Comb 

could probably be due to the volume ratio of 

ethanol to acetic acid, which further decreased 

for the TiO2-Comb sample. This may have af-

fected the content of anatase produced in TiO2 

NPs [58]. Even though crystallinity is an im-

portant factor, there is no clear conclusion on 

the individual impact of crystallinity on photo-

catalytic activity [56]. This is because anatase 

NPs usually exhibit a broad distribution of 

crystallite sizes [59], where the photocatalytic 

activity can also be influenced by other physical 

properties [60], such as the NPs size and sur-

face area. 

 

3.3.3  Morphology of TiO2 NPs by FESEM 

The morphology of the TiO2 NPs can be seen 

in the FESEM images shown in Figure 6. All 

the samples show agglomeration and are al-

most spherical in nature. The average particle 

sizes of TiO2-EtOH, TiO2-EtOH-AA, and TiO2-

Comb are 30.4, 27.4, and 27.3 nm, respectively; 

larger than TiO2-DW-2 and TiO2-DW-AA, both 

of which have smaller average particle sizes of 

21.0 and 22.5 nm, respectively. This can poten-

tially be linked to the polarity index of the re-

action medium [61]. According to the author, 

the size of the NPs increases with the decrease 

in the polarity index. In this case, ethanol-

Figure 6. FESEM images of (a) TiO2-DW-2, (b) TiO2-DW-AA, (c) TiO2-EtOH, (d) TiO2-EtOH-AA, and (e) 

TiO2-Comb, with magnification of 100000 times  
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based samples have resulted in larger sizes in 

comparison to water-based samples. In a medi-

um with a high polarity index, a large number 

of charged ions are adsorbed on the surface of 

the NPs, leading to the formation of an electri-

cal double layer around the colloidal particles 

[62]. This increases the particles’ zeta poten-

tial, thereby preventing aggregation by repul-

sion. Control of the surface charge can be 

achieved by changing the solvent’s polarity, 

which governs the interaction between parti-

cles leading to size control [63]. The optical, 

electronic, and catalytic characteristics of NPs 

are significantly influenced by their size and 

shape due to variations in surface area, the 

number of active sites, and the quantum size 

effect [64]. The small NPs size can cause an in-

crease in their specific surface area, which can 

enhance the photocatalytic activity. The 

FESEM results have indicated that the biosyn-

thesized TiO2 NPs could be an effective way to 

obtain small-size TiO2 NPs. 

 

3.3.4  UV-Vis-NIR studies of TiO2 NPs 

The absorption spectra of TiO2-EtOH, TiO2-

DW-2, TiO2-DW-AA, TiO2-Comb, and TiO2-

EtOH-AA are shown in Figure 7(a), wherein 

the absorption edge of the samples have esti-

mated wavelength values of 365, 369, 374, 379, 

and 383 nm, respectively. TiO2-DW-AA, TiO2-

EtOH-AA, and TiO2-Comb samples show high-

er wavelength as their NPs sizes decreased 

compared to that of the TiO2-EtOH sample, 

where the absorption edge was largely shifted 

to a lower wavelength. This is most likely due 

to the increase in particle size [65]. However, 

in the case of TiO2-DW-2, the absorption edge 

shifted to a lower wavelength, possibly due to 

the presence of brookite, as it has been report-

ed that anatase and brookite mixture would 

cause a blue shift in the wavelength [66]. 

The bandgap energy of the TiO2 NPs was 

determined using the UV-Vis-NIR absorption 

spectra by utilizing the Tauc plot to plot 

(ahn)1/2 vs. hn. Based on the value of the x-

intercept, the bandgap energy of TiO2 NPs was 

obtained by taking the linear extrapolation in 

the plot, as seen in Figure 7(b) – (f). The 

bandgap energy values of TiO2-EtOH, TiO2-

DW-2, TiO2-DW-AA, TiO2-Comb, and TiO2-

EtOH-AA samples are 3.22, 3.18, 3.17, 3.16, 

and 3.14 eV, respectively. The TiO2 NPs’ 

bandgap energy values were in the range of the 

Figure 7. UV-Vis-NIR absorption spectra of (a) the prepared TiO2 NPs combined and Tauc plots of (b) 

TiO2-DW-2, (c) TiO2-DW-AA, (d) TiO2-EtOH, (e) TiO2-EtOH-AA, and (f) TiO2-Comb  
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anatase phase [67]. However, the bandgaps val-

ue variation can be due to factors such as the 

NPs size or the presence of phase mixtures in 

the case of the TiO2-DW-2 sample having a 

small amount of brookite phase [57,68]. There-

fore, the values are in agreement with the XRD 

results.  
 

3.3.5 BET surface area and pore volume of 

TiO2-NP 

The adsorption-desorption isotherms of the 

prepared TiO2 NPs are shown in Figure 8. All 

the isotherms are of Type IV, according to IU-

PAC’s classification, which indicates the prop-

erties of mesoporous materials [69]. TiO2-DW-

AA, TiO2-Comb, and TiO2-EtOH-AA samples 

have the type H1 hysteresis loop. This means 

that the materials consist of an open, uniformly 

sized cylindrical pore [70]. The hysteresis loop 

assigned to TiO2-DW-2 and TiO2-EtOH sam-

ples are type H3, which indicates that the ma-

terials have aggregate slit-shaped pores [70]. 

The addition of acetic acid to the process is 

plausibly responsible for this difference. In a 

research published by Mahmoud et al. [71], 

acetic acid and other acid species were used to 

illustrate how they affect the physicochemical 

characteristics of TiO2 NPs. The study also re-

vealed how the hysteresis loops changed de-

pending on the acid utilized. According to an-

other study by Nguyen et al. [72], the type of 

acid employed and its quantity have an impact 

on the isotherm type. Therefore, in this study, 

the use of acetic acid in the process is a poten-

tial factor in the emergence of different hyste-

resis loop types.  

Figure 8. N2 adsorption-desorption isotherms and pore size distribution (inset) of (a) TiO2-DW-2, (b) 

TiO2-DW-AA, (c) TiO2-EtOH, (d) TiO2-EtOH-AA, and (e) TiO2-Comb  
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The distribution of TiO2 NP’s pore size was 

measured using the BJH method from the de-

sorption branch, and the plots are shown in the 

inset of Figure 8. The samples’ BET surface ar-

eas, average pore size distribution, and pore 

volumes are summarized in Table 3. Using the 

BJH method, the pore volumes of the biosyn-

thesized TiO2 NPs were calculated. Compared 

to all the other samples, TiO2-DW-2 displayed a 

significantly higher surface area (144.0 m2/g) 

and pore volume (0.6602 cm3/g), which previous 

studies stated that the higher the surface area, 

pore sizes, and volumes are for mesoporous 

TiO2, the more enhanced the photocatalytic ac-

tivity of the material due to the access improve-

ment to their active sites [73,74]. On the other 

hand, TiO2-EtOH has the lowest surface area 

as it has the largest NPs sizes. 

 

3.4. Photocatalytic Activity of TiO2 NPs 

The photocatalytic activity of the biosynthe-

sized TiO2 NPs was tested in the photodegra-

dation of MO dye under UV light irradiation. 

All of the samples were capable of degrading 

MO under UV light irradiation. The UV spec-

tra of MO and TiO2-DW-2 reaction under 1 h of 

dark condition and under UV light every 30 

min within 270 min are shown in Figure 9(a) 

as an example of the degradation monitoring 

process. By comparing all the degradation per-

centages, as shown in Figure 9(b), TiO2-DW-2 

clearly demonstrated the best photocatalytic 

activity with an MO degradation percentage of 

98.62% after 270 min. This is most likely due 

to the small particle sizes, resulting in a signif-

icantly higher surface area. This will, in turn, 

increase the photocatalytic activity of TiO2 NPs 

[75]. Furthermore, as mentioned before, the 

mixture of anatase/brookite phases could have 

also improved the photocatalytic activity. Com-

mercial TiO2 NPs photocatalytic activity was 

tested and compared with the biosynthesized 

TiO2 NPs. The commercial TiO2 NPs managed 

to degrade 84.32% of the MO solution, while 

the biosynthesized TiO2 NPs showed a lower 

degradation percentage except TiO2-DW-2 and 

TiO2-DW-1 with 98.62% and 92.22% of MO de-

graded, respectively.  

The photocatalytic degradation efficiencies 

of MO initiated by TiO2 NPs samples are 

demonstrated in Figure 10(a)-(b), indicating 

how the degradation rate was significantly fast 

for TiO2-DW-2 samples compared to the other 

samples. Figure 11(a)-(b) are the plots of 

ln(A0/At) vs. time (t) of MO degradation in the 

presence of the biosynthesized TiO2 NPs. The 

rate constants of the reactions were deter-

mined by the slope calculated from the plots. 

The plots resulted in regression lines with cor-

relation coefficient (R2) values (Table 4), which 

confirm that the reactions fit the first-order ki-

netic model. The calculated rate constant of 

TiO2-DW-2 for MO degradation is 0.0147 min-1 

Table 3. The BET surface area and pore volume of the biosynthesized TiO2 NPs  

TiO2 NPs SBET (m2/g) Average pore size (nm) Pore volume (cm3/g) 

TiO2-DW-2 144.0 13.37 0.6602 

TiO2-DW-AA 93.3 10.33 0.3988 

TiO2-EtOH 85.4 18.71 0.4141 

TiO2-EtOH-AA 110.0 9.36 0.3223 

TiO2-Comb 116.0 8.83 0.3335 

Figure 9. (a) The UV-Vis absorbance spectra of 

MO aqueous solution in the presence of TiO2-

DW-2, (b) Degradation percentages of MO dye 

solution in the presence of (i) TiO2-Commercial, 

(ii) TiO2-DW-1, (iii) TiO2-DW-2, (iv) TiO2-DW-5, 

(v) TiO2-DW-10, (vi) TiO2-DW-15, (vii) TiO2-

DW-AA, (viii) TiO2-EtOH, (ix) TiO2-EtOH-AA, 

and (x) TiO2-Comb  
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which is the highest, followed by TiO2-DW-1 

(0.0087 min-1) and TiO2-Commercial (0.0064 

min-1). Table 4 summarizes the rate constant of 

the biosynthesized and the commercial TiO2 

NPs. 

4. Conclusion 

This study managed to successfully biosyn-

thesize TiO2 NPs using the leaf extract of A. in-

dica. The ethanol and water solvents and ace-

tic acid usage have demonstrated a sizeable in-

fluence on the physicochemical properties of 

the prepared TiO2 NPs. It was found that the 

presence/absence of acetic acid in the reaction 

affects TiO2 NPs’ degree of crystallinity differ-

ently based on the solvent used. On the other 

hand, the particle size is mainly affected by the 

solvent’s polarity, whereby an increase in the 

polarity leads to a decrease in the size of the 

NPs. TiO2-DW-2 showed the highest MO deg-

radation percentage, 98.62% in 270 min, and a 

pseudo-first-order kinetic constant of MO deg-

radation of 0.0147 min-1. The photocatalytic re-

sults demonstrated that TiO2-DW-2 performed 

better than commercial TiO2 under the same 

test conditions, mainly due to the former’s high 

BET surface area (144.0 m2/g). Consequently, 

Figure 10. Photodegradation of MO dye solution in the presence of (a) TiO2-DW-1, TiO2-DW-2, TiO2-

DW-5, TiO2-DW-10, and TiO2-DW-15 and (b) TiO2-Commercial, TiO2-DW-AA, TiO2-EtOH, TiO2-

EtOH-AA, and TiO2-Comb  

Figure 11. ln (A0/At) vs. t plot for determination of the rate constant for MO degradation using (a) TiO2-

DW-1, TiO2-DW-2, TiO2-DW-5, TiO2-DW-10, and TiO2-DW-15 and (b) TiO2-Commercial, TiO2-DW-AA, 

TiO2-EtOH, TiO2-EtOH-AA, and TiO2-Comb  

Table 4. Summary of R2 and pseudo-first-order 

rate constant of MO degradation in the pres-

ence of TiO2 NPs. 

TiO2 NPs / MO k (min-1) R2 

TiO2-Commercial 0.0064 0.9341 

TiO2-DW-1 0.0087 0.8592 

TiO2-DW-2 0.0147 0.8706 

TiO2-DW-5 0.0042 0.9349 

TiO2-DW-10 0.0031 0.9675 

TiO2-DW-15 0.0029 0.9421 

TiO2-DW-AA 0.0023 0.9669 

TiO2-EtOH 0.0030 0.9460 

TiO2-EtOH-AA 0.0029 0.9611 

TiO2-Comb 0.0032 0.9839 
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based on the TiO2-DW-2 sample’s performance, 

it can be concluded that this green procedure is 

highly efficient for the production of TiO2 NPs 

with good physicochemical properties and pho-

tocatalytic activity with the usage of toxic 

chemicals kept to a minimum. 
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