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Abstract: Green synthesis is a simple, non-toxic,  

economical and eco-friendly approach for the synthe-

sis of nanoparticles. In the present work, nanoparticles 

of titanium dioxide (TiO
2
 NPs) were synthesized using 

an aqueous solution of Syzygium cumini leaf extract 

as a capping agent. These green synthesized TiO
2
 NPs 

were further evaluated for photo catalytic removal of 

lead from industrial wastewater. Obtained nanopartic-

les were characterized using: high-resolution scanning 

electron microscopy (HRSEM), high-resolution trans-

mission electron microscopy (HRTEM), X-ray energy dis-

persive spectroscopy (EDS), Fourier transform infrared 

(FT-IR) spectroscopy, X-ray diffraction (XRD), dynamic 

light scattering (DLS) and Brunauer-Emmett-Teller 

(BET). Obtained results revealed that synthesized TiO
2 

NPs possess spherical morphology with anatase phase 

with a large BET surface area of 105 m2/g. Photo cata-

lytic studies of TiO
2
 NPs for lead removal from explosive 

wastewater were performed in a self-designed reactor. 

Inductive coupled plasma spectroscopy (ICP) was used 

to determine the lead concentration. Obtained results 

witnessed 75.5% removal in chemical oxygen demand 

(COD) and 82.53% removal in lead (Pb2+). This applica-

tion of green TiO
2 
NPs is being explored for the first time.
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1  Introduction
Environmental safety is nowadays a prime global 

challenge. In this, water pollution is one of the alarming 

areas. Various types of discharges like heavy metals, 

dyes, and pesticides enters different water bodies turns 

out to be critical sources of water pollution. Among 

these, heavy metals are hazardous due to their high 

aquatic solubility and easy access to living body through 

the food chain causing various health disorders [1-7]. 

Among the heavy metals, lead (Pb) is a priority pollutant 

and is widely present [3]. Electroplating, mining, metal 

finishing, and lead smelting are some of the sources 

from which lead enters the water bodies [8]. As per the 

World Health Organization (WHO) and Environmental 

Protection Agency the maximum permissible limit of lead 

in the drinking water is 0.05 ppm [9,10]. So, it is of prime 

importance to restrict the lead concentration to the range 

0.05-0.10 ppm before discharge to local water bodies 

[10,11]. Many research activities are being conducted to 

curb this environmental problem.

Conventional approaches like physical, chemical 

and biological processes are being followed for waste 

water treatment [12]. Each of these processes depends 

on factors like feasibility, efficiency, and economics [13]. 

Photo catalysis is a kind of chemical method which is 

in demand due to its simplicity, low cost, non-toxic, 

high degradation efficiency and excellent stability. In 

the process of photo catalysis, oxidation is induced by 

UV light and sensitized by photo catalysts such as TiO
2
, 

ZnO, etc. [14]. Among these, TiO
2 
with band gap energy 

of 3-3.5 eV promotes the photo catalytic behavior in a 

considerable way [15]. The electron transfer mechanism 

in TiO
2
 from valance band to conduction band during 

exposure to UV or visible light generates a hole (h+), 

which further contacts with water to form an OH radical. 

This OH radical will act as a strong oxidizing agent and 

stands responsible for removing organic pollutants, 

pesticides and heavy metals like lead (Pb) [16] from  

the waste water through photo oxidation mechanism. 
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The generation electron, photon, and OH radical are 
written in the reactions shown below.

	 TiO2 +h/λ = TiO2 +e- + h+� (1)

	 H2O +2h+ = OH. + H+� (2)

	 TiOH + h+ = TiOH.� (3)

Nanoparticle synthesis through chemical route 
generally stands expensive due to the use of synthetic 
chemicals which are detrimental to the living eco  

system [17]. On the other hand, synthesis through green 
route is a simple, less toxic, economical and eco-friendly 
way to synthesize nanoparticles from various extracts of 
plants, microbes, enzymes, etc. [18]. Few works on green 
synthesized nanoparticles and their usage in wastewater 
treatment are reported [19]. Literature on synthesis 
of TiO2 NPs using various plant extract like Glycosmis 
cochinchinensis [20], Jatropha curcas [21], Moringa oleifera 
[22], Aloe barbadensis Miller [23], and Psidium guajava [24] 
is tabulated (Table 1).

Table 1: Nanoparticle synthesize from different plant extract.

SL. No. Plant used for synthesis of TiO2 NPs Plant image Particle size (nm) Reference

1 Glycosmis cochinchinensis 35-45 [20]

2 Jatropha curcas 75 [21]

3 Moringa oleifera 12.22 [22]

4 Aloe barbadensis
Miller 20 [23]

5 Psidium guajava 32.58 [24]
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In this paper, titanium dioxide nanoparticles were 
synthesized from Syzygium cumini leaf extract using a 
green synthesis approach. Previously, Syzygium cumini 
extract was used for the synthesis of nanoparticles 
like iron, silver and gold but TiO2 NPs was synthesized 
by using its leaf extract was a new one. Synthesized 
NPs were used to remove the lead contamination from 
explosive waste waters by photo catalytic degradation 
method. Experimental methodology, characterizations 
and obtained results were elaborately discussed in the 
following sections. This is first of its kind work to use 
green synthesized titanium dioxide nanoparticles as 
a catalyst for photo catalytic degradation of lead from 
industrial waste waters.

2  Experimental

2.1  Materials

Titanium-isopropoxide as purchased (TTIP Sigma-
Aldrich, AR grade, purity > 97%) was used for the 
synthesis of TiO2 nanoparticles. Fresh leaves of Syzygium 
cumini were collected from IIT (BHU) Varanasi campus 
and were further processed for use as bio-template. 
Industrial waste water having lead was collected 
from a commercial explosive manufacturing industry, 
Jharkhand, India. It was used directly without any 
purification and stored in a glass bottle and kept in the 
refrigerator for use.

2.2  Green synthesis of TiO2 NPs

At first Syzygium cumini leaves, collected from the campus, 
were thoroughly washed with double distilled water to 
remove any dirt adhered to the surface. Now leaves were 
allowed to dry at 60°C temperature in a tray drier. Later, 
these dry leaves were subjected to comminution using 
laboratory grinder and obtained powder was collected 
and stored. Leaf extract, to be used as capping/stabilizing 
agent was prepared by mixing 20 g of powder with 
100 mL of distilled water and heating the mixture at 80°C 
for 60 min. Extract obtained after heating was filtered 
using Whatman filter paper and was used as a capping/
stabilizing agent for the synthesis of nanoparticles. TiO2 

NPs by the green route were prepared by adding 80 mL of 
5 mM TTIP solution to 80 mL of Syzygium cumini extract in 
the ratio of 1:1 (volume/volume) followed by continuous 
stirring at room temperature for 8 h. The mechanism 

behind the formation of TiO2 NPs was hydrolysis of TTIP, 
which was the dominant pathway for the formation of TiO2 
NPs [25]. The leaf extract present in solution mixture act as 
a capping/stabilizing agent was to prevent agglomeration 
and achieving the desired shape and size of the TiO2 NPs. 
After stirring the mixture was centrifuged at 9000 rpm 
for 10 min to separate the nanoparticles. Obtained wet 
powdered TiO2 NPs were dried at 100°C for one night 
and then subjected to calcination at 570°C in a muffle 
furnace for 3 h. Thus, obtained TiO2 NPs were collected 
and stored for further characterization and photo catalytic 
degradation of waste water was studied. Pictographic 
representation of the overall synthesis process is shown 
in Figure 1.

2.3  Characterization

Nanoparticles were characterized for physical, chemical, 
structural and morphological evaluations. Morphological 
evaluation of green synthesized TiO2 nanoparticle was 
done by high-resolution scanning electron microscopy 
(HRSEM) (Nova Nano SEM 450) equipped with an energy 
dispersive X-ray spectroscopy system (EDAX Inc.). 
Chemical evaluation was done using Nicolet 560FT-IR 
spectroscopy in the range of 400-4000 cm–1. Physical 
evaluation was done using dynamic light scattering (DLS) 
(Nano plus common) to get particle size distribution, also 
stability of the nanoparticles as dispersion was analyzed 
using zeta potential analyzer (Malvern Instruments) and 
Brunauer-Emmett-Teller surface area analyzer (ASAP 
2020, Micromeritics) was used to determine the surface 
area, pore size distribution and volume of pores. Structural 
evaluation of nanoparticles was performed using Ultima IV,  
Rigaku X-ray diffractometer (Cu-Kal = 0.154 nm) at a 
radiation of 40 kV/15 mA within the 2θ range of 10°-80° 
at room temperature. Further the energy band gap of 
titanium dioxide nanoparticles was calculated using 
CARY-100 Bio UV-Visible spectrophotometer. Under the 
photo catalytic application of nanoparticles, the toxicity of 
the wastewater before and after photo catalytic oxidation 
is measured using inductive coupled plasma spectroscopy 
(Thermo Scientific). 

2.4  Photo catalytic properties

The photo catalytic performance of the green synthesized 
TiO2 nanoparticle from Syzygium cumini extract is 
studied on the explosive industrial wastewater source 
having lead contaminant. The wastewater samples were 
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collected and stored at 6-7°C for further physicochemical 
analysis. Collected sample (500 mL) without altering 
the pH was treated photo catalytically using the green 
TiO2 NPs (0.3 g) for 12 h in a self-designed and fabricated 
photo catalytic reactor. The reactor consists of three UV 
lamps of 15 W each. Initially, to establish the equilibrium 
between lead and TiO2 nanoparticles the sample was 
kept in the dark (without UV) for 30 min. Afterward the 
lamps were switched on, and the samples were collected 
from the UV reactor at a regular interval of time and 
were centrifuged at 9000 rpm for 10 min to obtain a clear 
supernatant of industrial wastewater which was stored 
in sample bottles. 

The lead concentrations were analyzed by inductive 
coupled plasma spectroscopy (Thermo Scientific). 
The operating conditions of the ICP instrument before 
analysis was set to camera temperature: −45.65, optics 
temperature: 38°C, pump rate = 45 rpm, gas flow rate =  
1.5 L/min (argon) and wave length (λ) = 220.353 nm. 
Standards taken for calibration plot were 1.25 ppm, 
2.5 ppm, 5 ppm, and 10 ppm. A control sample without 
nanoparticle was also taken as a reference for the photo 
catalytic degradation study. For a comparative study, 
another experiment was done in the dark with TiO2 

nanoparticles in the sample and sample were collected 
at a regular interval for analysis.

Chemical oxygen demand (COD) parameter was also 
monitored to determine the pollution profile by evaluating 
the removal efficiency of heavy metal ions and COD. COD 
analysis in the current work was done using UNIPHOS-
COD analyser based on the principle of absorption of light 
at wavelength 595 nm by potassium dichromate in the 
digested sample.

3  Results and discussion

3.1  X-ray diffraction (XRD)

XRD pattern of synthesized TiO2 NPs as shown in Figure 2 
indicates its crystalline nature. Significant peaks in 
a 2θ  range of 10° < 2θ < 80° were observed at 25.38°, 
37.97°, 48.14°, 54.40° and 62.71° and suitably matches 
to the Miller indices (hkl) values: (1 0 1), (0 0 4), (2 0 0), 
(1 0 5) and (2  0  4), respectively, to confirm the anatase 
phase. Obtained results were justified with JCPDS (Joint 
Committee on Powder Diffraction Standards) Card No. 

Figure 1: Synthesis of TiO2 nanoparticle from Syzygium cumini leaf extract.
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78-2486 [26]. Weak peak at 30.98° was also observed 
and was assumed due to the orthorhombic crystalline 
structure. High crystalline nature of the NPs which was 
indicated by a sharp peak, favors the photo catalytic 
activity. Debye Scherrer’s equation (Eq. 4) was used to 
calculate crystalline size of the particle.

	 d = 0.89l/b cos θ� (4)

where d was the crystalline size of NPs, λ was the 
wavelength of the X-ray radiation source, 0.89 was a 
constant crystalline shape factor, θ was the Bragg’s 
diffraction angle, and β was the full angular width at half 
maximum (FWHM) of XRD peaks recorded at diffraction 

angle 2θ. The average crystalline size of the green 
synthesized TiO2 NPs was found to be 10 nm.

3.2  �Dynamic light scattering (DLS) and zeta 
potential analysis

To analyze the particle size distribution, green synthesized 
TiO2 NPs were subjected to dynamic light scattering 
(DLS) analysis. Here material was dispersed completely 
in distilled water using ultra-sonicator for DLS analysis. 
Results obtained as shown in Figure 3a, reveals the mono-
disperse nature of particles with an average particle size 
was around 22 nm.

Nanoparticle stability was evaluated in term of zeta 
potential as shown in Figure 3b. It was found that the zeta 
potential value was strongly negative i.e. −18.7 mV which 
implies good colloidal nature of particle which was fairly 
stable [27].

3.3  BET and FTIR analysis

The surface area analysis of synthesized nanoparticles 
was done using Brunauer-Emmett-Teller (BET) surface 
area analyzer. Other outputs like, pore size and pore 
volume were also obtained using Barrett-Joyner-
Halenda analysis. Results revealed that synthesized 
TiO2 NPs had high surface area of 105 m2g-1 with  
10.50 nm pore size and 0.278 cm3/g pore volume which 
will stand beneficial for photo catalytic action to treat the 
lead contaminated industrial wastewater. The obtained Figure 2: XRD pattern of synthesized TiO2 nanoparticles.

Figure 3: (a) Particle size distribution of synthesized TiO2 nanoparticles; (b) Zeta potential analysis.
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adsorption-desorption isotherms curve of the synthesized 
nanoparticle was shown in Figure 4a.

The FTIR spectra of green synthesized TiO2 NPs 
were used to determine different functional groups 
responsible for the formation of nanoparticles. Figure 4b  
reveals that the green synthesized TiO2 NPs had a 
large peak at 3354 cm-1, and a small peak at 1628 cm-1 
due to hydroxyl group and surface adsorbed water 
respectively [28]. This hydroxyl group was assumed to 
be responsible for the photo catalytic activity of NPs. 
FTIR spectrum of green synthesized nanoparticles 
also showed characteristic bands at 1024 cm-1 which 
indicates the presence of C–O stretching alcohols, 
carboxylic acids, esters, and ethers. Peaks at 1024 and 
493 cm-1 were attributed to Ti–O stretching and Ti–O–Ti 
bridging stretching mode [29,30]. The peak at 493 cm-1 

confirmed the presence of TiO2 nanoparticles. No peak is 
observed at 2900 cm-1 for C–H stretching which confirms 
that removal of the organic compound after calcination 
for 3 h at 570°C [31].

3.4  SEM-EDAX

The morphology of TiO2 nanoparticles was determined by 
using HRSEM analysis. Obtained results as showcased in 
Figure 5a, reveals that the synthesized TiO2 particles were 
in spherical in shape and aggregated into an irregular 
structure with an average diameter of 18 nm. It is observed 
that the powder particles were slightly agglomerated. 
Compositional analysis of synthesized TiO2 nanoparticle 
was done by EDAX analysis. As shown in Figure 5b, wt% 

Figure 4: (a) Adsorption- desorption isotherms curve of the synthesized nanoparticle; (b) FTIR plot of synthesized TiO2 NPs.

Figure 5: SEM-EDX image of synthesized TiO2 NPs.



N.K. Sethy et al.: Green synthesis of TiO2 nanoparticles from Syzygium cumini extract   177

of Ti was found highest at 66.54%, and of oxygen (O) was 
at 33.46% and no other peaks are observed. This confirms 
the presence of TiO2 particles.

3.5  TEM analysis

Figures 6a and 6b give the TEM image and SAED pattern 
of TiO2 nanoparticles synthesized by green route. The 
average size of the particle in Figure 6a was found to be 
11 nm which was near about to the crystal size calculated 
by Debye Scherrer’s equation in the XRD result. On SAED 
image, the diffraction rings match with the XRD pattern 
and confirmed the crystallinity and anatase phase of the 
TiO2 nanoparticles in Figure 6b [32].

3.6  UV-Vis spectroscopy of TiO2 NPs

UV-Visible spectrophotometer was used to study the 
band gap of synthesized TiO2 nanoparticles by green 
route. Results obtained as shown in Figure 7 showcase 
a prominent peak at 356 nm with absorbance less than 
1. Strong peak at 356 nm in the range of 200 to 600 nm 
confirms the synthesis of greenTiO2 NPs [33].

Energy band gap of synthesized TiO2 nanoparticles by 
green route can be estimated using Eq. 5:

	
=

λ
Eg hc � (5)

where Eg – band gap energy (eV), h – Planck’s constant, 
c – light velocity (m/s), and λ – wavelength at maximum 
absorbance (nm).

From Eq. 5, the band gap energy (Eg) to be calculated 
as 3.48 eV. UV absorbance spectra of TiO2 conclude that 
it acts as a photo catalyst and reacts intensively in the 
presence of UV light due to the formation of OH radicals 
which responsible for removal of lead ions [34].

3.7  Photocatalytic activity

The performance of synthesized nanoparticles was tested 
for the photo catalytic treatment of lead-contaminated 
explosive industrial wastewater. The physicochemical 
properties of waste water before and after treatment were 
presented in the Table 2. 

The degradation of wastewater was analysed by 
measuring the concentration of Pb as a function of time. 
At the same time, it was also significant to carry out a 
blank test (without NPs) to ascertain that degradation 
was mainly due to the photo catalytic reaction of TiO2 NPs. 
Post treatment, the effectiveness of the treatment process 
was evaluated by calculating the removal efficiency using 
as per Eq. 6.

	 R (%) = Pb0−Pbt/Pb0 × 100� (6)

where Pb0 and Pbt were the initial and final concentration 
of lead in wastewater before and after the photo catalytic 
treatment.

Figure 6: TEM analysis.
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The obtained values from the ICP analysis of lead 
concentration in the sample were given in Table 3.

Results after 17 h treatment showed a sharp decrease in 
Pb concentration from 8.6 ppm to 1.5 ppm in the presence 
of TiO2 + UV when compared to experiments carried in 
dark condition where the concentration decreased to  
8.35 ppm. This sharp decline in concentration was 
attributed to the photo-catalytic activity of TiO2 NPs 
on lead ion present in the water sample, whereas in 
dark condition the minor change in concentration was 
attributed to the adsorption of Pb on TiO2 surface [35]. The 
decrease in Pb concentration in the photolysis condition 
(only UV light) was due to photo degradation of Pb by the 
strong UV wavelength. Comparative results as shown in 
Figure 8a for uncatalyzed and TiO2-catalyzed degradation 
with time (12 h) reveals that the degradation rate is about 
82.53% in TiO2-catalyzed, and only 3.14% in uncatalyzed. 

This not only supports but also proves the role of TiO2 NPs 
in the photo catalytic degradation of Pb.

Effect of Pb concentration on the photo catalytic 
degradation rate was also investigated and presented in 
Figure 8a. First-order law kinetic model as shown in Eq. 7  
was used to analyse the photo catalytic degradation of Pb 
[36]:

	 rPb= –dCPb/dt = kappCPb� (7)

Equation 7 after integrating can be rewritten as:

	 ln (CPbo/CPb) = kapp t� (8)

where CPbo and CPb are initial and final concentration of Pb 
(ppm), kapp represent the pseudo first-order constant (h-1), 
and t the time (h).

Graph between ln(CPbo/CPb) versus time (t) for Pb 
was observed to be linear Figure 8b with a rate constant 
0.097 h-1. R2 value being greater than 0.96 indicates a good 
correlation with the first order kinetics. The large surface 
area of TiO2 NPs provides a large number of active site 
which is responsible for the effective degradation.

Chemical oxygen demand (COD) of the original 
sample was 8450 mg/L, which was greater than the 
permissible limit. Water bodies with high loading of COD 
disturb the ecological functions which lead to adverse 

Figure 7: UV-Vis spectra of synthesized TiO2 NPs.

Table 2: Water characteristics before and after treatment.

Physico-chemical parameter Before treatment After treatment

pH 7.6 7.8
Lead (ppm) 8.621 1.5
COD (mg/L) 8450 2004
Color (a.u.) Yellow (0.15) Light yellow (0.07)
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Figure 8: (a) Pb removal profile in UV and dark condition in the presence of synthesized TiO2 NPs; (b) Kinetic data for Pb removal with 
synthesized TiO2 NPs.

Figure 9: (a) COD removal profile in UV light; (b) Kinetic data for COD removal with the synthesized TiO2 nanoparticles.

Table 3: ICP and COD values at different condition.

Time (h) Pb concentration (ppm) in 
absence of TiO2 NPs + UV

Pb concentration (ppm) in  
presence of TiO2 NPs + dark

Pb concentration (ppm) in  
presence of TiO2 NPs + UV

COD (mg/L) in presence  
of TiO2 NPs + UV

0 8.621 8.621 8.621 8450
2 8.621 8.560 7.844 6300
4 8.598 8.412 7.397 5500
6 8.598 8.35 5.325 4900
8 8.595 8.35 4.713 3800
13 8.595 8.35 2.170 3187
16 8.595 8.35 1.506 2187
17 8.595 8.35 1.500 2004
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effect to aquatic life [37]. However, a considerable 
decrease in chemical oxygen demand (COD) was observed 
after the photo catalytic treatment of wastewater using 
synthesized nanoparticle i.e. TiO2 NPs, and 75.5% removal 
was achieved. The COD removal profile was shown in 
Figure 9a which was evaluated in the manner similar to 
lead removal. Kinetic study for COD removal as shown in 
Figure 9b also shows a good approximation for first-order 
kinetic with R2 > 0.95 and rate constant 0.121 h-1.

4  Conclusion
Syzygium cumini leaf extract was used for the synthesis of 
TiO2 nanoparticles by a green approach and the obtained 
nanoparticles were characterized to evaluate physical, 
chemical, structural and morphological behavior. Present 
method of synthesis proved to be useful in controlling the 
size of TiO2 nanoparticles, thereby tuning their catalytic 
properties. Synthesized TiO2 nanoparticles were spherical 
and aggregated into an irregular structure with an average 
diameter of 18 nm in size. They possess average crystalline 
size, surface area, pore size diameter and total pore 
volume of 10 nm, 105 m2/g, 10.50 nm, and 0.278 cm3/g, 
respectively. Synthesized nanoparticles were successfully 
used as a photo-catalyst for removal of lead from explosive 
industrial waste water in a cost-effective way with 75.5% 
removal of chemical oxygen demand (COD) and 82.53% 
removal of lead (Pb2+). Kinetic study reveals that 1st order 
kinetics was followed for photo-catalytic removal of lead 
as well as the COD removal of the industrial wastewater.
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