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ABSTRACT: Eco-friendly approaches for the preparation of nanomaterials have recently attracted considerable attention of
scientific community due to rising environmental distresses. The aim of the current study is to prepare titanium dioxide (TiO,)
nanoparticles (NPs) using an eco-friendly approach and investigate their performance for the photocatalytic degradation of
hazardous organic dyes. For this, TiO, NPs were prepared by using the aqueous extract of the Pulicaria undulata (L.) plant in a
single step at room temperature. Energy-dispersive X-ray spectroscopy established the presence of both titanium and oxygen in the
sample. X-ray diffraction revealed the formation of crystalline, anatase-phase TiO, NPs. On the other hand, transmission election
microscopy confirmed the formation of spherical shaped NPs. The presence of residual phytomolecules as capping/stabilization
agents is confirmed by UV—vis analysis and Fourier-transform Infrared spectroscopy. Indeed, in the presence of P. undulata, the
anatase phase of TiO, is stabilized at a significantly lower temperature (100 °C) without using any external stabilizing agent. The
green synthesized TiO, NPs were used to investigate their potential for the photocatalytic degradation of hazardous organic dyes
including methylene blue and methyl orange under UV—visible light irradiation. Due to the small size and high dispersion of NPs,
almost complete degradation (~95%) was achieved in a short period of time (between 1 and 2 h). No significant difference in the
photocatalytic activity of the TiO, NPs was observed even after repeated use (three times) of the photocatalyst. Overall, the green
synthesized TiO, NPs exhibited considerable potential for fast and eco-friendly removal of harmful organic dyes.

1. INTRODUCTION concentration of toxic and carcinogenic organic dyes due to
Textile mills are considered as one of the crucial sources of their extensive use in this sector.” Indeed, organic dyes have
industrial revolution in developing nations." However, they are become an integral part of industrial liquid wastes due to their
also regarded as a great threat to the environment, which widespread applications in various industrial activities other
generate approximately one-fifth of world’s industrial water than the textile sector.”

pollution through the use of thousands of hazardous chemicals So far, several approaches have been applied to remove these
including carcinogenic compounds.” Moreover, textile indus- hazardous dyes from industrial effluents including coagulation,

tries also require a huge amount of water for various processes,
and the liquid waste released from these sectors consists of
several contaminants which cause significant environmental
dalmage.3 The colored wastewater released from textile
industries typically contains unpleasant odor, high pH,
biochemical oxygen demand, chemical oxygen demand, and a
large amount of suspended solids, including a variety of
inorganic salts, hazardous chemicals, and heavy metals.”’
Besides, the industrial effluent also contains a high

adsorption, biodegradation, membrane process, activated
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sludge treatment process (ASTP), and advanced oxidation
process (AOP).>” Each one of these processes has its own
benefits and drawbacks, which are selected according to the
requirement.'’ For example, mostly the effluent treatment
plants apply the conventional ASTP due to its low cost;
however, this method is not efficient in removing toxic organic
dyes.'"'” However, other physicochemical treatment pro-
cesses, such as coagulation and adsorption, require large
quantity of chemicals and hence are environmentally not
suitable.'”' *While membrane technologies including mem-
brane bioreactors etc. are effective, these processes are less
energy efficient and require high operating cost.'” Among
these processes, the AOPs have significant potential in the
treatment of dye-based industrial effluent as these techniques
are capable of de§rading soluble organic contaminants from
liquid wastes.'™"" Particularly, heterogeneous photocatalytic
degradation-based AOPs are promising methods for the
degradation of organic dyes as these techniques are more
effective as compared to other AOPs due to the low cost of
semiconductor-based photocatalysts and high efficiency in
mineralizing a variety of organic dyes.'”*’

In this regard, nanoparticle (NP)-based semiconducting
photocatalysts offer great potential for the development of
AOP-based liquid waste treatment technologies. Nanomateri-
als including nanocrystalline transition-metal oxides offer high
reactivity, great degree of flexibility for functionalization, large
surface area, and other size-dependent properties.”’ To date,
several semiconducting NPs have been applied as photo-
catalysts for the degradation of organic dyes such as, ZnO,
Zr0,, TiO,, V,0s, and so forth.”” Especially, TiO,-based
photocatalytic oxidation has been extensively applied for the
degradation of organic dyes due to its stability, low cost, and
optical absorption in the UV region. However, inactivity of
TiO, in visible light due to its wide band gap (3.2 eV) seriously
hindered its large-scale application which is typically addressed
by band gap engineering. For example, Khan et al. have
modified commercial TiO, NPs using electron beam treat-
ment, which rendered them visible light activeness.”’ Apart
from this, several other approaches have also been tried to
enhance the photocatalytic efficiency of TiO, in the visible
region, such as doping with transition metals, deposition of
noble metal ions (Ag, Au, etc.) on the TiO, surface, and so
forth.”* For instance, nitrogen doping of TiO, fibers performed
by Calisir et al. using polyvinylpyrrolidone as a carrier polymer
and nitrogen source has significantly enhanced the light
absorption capacity of the as-prepared sample in the visible
region.”> Apart from wide band gap, the chemical preparation
of TiO, NPs requires specific conditions; high temperature and
expensive and toxic chemicals also restrict TiO, applications
due to serious eco-toxicological concern.

Therefore, the green synthesis of narrow-band-gap and
visible-light-active TiO, NPs using biodegradable materials
such as plant extracts, microorganisms, and enzymes is
becoming increasingly popular due to its simplicity, cost-
effectiveness, eco-friendly nature, and low toxicity. For
example, in a recent study, Khan et al. have modified
(introduced defects) commercially obtained TiO, NPs using
a green, biogenic, and energy-efficient process in which NPs
were treated in the cathode chamber of a microbial fuel cell.”®
Additionally, the preparation of semiconducting TiO, NPs
using plant extracts has also attracted considerable attention,
which minimizes the use of chemicals and other contaminants
and enhances the environmental suitability of the treatment
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process. To date, several studies reported the application of
green synthesized TiO, NPs for dye degradation. Still, there is
continued urge for an environmental friendly preparation of
TiO, NPs. Therefore, in the current study, TiO, NPs were
prepared using the aqueous extract of the Pulicaria undulata
(L.) plant using a facile, green chemistry approach. P. undulata
is an important plant belonging to the genus Pulicaria and
family Asteraceae. This plant is traditionally popular as an insect
repellent, 7galactagogue, antiepileptic, and a tonic in folk
medicine.”” Besides, due its antibacterial and sedative activities,
it has also been used for the treatment of various ailments.”® P.
undulata has been known to contain a variety of
phytomolecules including sesquiterpenes and lactones and is
also rich in certain polyphenolic contents which potentially
plla)zf8 an important role in the biosynthesis of nanomateri-
als.”™

Indeed, in our previous study, we have demonstrated the
reducing and stabilizing potential of P. undulata for the
synthesis of silver (Ag), gold (Au), and Au—Ag alloy NPs.*
Herein, we have demonstrated the green synthesis of TiO,
NPs using the P. undulata plant extract at a significantly
lowered calcination temperature (100 °C) without using any
external stabilizing agent. While in other studies, strong
chemical stabilizers and high calcination temperatures (>400
°C) were required during the post treatment of NPs to obtain
stable TiO, NPs.*"** However, in this case, the stabilizing
ability of the phytoconstituents of P. undulata plant extract
facilitated the formation of highly stable TiO, NPs at lower
temperature. To confirm the successful formation of TiO, NPs
and study their optical and morphological properties, X-ray
diffraction (XRD), UV—vis, Fourier-transform infrared (FT-
IR), field-emission scanning electron microscopy (SEM),
energy-dispersive spectroscopy (EDS), and transmission
electron microscopy (TEM) were employed. Furthermore,
the photocatalytic properties of the as-prepared TiO, NPs
were evaluated for the degradation of methyl orange (MO)
and methylene blue (MB) in the presence of NaBH, at room
temperature, and the progress of degradation was monitored
by UV.

2. EXPERIMENTAL SECTION

2.1. Materials. Titanium(IV) isopropoxide [Ti(OCH-
(CH;),)4 97%], MB (C,¢H;5CIN,S), MO (C,,H,,N;Na0,S),
and sodium borohydride (NaBH,) and other reagents used
were purchased from Sigma-Aldrich (USA) and used without
purification. Double-distilled water was used in all the
experiments. Aerial parts of P. undulata were extracted
according to the method reported in our previous study.’’
Briefly, P. undulata was identified by a taxonomist from King
Saud University. The aerial parts of fresh P. undulata were cut
into small pieces and dried at room temperature for 15 days in
the shade. The dried and powdered aerial parts (343 g) of P.
undulata were extracted for 3 h with boiling water. The
aqueous extract was cooled and filtered through Whatman
filter paper. After drying at 50 °C in vacuo in a rotary
evaporator, 24.0 g of dark brown powdered water extract was
obtained and used for the subsequent synthesis of TiO,
particles. For the synthesis of TiO, NPs, plant extract was
used from the previously prepared stock solution which was
obtained by dissolving 10 mg of PE powder in 1 mL of Milli-Q
water.

2.2. Preparation of TiO, NPs. Green synthesis of TiO,
NPs was performed according to the following procedure, as

https://doi.org/10.1021/acsomega.1c05090
ACS Omega 2022, 7, 4812—-4820


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Scheme 1. Facile Green Synthesis of TiO, NPs Using the Aqueous Extract of P. undulata and Their Application as

Photocatalysts toward the Degradation of Dyes
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shown schematically in Scheme 1. Briefly, 200 mL of distilled
water was taken in 500 mL conical flask, and its pH was
adjusted to 1.5 using a required amount of diluted HCL To
this solution, a separately prepared mixture of titanium(IV)
isopropoxide (S mL) and isopropanol (S0 mL) was slowly
added under stirring using a dropping funnel. The resulting
solution was allowed to stir for 45 min at room temperature.
Subsequently, 5 mL of P. undulata PE from the previously
prepared stock solution was added to the mixture and stirring
was continued for an additional 30 min. Thereafter, stirring
was stopped and the as-obtained sol was sonicated for 90 min
(80 MHz). Then, water was evaporated in a hot air oven at
100 °C for 24 h and dry gel was obtained. Finally, the gel was
dried at 100 °C in a furnace, which resulted in the formation of
plant extract-stabilized TiO, NPs (PE-TiO,). Similarly, the
procedure and parameters were adopted to prepare TiO, NPs
(TiO,) in the absence of PE. However, in the place of PE, 1
mL of 0.05 M hydrazine hydrate was added. In this case, the
sample was calcined in a furnace at different temperatures (100
and 400 °C).

2.3. Characterization of PE-TiO, and TiO, NPs. Powder
XRD patterns were recorded using a Bruker diffractometer [Cu
Ka (1 = 1.5406 A) X-ray source] (D2-Phaser, Bruker,
Germany). The phase of TiO, was confirmed by comparison
of major peak positions reported in standard JCPDS database.
SEM, TEM, and energy-dispersive X-ray (EDX) spectroscopy
were carried out on Jeol, JED-2200 series (Akishima, Tokyo
196-8558, Japan) and Jeol TEM model JEM-1011 (Japan) at
100 keV, respectively. UV spectroscopy was performed on a
Lambda 35 UV—Vis spectrophotometer (PerkinElmer, Wal-
tham, MA, USA) in quartz cuvettes using distilled water as the
reference solvent. The samples were prepared by diluting 1 mL
of the NP reaction solution (collected during and at the end of
the reaction) in 9 mL of water. FT-IR spectra were recorded
on a PerkinElmer Spectrum 100 FT-IR spectrometer (FT-IR,
PerkinElmer, Waltham, MA, USA) in the transmittance mode
in the 400—4000 cm™" range.

2.4. Photocatalytic Degradation of Dyes. The photo-
catalytic degradation of MB and MO was performed by the
addition 1 mL of 0.01 M NaBH, solution into 30 mL of 1073
M MB and MO solutions under stirring, respectively. After
sometime (S min), 100 mg of PE-TiO, was added, and the as-
prepared mixture was irradiated with a 24 W Philips light-
emitting diode (LED) lamp (4 > 400 nm) which was kept at a
distance of ~10 cm from the mixture. The solution was stirred
continuously until the reaction was complete (change in the
color of the reaction solution indicates the completion of the
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reaction). For the kinetic study of the degradation of MB and
MO, a small amount of the sample was taken out at regular
intervals and analyzed using UV—vis spectroscopy. Reusability
of PE-TiO, was tested by performing repeated (three times)
photocatalytic degradation of MB under similar aforemen-
tioned conditions. All the reactions were performed for 1 h,
and after every reaction, the catalyst was separated via
centrifugation, washed with deionized water, and reused.

3. RESULTS AND DISCUSSION

Two different samples of TiO, NPs were prepared in the
presence (PE-TiO,) and absence (TiO,) of P. undulata PE to
study the effect of plant extract on the preparation of NPs. In
the presence of plant extract, TiO, NPs were formed at a much
lower calcination temperature (100 °C) without using any
external reducing and/or stabilizing agent. Whereas under
similar conditions in the absence of plant extract, the formation
of TiO, NPs did not occur. However, TiO, NPs were also
formed in the absence of PE, when NaBH, was used during the
preparation in the place of PE and when the sample was
calcined at a high temperature of 400 °C.

Initially, the preparation of TiO, NPs under different
conditions was confirmed by XRD analysis. The XRD patterns
of TiO, NPs with PE (PE-TiO,), without PE (TiO,-100 °C),
and NPs obtained by using NaBH, and at a high calcination
temperature (TiO,-400 °C) are shown in Figure 1. The results
reveal the successful formation of crystalline, anatase phase of
TiO, NPs in the case of PE-TiO, (green line, Figure 1) and
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16000 —— Ti02-400 °C
~— 14000 —— Ti02-100 °C
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© 12000 — JCPDS card number 78-2486
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"
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Figure 1. XRD patterns of TiO, NPs prepared by using different
reaction conditions and calcination temperatures.
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TiO,-400 °C (orange line, Figure 1). However, the XRD
pattern of TiO,-100 °C (red line, Figure 1) which was
prepared without using PE did not exhibit characteristic
reflection (consists of few broad reflections) due to the
absence of TiO, NPs in the sample. Notably, the XRD
reflections in PE-TiO, (green line, Figure 1) are much sharper
when compared to the reflection of TiO,-400 °C (orange line,
Figure 1), pointing toward the formation of a highly crystalline
sample in the presence of PE. This could be due to the
effective stabilization of NPs by the phytomolecules of plant
extract. The average crystallite size of the PE-TiO, NPs was
calculated by Debye Scherrer’s equation.

kA
P cos @

Debye — Scherer’s equation d = 0
where d is the NP’s average mean diameter, 1 is the
wavelength, and f is the angular full width at half-maximum
of the peaks. The average crystallite size of the PE-TiO, NPs
was found to be ~7 nm. The XRD pattern of PE-TiO, NPs
exhibited several reflections at different 20 angles such as
25.51, 38.05, 48.41, 54.83, 62.95, 70.64, and 75.55° which
correspond to the miller indices (hkl) of (10 1), (004), (20
0),(211),(204),(220),and (2 1 S), respectively. This
clearly matched with the anatase phase of TiO, NPs reported
in the XRD database (JCPDS card no. 78-2486).> These
results confirm that P. undulata PE facilitated the formation of
the anatase phase of highly crystalline TiO, NPs at a much
lower calcination temperature (calcined at 100 °C for 3 h)
when compared to the chemically synthesized NPs (TiO,-400
°C). Indeed, the sharp reflections in the XRD of PE-TiO,
point toward the high crystallinity of the green synthesized
TiO, NPs, which possibly enhances the photocatalytic activity
of the sample.**

The stabilization of green synthesized TiO, NPs by the
phytomolecules of PE is confirmed by both UV—vis and FT-IR
spectroscopies. For the purpose of comparison, UV spectra of
pure P. undulata PE (green line, Figure 2), PE-TiO, (red line,

1.2

— PE-TiO;
— PE

1

—— Ti02-400 °C

0.8

0.6 +

0.4 +

Absorbance (a.u.)

0.2 +

0 v y ¥
200 300 400 500

600 700

Wavelength (nm)

Figure 2. UV—vis spectra of P. undulata PE (green line), PE-TiO,
(red line), and TiO,-400 °C (blue line).

Figure 2), and TiO,-400 °C (blue line, Figure 2) were
measured, as shown in Figure 2. The UV spectrum of pure PE
consists of two characteristic peaks at 285 and 328 nm due to
the presence of phenolics and other phytomolecules.”®*®
However, pristine TiO, NPs typically exhibit a characteristic
absorption peak in the range of 320—350 nm.’® The UV
spectrum of PE-TiO, consists of two different absorption peaks
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at 288 and 329 nm, which are similar to the peaks of pure PE,
indicating the presence of phytomolecules of P. undulata PE as
stabilizing ligands on the surface of TiO, NPs. Notably, the
characteristic UV peak of TiO, NPs is not clearly visible in the
UV spectrum of PE-TiO, due to the overlapping of peaks in
the similar region between 320 and 350 nm. While the peak at
330 nm in the UV spectrum of TiO,-400 °C confirms the
formation of TiO, NPs by the chemical method, the absence
of UV peaks belonging to the PE further assures the successful
stabilization of TiO, NPs by PE phytomolecules in PE-TiO,.

Additionally, FT-IR analysis of PE, PE-TiO,, and TiO,-400
°C were also performed to recognize the possible phytomo-
lecules based on the identification of chemical groups present
in the P. undulata PE, as shown in Figure 3. The PE showed a

90
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c
©
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Figure 3. FT-IR spectra of plant extract (green line), PE-TiO, (red
line), and TiO,-400 °C prepared at higher calcination temperature
without using PE (blue line).

broad absorption between 3800 and 3300 cm™' and sharp
bands at ~2929 and 2850 cm ™}, corresponding to the O—H
and C—H stretches (red line, Figure 3), respectively. Peaks at
1753, 1620, and 1405 cm™! can be attributed to C—H
deformations and C—C and C—O stretches, respectively.
However, 1264 and 1059 cm™' peaks represent C—O stretches
of alcohol and ether groups, respectively. Possibly, these
functional groups indicate the presence of phenolic and
flavonoid groups in the P. undulata PE, which may be
responsible for the reduction and/or capping of metallic ions
(Ti*") of the starting material, and play a crucial role during
the eco-friendly preparation of TiO, NPs. Indeed, majority of
the IR peaks present in the PE also exist in the IR spectrum of
PE-TiO, (green line, Figure 3) with slight shifts and reduced
intensities. This confirms the dual role of P. undulata PE for
the reduction and surface stabilization of resulting NPs. On the
other hand, no such peaks are found in the IR spectrum of
chemically synthesized TiO, NPs (Ti0,-400 °C). The IR
spectrum of Ti0,-400 °C (blue line, Figure 3) exhibits a wide
peak at ~3425 cm™ together with a small and sharp peak at
~1630 cm™, which possibly represents the existence of the
OH group and surface-adsorbed water molecules, respec-
tively.”” Besides, a broad peak in the range of 500—700 cm™
can be attributed to Ti—O stretching and Ti—O—Ti bridging
stretching modes.”® These peaks may also indicate the
formation of an anatase phase of TiO, NPs, which is reported
to exhibit an IR peak at 652 cm™".*” Markedly, the absence of
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Figure 6. (a) Photocatalytic activity of green synthesized PE-TiO, NPs was evaluated toward the degradation of MB, and (b) kinetic profiles of the
photocatalytic degradation of MB under lamp irradiation [24 W Philips LED lamp (4 > 400 nm)] using PE-TiO, NPs.

characteristic peaks between 2900 and 3000 cm™" belonging to
C—H stretching points toward the removal of organic
compounds from TiO,-400 °C due to high calcination
temperature.

After confirming the synthesis and stabilization of green
synthesized TiO,, PE-TiO, was subjected to microscopic
characterization including TEM, SEM, and EDX. The
morphology of the PE-TiO, NPs was analyzed by TEM.
Figure 4 shows spherical-shaped, slightly irregularly sized
nanocrystalline TiO, NPs in the size range of 5—20 nm, which
also confirm grain sizes estimated by XRD. The SEM images
were also recorded to determine the morphology and average
grain size of the NPs. The SEM images shown in Figure Sa also
indicate the spherical-shaped TiO, NPs with a diameter
ranging from ~5 to 25 nm. Clearly, a considerable number of
small and distinct TiO, NPs can be seen along with some

4816

relatively larger-sized well-dispersed NPs. The high-quality
dispersion of PE-TiO, can be attributed to the residual
phytoconstituents of P. undulata PE, such as flavonoids,
polyphenols, alkaloids, and so forth, which have facilitated the
stabilization of the resulting TiO, NPs and thus enhanced the
dispersion of NPs by inhibiting their agglomeration. In
addition, EDS was used to determine the elemental
composition of PE-TiO, NPs. The EDX spectrum in Figure
Sb revealed the composition of the sample, which includes
both Ti (titanium) and O (oxygen). Besides, the presence of
carbon contents at 222 eV and a large percentage of oxygen
can be attributed to the phytomolecules of PE remained on the
surface of TiO, NPs as stabilizing ligands.

3.1. Photocatalytic Degradation of MB and MO. The
photocatalytic activity of green synthesized PE-TiO, NPs was
evaluated toward the degradation of two different organic dyes

https://doi.org/10.1021/acsomega.1c05090
ACS Omega 2022, 7, 4812—-4820


https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
0.21
— Omin (a) 1.04 = (b) —=— MO/time
018 { | — |\
—_ 0.8 4 \
S 0.15
8
® 0.12 0.6 1
2 o
5 9
{3 0.09 O 0.4
]
B 4
< 0.06 0.2 \\\\\\\\
L]
0.03 ] T~
0.0 -
0.00 —TT T -

325 375 425 475
Wavelength (nm)

525 575

v T T
80 100 120

Reaction time (min)

Figure 7. (a) Catalytic activity of green synthesized PE-TiO, NPs was evaluated toward the degradation of MO, and (b) Kinetic profiles of the
photocatalytic degradation of MO under lamp irradiation [24 W Philips LED lamp (4 > 400 nm)] using PE-TiO, NPs.

Table 1. Comparison of the PE-TiO, Photocatalyst for the Dye Degradation Comparable with the Other TiO,-Based

Photocatalysts Reported in the Literature

s. no type of photocatalyst method of preparation type of dye time of reaction (min) degradation (%) literature
1 flower-shaped TiO, hydrothermal MB 180 ~90 42
2 TiO,/activated carbon chemical method MB 90 ~92 43
3 TiO,/Ag chemical method MB 30 ~95 31
4 TiO, green synthesized MB 60 ~95 in this study
S TiO, sol—gel method MO 130 ~90 44
6 TiO, sol—gel method MO 60 ~60 45
7 TiO, hydrothermal method MO 120 ~55 46
8 TiO, green synthesized MO 120 ~95 in this study

including MB shown in Figure 6a,b and MO shown in Figure
7a,b using 1 mL of 0.01 M NaBH, solution. These dyes were
selected as they show different colors before and after
degradation, which is helpful to confirm the completion of
the reaction. MB belongs to a category of cationic thiazine dye
which is applied in several fields including chemical and
biomedical applications. MB demonstrates deep blue color in
its oxidized state in the aqueous solution and is colorless when
reduced (leuco form).*” The UV spectrum of MB exhibits
absorption peaks at 290 and 664 nm due to 7 — 7* and n —
* transitions, which can be used to monitor the reduction of
dye. On the other hand, MO is an azo dye and typically used as
an indicator in several applications. MO is orange red in color
in the aqueous solution and exhibits strong absorption peaks at
464 nm due to the presence of the —-N=N-— group.”'

In case of the degradation of both MB and MO, NaBH, is
used, which is a strong reducing agent; however, it is not
sufficient to complete the reactions due to the difference in
redox potential, which makes them kinetically forbidden. To
prove this point, the degradation reactions were performed
using NaBH, as reducing agents in both the presence and
absence of the PE-TiO, nanocatalyst. In the absence of
nanocatalysts (blank experiment), both the color and the
intensity of the characteristic absorption peaks of MB (664
nm) and MO (464 nm) were slightly changed after a long time
(several hours). This indicates that NaBH, is not capable of
degrading dyes individually. However, in the presence of the
PE-TiO, photocatalyst, the rate of degradation significantly
increased, even with the addition of a small amount of the
catalyst. Indeed, the photocatalytic activity of PE-TiO, is either
slightly better or comparable to the other TiO,-based
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photocatalysts reported in the literature (cf. Table 1). Upon
the addition of photocatalysts in both cases, the color of the
reactions gradually changed to colorless in a short period of
time. This is also reflected in their UV spectra, where the
intensity of the characteristic 4,, gradually decreased upon
increasing the reaction time. To make the degradation
reactions eco-friendlier, we tried to replace NaBH, with P.
undulata PE due to its good reducing potential. For this
purpose, several experiments were conducted using P. undulata
PE instead of NaBH,, in both the presence and absence of the
PE-TiO, nanocatalyst (data not shown here). However, in this
case, the degradation of dyes did not occur even after using the
PE-TiO, photocatalyst. This shows that the reducing potential
of P. undulata PE is not sufficient to proceed the dye
degradation reaction. Prior to all photocatalytic degradation
reactions, the reaction mixture containing dye and catalysts
was stirred under darkness for 30 min to achieve adsorption
equilibrium.

The time-dependent degradation of MB under irradiation is
demonstrated in Figure 6. In this case, within an hour of
irradiation, in the presence of the PE-TiO, nanocatalyst, the
intensity of the characteristic absorption peak of MB at 664 nm
gradually decreased and almost disappeared after 60 min. This
indicated the degradation of MB (~95%), which is also
reflected by the change in the color of the solution from blue
to colorless. In addition, the kinetic profiles for the
photocatalytic degradation of both dyes are calculated with
respect to time and shown in Figures 6b and 7b. Both figures
show the relative rate of degradation versus time. MB almost
degraded after 60 min, whereas the same concentration of MO
took almost 120 min. The concentration of each pollutant

https://doi.org/10.1021/acsomega.1c05090
ACS Omega 2022, 7, 4812—-4820


https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05090?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(organic dye) could be monitored at a given time. Similarly,
the degradation of MO was also performed in the presence of
the PE-TiO, nanocatalyst. The UV spectrum of MO exhibits
two characteristic absorption bands at 464 and 272 nm, which
are attributed to the azo bond and phenyl ring of the MO.
Upon irradiation, these bands decrease due to the dissociation
of azo bonds and the phenyl ring, which leads to the
degradation and mineralization of MO.*” Also, in this case,
without the PE-TiO, photocatalyst, the degradation process
was very slow, whereas in the presence of the catalyst,
complete decolorization of the dye was achieved in a short
period of time. As shown in Figure 7, due to photoirradiation,
complete degradation of MO was achieved in 120 min (~95%)
in the presence of the PE-TiO, nanocatalyst, whereas without
the nanocatalyst, the degradation was almost negligible. In
order to test the reusability of the PE-TiO, photocatalyst,
repeated (three cycles) photocatalytic degradation of MB was
performed under similar reaction conditions. After every
reaction, the catalyst was separated via centrifugation, washed
with water, and reused. Even after repeated use, the activity of
the photocatalyst was slightly effected, which is reflected by the
marginal decrease in the degradation percentage of MB, which
was recorded to be 79% in 1 h even after three cycles, as shown
in Figure 8. To check the stability, after the third cycle, the

100
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Conversion (%)
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Reuse 1
Reuse 2

Reuse 3
Number of times catalyst reused

Figure 8. Reusability study of the PE-TiO, photocatalyst toward the
degradation of MB under similar reaction conditions (room
temperature, 1 h reaction time).

reused photocatalyst was characterized by SEM and XRD (cf.
Figure S1, Supporting Information), which did not exhibit any
major changes in the texture and phase of the photocatalyst.

4. CONCLUSIONS

Herein, we studied the synthesis of TiO, NPs (PE-TiO,) using
the aqueous extract of the P. undulata plant and their
performance toward the degradation of hazardous organic
dyes including MO and MB. The NPs were prepared in a
single step at room temperature without using any external
stabilizing ligands. In this case, the PE facilitated the formation
of TiO, NPs at a much lowered calcination temperature (100
°C), unlike chemically synthesized TiO, NPs (TiO,-400 °C).
It is noteworthy that the chemical preparation of TiO, NPs
was performed by using NaBH, as the reducing agent. In this
method, a high calcination temperature of 400 °C is required
during the post treatment process to obtain a stable phase of
TiO, NPs. However, the functionalizing ability of the
phytomolecules of the P. undulata PE helped to stabilize PE-
TiO, NPs at a much lower calcination temperature (100 °C).
The formation and morphology of PE-TiO, NPs are
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established by XRD, EDX, SEM, and TEM. However,
successful stabilization of NPs by the residual phytomolecules
of the PE is indicated by UV—vis and FT-IR analysis. The as-
prepared PE-TiO, acted as an effective photocatalyst for the
degradation of MB and MO under visible light irradiation. The
broad-spectrum solar photocatalytic activity of the nanocatalyst
can be attributed to the smaller-sized, crystalline nature of
anatase-phase PE-TiO, NPs. Moreover, the presence of a large
amount of residual phytomolecules on the surface of NPs
rendered highly dispersed and stabilized TiO, NPs which
allowed better utilization of a broad spectrum of solar radiation
during photocatalysis. Therefore, the eco-friendly synthesis of
TiO, NPs using the aqueous extract of biodegradable and
nontoxic P. undulata PE is a promising approach to prepare
other functional metal oxides. NPs can be effectively utilized to
combat various environmental threats including hazardous
organic dyes.
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