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ABSTRACT: ZnO and black TiO, have been selected as the most efficient materials for organic pollution abatement due to their
increased efficiency when compared to other materials. However, the concept of green chemistry makes it desirable to design green
synthesis approaches for their production. In this study, black TiO, was synthesized using an environmentally safe synthetic
technique with glycerol as a reductant. ZnO was prepared by using ionic-liquid-based microwave-assisted extracts of Polygonum
minus. To investigate the materials’ potential to photodegrade organic pollutants, methylene blue (MB) and phenol were chosen as
model organic pollutants. Both materials were found to exhibit spherical morphologies and a mesoporous structure and were
efficient absorbers of visible light. ZnO exhibited electron—hole pair recombination lower than that of black TiO,. Black TiO, was
discovered to be an anatase phase, whereas ZnO was found to have a hexagonal wurtzite structure. In contrast to black TiO,, which
had a surface area of 239.99 m?/ g and a particle size of 28 nm, ZnO had a surface area of 353.11 m?/ g and a particle size of 32 nm.
With a degradation time of 60 min, ZnO was able to eliminate 97.50% of the 40 mg/L MB. Black TiO,, on the other hand, could
reduce 90.0% of the same amount of MB in 60 min. When tested for phenol degradation, ZnO and black TiO, activities were
reduced by nearly 15 and 25%, respectively. A detailed examination of both ZnO and black TiO, materials revealed that ZnO has
more potential and versatility for the degradation of organic pollutants under visible light irradiation.

B INTRODUCTION process is regarded as being energy intensive because it
requires calcining the samples at 800 °C for 2 h.

In a different study, it was discovered that silver-doped ZnO
outperformed silver(Ag)-doped TiO,, as evidenced by the fact
that levofloxacin was degraded by 99% by ZnO in 180 min as
opposed to 91% by Ag/TiO, under ultraviolet light in the same

. 9 o . .
approach. Second, since its only by-products are water and time frame. Under visible light, however, ‘nelther type of
carbon dioxide, it does not cause any secondary pollution 1-3 material performed well because the degradation rates of Ag/
. . 0, :
The type of photocatalyst, however, largely determines how ZnhO and.tAg/ Tf102 were .ongrl 56, ?ll:ld ?9}1‘; » TeSp ect{ﬂ\fgly. To
well photocatalysis functions to degrade organic pollutants. enhance 1t performance 1n the visibie AgAt range, 11, was
ZnO and TiO, have drawn the most attention among also doped with other metals. For instance, Ag/TiO, was able
o .
photocatalysts and are thought to be the most effective. Due to remove only 16% of chemical oxygen demand (COD)

to their relatively better results in terms of degradation of under visible hght when used to dg,grade organics from ac.tual
various organic pollutants, both ZnO and TiO, have been wastewater, but it could remove 25% of COD under ultraviolet
)

suggested for use in environmental applications.** light.12 Because Pt/TiO, could only remove 11% of COD

TiO, is chemically and thermally stable and environmentally undelt' YiSible ligl:it_’ dopi'gig T(liOﬁ% with p 11a3tin11)1m (P,t) did not
biocompatible. However, it responds poorly to solar light. result 1n any discernible diiferences. reparing nano-

o . . . i ith h i 1
Additionally, it becomes dysfunctional due to the rapid composite Wit r.educ.ed graphene 0x1d.e was also used to
A . . . enhance the functionality of ZnO.™" For instance, the sol—gel
recombination of excited charges on its surface or in the

bulk.” While ZnO exhibits behavior that is identical to that of method was used to modify ZnO with neodymium(ILI) oxide

. . 15
TiO,, it has relatively higher electron mobility. However, it also (Nd,O5) in the presence of a copolymer (Pluronic F-108).
does not perform flawlessly under visible light. To improve
visible light-driven performance for organic pollution reduction Received:  June 14, 2023
various strategies have been adopted.'’ For instance, using a Accepted: September 12, 2023
composite of ZnO and TiO,, Rusman et al.'' reported 98.26% Published: September 22, 2023
Congo red dye degradation in just 10 min. Although the

composite had a higher efficiency and was prepared from green

precursors, Calopogonium mucunoides leaf extract, the synthesis

Heterogeneous photocatalysis is considered a green and
environmentally friendly technology for organic pollution
reduction. It has two key benefits. First, it may use renewable
and sustainable solar energy sources to power photoreactions,
making it a promising, green, and economically feasible
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Figure 1. (a) GCMS chromatogram and (b) FTIR spectrum of the plant extract.

According to the study, (Nd,O;) modified ZnO degrades
tetracycline 8.8 and 163 times more quickly than ZnO and
TiO,, respectively.

Since its discovery in 2011,'° black TiO, has been studied
for its potential to quickly degrade a variety of pollutants, such
as dyes, phenols, pesticides, pharmaceuticals, and others, using
solar or visible light.'”'® For instance, black TiO, produced by
chemical reduction was able to completely degrade 20 mg/L of
methyl orange in just 8 min of solar irradiation."” Another
study reported 70% degradation of 30 mg/L Rhodamine B in
just 5 min.” It is indisputable that black TiO, can swiftly

36077

degrade a variety of organic pollutants and enhance hydrogen
production using solar light.'””'™** It can overcome the
limitations of pristine TiO, through improved visible light
absorption and lower photogenerated charge carrier recombi-
nation.”® As an example, Vijayarangamuthu et al.”® recently
reported the production of black rutile TiO, with a crystalline
core and an amorphous shell composed of Ti** species and
Ti—OH bonding using microwave irradiation and H,0,. When
compared to pure rutile TiO,, H,0,-modified black TiO,
demonstrated 3-fold greater photocatalytic performance for
organic dye degradation. Sun et al.”’ used a hydrogenation

https://doi.org/10.1021/acsomega.3c04229
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process with NaBH, as an H, source to prepare black TiO,
with improved NIR and visible-light absorption. Naldoni et
al."® have shed light on the specific structural and electronic
characteristics of these catalytic materials, as well as the
fundamental structure—activity correlations that govern the
formation of crystal defects, enhanced light absorption, charge
separation, and photocatalytic activity.

However, most of the synthetic techniques employed for the
production of black TiO, use harsh synthesis conditions like
high pressure and temperature, using expensive and toxic
chemicals or reductants. Furthermore, in addition to their
toxicity, the solvents and reductants used in these procedures
are neither cheap nor easy to handle. In addition, because the
reduction process occurs largely on the surface of TiO,, the
Ti** ions and surface oxygen vacancies (SOVs) produced by
conventional hydrogenation procedures are typically unstable.

It is highly desirable to produce ZnO and black TiO, safely
and use chemicals or solvents that are nontoxic, nonflammable,
and widely accessible at a lower cost to satisfy the green
chemistry principle. ZnO and TiO, are contenders in a variety
of applications and have shown remarkable promise in
wastewater treatment when modified with metals, nonmetals,
organic coatings, and so on. However, modifying them with
metals and other techniques does not always increase their
performance under visible light nor does it always make the
synthesis process sustainable. Previously, the viability of both
photocatalysts for wastewater treatment was explored under
UV light, and promising findings were found. However, it is
also vital to study the efficacy of both systems in terms of
wastewater treatment under visible light as this can make the
process more economically viable. As a result, to the best of
our knowledge, this is the first time that the performance of
ZnO and black TiO, for the degradation of organic
compounds has been extensively evaluated. In this study,
green plant sources like Polygonum minus extract were used to
synthesize ZnO. This plant species is widely available and is
found throughout Malaysia. Utilizing an ionic-liquid-based
technique with microwave assistance, the extract was obtained
from P. minus. Due to its nontoxicity, low cost, and renewable
nature, glycerol—which was used to produce black TiO,—is
regarded as environmentally friendly.”® Glycerol is a by-
product of biodiesel production, and its amount is expected to
increase as various countries such as South America and Asian
countries have a keen interest in biodiesel production.
Therefore, incorporating excess glycerol in material synthesis
provides the dual benefits of producing valuable materials
while simultaneously eliminating the requirement to dispose of
glycerol. The properties of the materials were determined using
field emission scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy, X-ray diffraction, ultra-
violet—visible spectroscopy, Fourier transform infrared spec-
troscopy, and surface area and porosity measurements. The
performance of the synthesized ZnO and black TiO, was
evaluated for the degradation of two model compounds
namely, MB and phenol.

B MATERIALS AND METHODS

Materials. Ionic liquid 1-ethyl-3-methyl imidazolium
acetate [C;MIM][OAc], zinc nitrate hexahydrate (Zn
NO,;);-6H,0, titanium tetrachloride (TiCl,, >99.9%), ammo-
nium hydroxide (NH,OH, 35%), glycerol (95%), phenol
(>99%), and methylene blue were purchased from Merck. The

plant was obtained from the local market of Malaysia. Distilled
water was used throughout the experiments.

Extraction Procedure. The plant material was washed
three times with distilled water to eliminate dust and dirt
before being dried in the oven for 7 days at 45 °C. It was then
ground and processed into a powder with a mesh size of 60—
80 nm. Different powder sizes (20—40, 40—60, and 80—100)
were employed, but 60—80 nm mesh exhibited higher
extraction than others. First, the ionic liquid [C;MIM][OAc]
and powder were mixed in a 5:10 g/mL ratio and then
transferred to a mantle balloon. For the extraction, a
microwave operated at S0 °C and 60 W for 15 min was
used. The microwave temperature was managed by an outside
sensor. The extract was characterized using GCMS and FTIR
spectroscopy and its chromatogram and spectrum are
displayed in Figure 1.

The extract was chilled, filtered, and then stored at 4 °C in a
refrigerator. The extract contains several bioactive compounds,
as shown in Figure la, which play a vital role in the reduction
of salts generally used for the synthesis of ZnO.

Synthesis of ZnO. For the synthesis of ZnO nanoparticles,
6 mL of extract was taken and heated for S min on a hot plate.
Two grams of Zn(NO;),-6H,0 were added to the extract and
the reaction mixture was ultrasonicated. The reaction was
completed in 8 min at 60 °C and 80 W. A yellow-colored paste
was formed which floated on the surface of the solution. The
paste was centrifuged at 4000 rpm for 10 min and separated
from the aqueous ionic liquid. The paste was washed twice
with distilled water to remove the impurities. The yellow
precipitate was dried in a vacuum oven at 90 °C for 3 h. The
powder was obtained and used for further analysis.

Synthesis of Black TiO,. A modified precipitation method
was used to prepare TiO, NPs, which involved hydrolyzing
approximately 0.1 mol of TiCl, (purity >99.9%) in an aqueous
glycerol solution (1.18 mol/L) under continuous stirring and
then calcining it for an hour at 300 °C. Almost 300 mL of 2.5
M NH,OH (purity, 35%) was added to the solution to
complete the precipitation process. To help the Ti(OH), sol
settle as quickly as possible, produce the most precipitates
possible, and stop mild nanoparticle aggregation from
peptizing the solution, the pH was raised to 10. To recover
and purify the precipitates, centrifugation was used at 10 000
rpm for 5 min. With distilled water, the precipitates were
washed repeatedly until they were pH-neutral and chloride-
free. The recovered precipitates were then dried at 60 °C for
the following day. To create an anatase crystalline structure,
TiO, was ground into fine particles and then calcined at 300
°C for 1 h.

Characterization of ZnO and Black TiO,. The UV/vis
spectrum of the nanoparticles was recorded in the range of
200—800 nm at 25 °C by using a Shimadzu UV
spectrophotometer. The attenuated total reflection (ATR)
spectrum of the nanoparticles was recorded by using an FTIR
Nicolet 5700 spectrometer in the range of 800—4000 cm™'.
The solid sample was placed on a diamond crystal and pressed
using a swivel presser tower. The crystal structure of
nanoparticles was determined using a PANalytical XPERT-
PRO X-ray diffractometer (XRD). The samples were scanned
from 10 to 80° (20) at 24 °C with divergent receiving slots at
0.46° and 40 kV and 30 nA. The step size of 0.05° (260) and
time of 10 s with continuous scanning were performed. The
size of the crystallites was calculated using Scherrer’s formula.
The surface morphology of the nanoparticles was determined
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Figure 2. FESEM images showing the surface morphology of (a) TiO, and (b) ZnO; HRTEM images of (c) TiO, and (d) ZnO; EDX spectra

displaying elemental composition of (e) TiO, and (f) ZnO.

by using a FESEM (Zeiss Supra SSVP). The samples were
coated with gold water for conductivity before observation.
The samples were also analyzed by EDX. HRTEM images
were taken by using a transmission electron microscope
(Tecnai G2-F20 X-Twin TMP). The materials’ photo-
luminescence (PL) spectra were recorded by using a Horiba
LabRam HR Evolution spectrometer. The sample for PL
measurement was prepared according to the method given by
Ishida et al”’ At—196 °C, the samples’ physiosorption
isotherms were measured using a Micromeritics ASAP 2020
analyzer. Using the adsorption data, the specific surface area of
the samples was calculated using the Brunauer—Emmett—
Teller (BET) method. To estimate the pore size, the Barrett—
Joyner—Halenda (BJH) method was applied.

Analytical Procedures. A stock solution of 5000 ppm of
aqueous phenol was prepared by dissolving 0.25 g of phenol in
50 mL of deionized water. By serially diluting the stock
solution, a standard phenol calibration curve (20—100 mg/L)
was produced. Using a UV—vis spectrophotometer (Shimadzu
UV-1280), we determined the concentration of phenol before
and after treatment. The strongest absorbance peak at 270 nm
was measured and compared to the calibration curve of the
phenol standard. The degradation efficiency in terms of
percentage removal of phenol was calculated based on the
following equation (eq 1).

degradation (%) = Ciniial = Comal X 100%

Cinitial (1)
where Cj, is the phenol concentration before treatment and
Cgnal is the phenol concentration following treatment at various
intervals.

A stock solution containing 5000 ppm of MB was prepared
by dissolving 0.25 g of MB in 50 mL of deionized water. A
standard calibration curve (20—100 mg/L) of aqueous MB was
prepared using serial dilutions. A UV—vis spectrophotometer

was used to measure MB absorption (Shimadzu UV-1280).
The highest absorbance peak at 668 nm was compared to the
calibration curve of the MB standard for the determination of
the MB concentration before and after the treatment. The
degradation efficiency in terms of percentage removal of MB
was calculated based on eq 1.

Photocatalytic Activity Assessment. The performance
of both types of materials—ZnO and black TiO,, was
evaluated for photodegradation of MB and phenol under
visible light irradiation. The reactions were carried out in batch
mode in a 150 mL glass reactor. A fixed amount of ZnO and
black TiO, was dispersed to make 0.2 g/L of photocatalyst
concentration in 50 mL of phenol and MB solution with initial
concentrations of 40 mg/L. To achieve adsorption—desorption
equilibrium, the suspension was thoroughly stirred for 20 min
in the dark. Then, to power the reactions, a 150 W halogen
lamp was turned on to deliver visible light. The reaction was
run for a total of 60 min while samples were taken from the
reactor at regular intervals. The samples were immediately
passed through a 045 pm Whatman filter to remove the
residual solid particles before UV analysis.

Kinetic Investigations. To further evaluate the perform-
ance of ZnO and black TiO, for degradation of MB and
phenol, kinetic investigations were carried out. Pseudo-first-
order kinetics as shown in eqs 2 and 3 can be used to describe
how ZnO and black TiO, degrade phenols through photo-
catalysis.

d, @)

ln[&] = kt
Ct (3)
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Figure 3. (a) XRD diffractogram, (b) particle size distribution, (c) UV—visible spectra, and (d) Tauc’s plot of the band gap of ZnO and TiO,.

where C, is the initial concentration of phenol and MB, C, is
the phenol and MB concentration at a given time (), and d is
the degradation rate constant.

B RESULTS AND DISCUSSION

Comparison of Properties of ZnO and Black TiO,. At
100kX magnification, FESEM images of ZnO and black TiO,
were captured, and the differences in the surface and
morphology of the two materials were examined. Both
materials are spherical in shape, as shown by a comparison
of the surface images of black TiO, in Figure 2a and ZnO in
Figure 2b. However, ZnO presented a few particles with
irregular shapes. The slight agglomeration of both types of
particles may be caused by electrostatic interaction and
polarity.’® While black TiO, particles were uniformly
distributed, the ZnO particles were unevenly distributed and
clustered.

By choice of random particles from the FESEM images, the
particle sizes of the two materials were calculated. The particle
size distribution of the materials is shown in Figure 3b. ZnO
has average particles that were 32 nm in average size as
opposed to 28 nm in black TiO,. Larger-sized particles
typically result from biomass-mediated synthesis.”’ Its larger
size may be due to the clustered nature of ZnO particles
(Figure 2b), whose higher surface energies cause densification
due to the constrained space between the compounds in P.
minus. Research indicates that the particle size determined by
DLS typically represents the hydrodynamic size of the particle,
which is said to be larger than the actual size of the particles.””
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HRTEM images were obtained to investigate the structural
properties and atomic arrangement in synthesized ZnO and
black TiO,. HRTEM micrographs are displayed in Figure 2.
Figure 2¢ shows black TiO, with well-resolved lattice features
and distinct lattice fringes. The lattice spacing of d is 0.35 nm,
which can be ascribed to the interplanar distance of the anatase
(101) plane based on the distance between neighboring lattice
fringes. The HRTEM image of ZnO shown in Figure 2d
revealed that the interplanar distance between the lattice atoms
is 0.26 nm, which corresponds to the wurtzite structure.
HRTEM results are consistent with the XRD results shown in
Figure 3a.

One peak in the EDX spectrum of black TiO, shown in
Figure 2e confirms the presence of the Ti element, and the
other peak is associated with the O atom validating the
formation of TiO,. The EDX spectrum of ZnO in Figure 2f
primarily shows two components that are attributed to the Zn
and O elements that make up the ZnO compound. In both
instances, a second C peak can be seen; in ZnO, it is apparent
due to bioactive compounds,” whereas in black TiO,, it may
be due to glycerol.”*

Crystal structures of ZnO and black TiO, were analyzed
using XRD. Figure 3a displays the XRD diffractograms of the
materials. The diffraction peaks showed that black TiO, has an
anatase structure according to JCPDS card no. 21-1272%° while
ZnO has a wurtzite structure based on JCPDS card no. 36-
1451.°° In reality, TiO, was black in color, as illustrated in the
inset of Figure 3a, which can be used to evaluate the
production of black TiO,. The intense diffraction peaks of
both samples indicate that they are highly crystalline. The

https://doi.org/10.1021/acsomega.3c04229
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nanoparticles were grown preferentially in the (101) crystal
plane direction, as indicated by the narrow and intense
diffraction peaks at 260 (25.46°) in black TiO, and 36.41° in
ZnO.

Both materials (ZnO and black TiO,) were subjected to
UV—visible spectroscopy analyses to gain knowledge about
their optical characteristics. The UV—vis absorbance spectra of
the samples are shown in Figure 3c. As can be seen, ZnO
outperformed black TiO, as a more effective light absorber in
the visible range. However, both types of materials have a
greater capacity to absorb visible light than their equivalents
found commercially. The introduction of defect states
(primarily Ti*" cations) through reduction with glycerol, as
previously demonstrated,”” may be the cause of the increased
visible light absorbance capacity of black TiO,. It was
suggested that the biocomponents present in the P. minus
extract used during its synthesis were the reason for improved
visible light absorption by ZnO. According to reports, these
biocomponents imzprove the general as well as optical
properties of ZnO.”® Using the absorbance data, the direct
and indirect band gaps (Eg) of ZnO and black TiO, were
calculated and listed in Table 1. E, was calculated using Tauc’s

Table 1. Properties and Performance of ZnO and Black
TiO, NPs

properties ZnO black TiO,
E, (eV), direct 2.46 2.85
E, (eV), indirect 1.98 2.67
particle size (nm) 25 10
surface area (m?/g) 353.11 239.99
pore volume (m®/g) 0.0196 0.1922
pore size (nm) 2.8952 3.5373
MB degradation (%) 97.50 90.00
MB degradation rate constant (kmin™') 3.6888 2.3025
MB degradation (R*) 0.9765 0.9897
phenol degradation (%) 75.15 61.05
phenol degradation rate constant (kmin™") 1.3923 0.9428
phenol degradation (R?) 0.9865 0.9846

methods, as shown in Figure 3d. ZnO has a direct and indirect
E, of 2.65 and 1.98 eV, respectively, which is lower than that of
black TiO, (2.85 and 2.46 eV). Again, both synthesized
materials have E, lower than that of the commercially available
ZnO and TiO,. Similar to light absorbance, the E, of both
synthetic materials is lower than that of ZnO and TiO,, which
are readily available in the market. Previous studies that tuned
the optical properties of ZnO and TiO, using metals,
nonmetals, and other dopants have demonstrated this
narrowing of E; however, in this study, the optical properties
were altered in situ.

FTIR was used to examine the black TiO, and ZnO
materials. The FTIR spectra of both samples are displayed in
Figure 4a. Both the samples exhibit a broad peak at around
3400 cm™' demonstrating the stretching vibrations of the
hydroxyl (O—H) of alcohol (glycerol) used in the synthesis of
black TiO, and bioactive compounds from P. minus extract
used in the synthesis of ZnO. An extra peak at 1400 cm™" can
be observed in the FTIR spectrum of ZnO, which arises from
primary amines.>> Zinc nitrate is reduced to zinc oxide due to
the abundance of OH groups in polyphenols and flavonoids
extracted from plant biomass. The peak at 458 cm™" is due to
the stretching vibration of zinc oxide. It is known that

polyphenols and flavonoids extracted from plant biomass can
bind to the Zn surface in ZnHNO; and result in the formation
of ZnO.” In the FTIR spectrum of black TiO,, the peak is
around 700 cm™" illustrating the stretching vibration of Ti—O
oxide."

Surface area and porosity measurements were used to
determine the textural characteristics of ZnO and black TiO,.
In Figure 4b, the N, adsorption and desorption isotherms of
the materials are displayed. Type IV isotherms with the H,
type hysteresis loop, which were examined, showed that black
TiO, has a mesoporous nature. When the relative pressure is
between 0.4 and 0.8, the desorption branch typically rises.
Additionally, the desorption branch is steeper than the
adsorption branch, indicating that capillary condensation
occurs first, then a monolayer forms within the pores.*" On
the other hand, ZnO displays a H, hysteresis loop and type III
isotherms. In the hysteresis loop, ZnO has equal adsorption
and desorption branches. According to isotherm analysis, the
pore structures of black TiO, and ZnO have very different
textures. Black TiO, has cylindrically shaped pores, whereas
ZnO has ink-bottle-shaped pores. As shown in Table 1, the
specific surface area of ZnO is 353.11 m?/g, nearly 48% more
than that of black TiO, (239.99 m®/g). This might be a result
of the presence of irregular pores with variable pore sizes and
equal entrance diameters.*’ ZnO has a narrow pore size of
2.8952 nm compared to 3.5373 nm of black TiO,.

The photocatalytic activity of photocatalysts is dependent on
the duration of excited electrons and holes in their outermost
layer before they are consumed by recombination. To
investigate the behavior of electron—hole pair recombination,
the photoluminescence (PL) spectra of ZnO and black TiO,
were examined. The PL of ZnO and black TiO, was measured
at wavelengths ranging from 300 to 700 nm, using excitation at
325 nm. Figure 4c indicates that the PL peak intensities of the
ZnO were substantially lower than those of black TiO,,
implying that the ZnO has less electron and hole
recombinations. Higher peak intensities indicate stronger
electron—hole pair recombination and shorter lifetimes in
charged species.*”

Photocatalytic Degradation of Organic Pollutants. To
assess the performance of ZnO and black TiO,, MB and
phenol were used as model substrates. MB and phenol were
considered because both of these pollutants are resistant to
physicochemical and biological treatments. In addition, they
are most widely found in industrial wastewater.”” The change
in the maximum absorbance peak, which is located at 668 nm,
was used to track the degradation of MB. As can be seen in
Figure Sa, the peak intensity of MB in the presence of ZnO
under visible light significantly decreased with reaction time.
With a degradation rate constant of 3.6888 kmin™', 97.50% of
40 mg/L MB was degraded within 60 min of exposure to
visible light as shown in Figure 5d. The extreme viability of the
green synthesized ZnO for the degradation of organic dyes was
suggested by the fact that the MB concentration in aqueous
solution was decreased from 40 to only 0.5 mg/L in 60 min.

It should be noted that there was hardly any change in the
MB peak position, indicating that the pollutant was completely
mineralized without the formation of any significant inter-
mediates. However, as can be seen in Figure 5S¢, black TiO,
could only degrade 90.00% of MB in the same amount of time
as ZnO. Their degradation rate constants show another
important distinction between black TiO, and ZnO in terms of
performance. In the presence of ZnO, the degradation rate
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constant of MB was greater than that of black TiO, as shown
in Figure 5d. Black TiO, displayed a degradation rate constant
of 2.3025 kmin ™" as opposed to 3.6888 kmin~". There are two
possible explanations for the improved performance of ZnO.
First, ZnO is said to have higher charge mobility (200—300
cm?/(V s)) than TiO, (only 0.1-0.4 cm?/(V s)).** Second,
ZnO has a surface area of 353.11 m*/g, which is significantly
higher than that of black TiO, (239.99 m’/g). Additionally,
through Forster resonance energy transfer, the emission energy
from the ZnO analogue might also accelerate the efficient
degradation of MB.” A significant spectral overlap between
the ZnO emission spectrum and the MB absorption spectrum
is necessary for the effective photocatalytic degradation of MB.
To obtain the emission spectra, ZnO was excited at 325 nm.
When the ZnO emission spectrum in Figure 3c is compared to
the MB absorption spectrum in Figure 4a, it is clear that there
is a large spectral overlap between one of the ZnO emissions
and the MB absorption at 600—700 nm. This energy overlap is
responsible for ZnO’s superior photocatalytic efficiency over
black TiO,**

ZnO has also shown less recombination of electrons and
holes as shown in Figure 4c, which could be another reason for
the enhanced performance of the material. Importantly,
compared with earlier studies, black TiO, synthesized in the
current study performs better in terms of MB degradation.
Anodized black TiO, nanotubes have been reported in earlier
studies to only degrade 60% of 10 mg/L MB when exposed to
visible light from a 300 W lamp.”” There is undoubtedly a
trade-off; earlier research was able to degrade MB and produce
energy in the form of hydrogen simultaneously, whereas in the
current work only MB was degraded but faster than the
anodized black TiO, nanotubes.

In another instance, 95.2% of MB was degraded under
simulated solar light using cerium-doped ZnO.*® However,
doping metals or nonmetals into the lattice of either ZnO or
TiO, can make their production process costly. The impact of
metal ion dopants on the efficiency of the photocatalytic
reaction is a complicated phenomenon. The effect on the
photocatalytic performance of TiO, doped with different
metals or the same metal by using various techniques is not the
same. For instance, zinc (Zn)-doped TiO, was synthesized
using sol—gel and combustion techniques, and its effectiveness
in degrading phenol was assessed. Comparing the results, it can
be seen that combustion-produced Zn/TiO, only removed
45% of the phenol, whereas Zn/TiO, prepared via the sol—gel
method removed 76% of phenol.*”*° Contrarily, Zn/TiO, and
iron (Fe)-doped TiO, samples were synthesized using the
same procedure (sol—gel), and their efficacy for the
degradation of phenol was tested. The findings show that
Zn/TiO, has a higher phenol removal efficiency (76%) than
Fe/TiO, (48%).>" Thus, doping ZnO or TiO, with metals or
nonmetals is somehow not favorable for tuning their optical
characteristics.

Additionally, the effectiveness of ZnO and black TiO, was
evaluated against other comparable studies. In just 10 min of
exposure to visible light from a 300 W Halogen lamp (Osram
Tungsten), the ZnO/TiO, composite synthesized using C.
mucunoides extract was reported to degrade 98.36% of Congo
red. Despite having a green origin, the composite was calcined
at 800 °C for 2 h, which can be viewed as an energy-intensive
process. Furthermore, 5 g of the material was used in
photoreactions, which can be viewed as a chemically intensive

process. In contrast to the previous study, the amount of
material used in the current work —0.2 g/L is quite low."!
Additionally, the performance of synthesized ZnO and black
TiO, was evaluated for the degradation of phenol. The
normalized concentration and percentage degradation of
phenol after 60 min of visible light reaction is shown in
Figure 6a. Both materials’ efficacy is decreased when tested for
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Figure 6. (a) Normalized concentration and percentage degradation
of phenol and (b) pseudo-first-order kinetics of phenol degradation
by ZnO and TiO,.

phenol degradation as opposed to MB degradation. In
comparison to 61.05% by black TiO,, ZnO reduced the
concentration of phenol by 75.15% in just 60 min. ZnO had a
phenol degradation rate constant of 1.3923 as opposed to
MB’s 3.6888 kmin~'. Similar to this, the degradation rate
constant of black TiO, for phenol was 0.9428 compared to
2.3025 min~' for MB degradation (Figure 6b). The acidic
nature of phenol, which results from its capacity to lose
hydrogen ions to form phenoxide ions, may be the cause of the
reduction in the performance of ZnO and black TiO,. It is
reasonable to assume that phenol solution is more acidic than
MB solution, which can affect the adsorption of organic
molecules on the surface of both photocatalysts and change the
surface of both.>> The pH of the solution caused a difference
between ZnO and black TiO, for the degradation of MB and
phenol, because photocatalysis is a surface phenomenon and
pH alters the surface properties.

Photocatalytic Degradation Mechanism of MB over
ZnO. An explanation for the plausible mechanism of the
degradation of MB over ZnO under visible light is provided
based on previously reported and study-specific results.”® The
degradation mechanism and pathway of MB are shown in
Figure 7. The electrons in the valence band of ZnO are ejected
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when it is exposed to visible light, moving them to the
conduction band where they are free to participate in
photoreactions unless they recombine. At the same time,
holes are generated in the valence band. While the holes on the

VB react with *OH™ to produce *OH, the electrons in the CB

36084

react with O, to produce *O,”. Both of these species are
reactive and attack MB molecules.*

Initially, the °*OH attacked the sulfur and nitrogen
conjugated system (a) in the MB molecule and converted it
into 2-amino-4-(N,N-dimethyl)-benzenesulfonic acid (b) and
4-(N,N-dimethyl)-aniline (c). The remaining “b” then under-
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goes a series of reactions to produce 2,4-hexadiene-1,6-diol (f),
which cannot be further broken down until the end of the
reaction. The other portion of “b” is oxidized to form p-
nitrobenzenesulfonic acid (d) following further oxidation to
form benzenesulfonic acid (e). The simultaneous oxidation
and deamination of “c” results in the formation of 4-(IN,N-
dimethyl)-phenol (i), which is then oxidized to form
hydroquinone (j). Small organic molecules propionic acid
(g) and malonic acid (h) are produced when *OH attacks a
portion of the resulting intermediates “e” and “j”. The
remaining intermediates undergo oxidation, which produces
several smaller molecules, such as CO, and H,O.
Photocatalytic Degradation Mechanism of Phenol
over ZnO. Phenol degradation proceeds with a different
pathway in the presence of different photocatalysts. In light of
this, we carefully reviewed several articles and dissertations on
the mechanism of phenol photode(;gradation and discovered a
widely recognized mechanism.”*~>° A possible mechanism of
phenol degradation over ZnO under visible light is shown in
Figure 8. In general, phenol is degraded through three different
processes. However, here are the two pathways that are most
relevant and discussed as follows. A direct ring-opening
reaction first breaks down the phenol, converting it into
carbon dioxide and water (pathway I). The second (pathway
I) is that phenol first goes through oxidation to create p-
benzoquinone, and then ring-opening reactions occur, causing
p-benzoquinone to mineralize into carbon dioxide and water
by the transformation of intermediates.”” In PII, the phenol
molecule is converted into hydroquinone (a) and catechol (b)
in the first step (SI). In step 1, “a” is further broken down to
benzoquinone (c), whereas “b” is converted into benzene-
1,2,3-triol (d). This is followed by step SII, where “c” and “d”
are converted to maleic acid (e), salicylic acid (f), and 2-
propylphenol (g), and then “e”, “f’, and “g” are converted to
carboxylated and hydroxylated organic chain (h). “h” is finally

. . . . 4 54
mineralized into water and carbon dioxide.

B CONCLUSIONS

Environmentally friendly and sustainable solution routes
utilizing P. minus extract and glycerol were adopted for the
synthesis of ZnO and black TiO,. Both materials were
nanosized materials with typical anatase and hexagonal
wurtzite structures, respectively. In terms of photocatalytic
degradation of organic pollutants, ZnO outperformed black
TiO, with 99.50% MB degradation versus 90.00% for black
TiO, in 60 min of treatment time under visible light. Similarly,
when tested for phenol degradation, ZnO also performed
better than black TiO, suggested by 75.15% degradation of
phenol compared to only 61.05% by black TiO,. According to
this study, ZnO can be prepared via microwave-assisted ionic-
liquid-based extraction of P. minus extract and has superior
capabilities for the photocatalytic degradation of organic
pollutants. The better performance of ZnO was attributed to
its lower band gap and rate of electron and hole
recombination.
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