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ABSTRACT: Wastewater treatment has been regarded as an effective
solution in lowering the potential environmental hazards caused by palm oil '
mill effluent (POME). To ensure the efficient remediation of POME, the
implementation of a promising strategy is necessary to overcome the
limitations of conventional water treatment methods for the treatment of
this pollutant. In this study, the synthesis of carbon, nitrogen codoped
titanium dioxide nanoparticles (C, N-TiO, NPs) was successfully
performed by a sol—gel approach for the treatment of POME as a model
pollutant under solar light irradiation. The synthesized C, N-TiO, NPs
displayed unique characteristics including an anatase phase with an average
crystallite size of 11.35 nm and irregular spherical structures. Additionally,
C, N-TiO, possessed a lower band gap energy of 2.95 eV than 3.2 V of bulk
anatase TiO, and slower electron—hole (e”-h*) pair recombination rate as
evidenced by photoluminescence (PL) studies. The adsorption isotherm
study of POME was most compatible with the Langmuir isotherm model, and the POME degradation kinetics proceeded according
to first-order kinetics. Accordingly, the photocatalytic degradation of POME displayed a maximum degradation efficiency of 100%
under the optimum condition of pH 7 in the presence of 0.12 g of the C, N-TiO, photocatalyst within 150 min. The scavenging
study showed that the superoxide radical (¢O,”) was the primary active species in the POME photodegradation. Finally, the
reusability analysis confirmed that the C, N-TiO, NPs could be reused for a maximum of five cycles, making them promising
photocatalysts for wastewater treatment.
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1. INTRODUCTION ness of POME removal.®> Furthermore, it has been observed
that POME contains high levels of biochemical and chemical
oxygen demands (BOD and COD) as well as acidic pH due to
the presence of complex organic acids.” Consequently, the
rising demand for BOD and COD results in poor water

Water contamination denotes the existence of physical,
chemical, and biological elements that diminish the suitability
of a body of water for various purposes.’ The various sources
of water pollution include industrial operations, natural events, iy
agricultural activities, and human actions, involving various quality. )

. . o Wastewater treatment has been proven to be an effective
types of pollutants, such as microplastics, dyes, antibiotics, and

POME. Among these pollutants, considerable attention has solution in lowering the potential environmental damage that
been given to POME in recent years due to its long-term POME might have caused. Several common conventional

existence in wastewater processes employed in wastewater treatment facilities for the
POME is a thick, brownish wastewater usually eliminated treatment of POME include coagulation/flocculation, precip-

between 80 and 90 °C and pH 4 and 5. This pollutant is often 1tat‘10n, dblodggraglanon, ﬁ}itrlanon, hand adsorption 1}11t11'121ng
perceived as a nontoxic liquid waste due to the absence of activated carbon.” Nevertheless, these treatment techniques

chemicals being used in oil e ctraction.> The discharge of often result in incomplete remediation of POME as their

POME into the environment has emerged as the primary procedures require extensive systems, infrastructure, and
pollutant associated with palm oil mills, which significantly
impacts water quality. Consequently, this water cannot be Received: ~ September 26, 2024
released directly into the environment without the appropriate Revised:  December 27, 2024
treatment. Therefore, the ponding system has emerged as a Accepted: January 3, 2025
conventional method for the treatment of POME and remains Published: January 11, 2025
widely utilized in Malaysia due to the extensive land availability

and consistently warm climate, thus enhancing the effective-

© 2025 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.4c08813

v ACS Publications 2858 ACS Omega 2025, 10, 2858—2870


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+Tze-Wei+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nor+Ashikin+Mohd.+Rashid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nurul+Hidayah+Mohamad+Idris"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wee+Long+Wun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hooi+Ling+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hooi+Ling+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c08813&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08813?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08813?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08813?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08813?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08813?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/10/3?ref=pdf
https://pubs.acs.org/toc/acsodf/10/3?ref=pdf
https://pubs.acs.org/toc/acsodf/10/3?ref=pdf
https://pubs.acs.org/toc/acsodf/10/3?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c08813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

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

technical expertise and are chemically and operationally
demanding, thus making them laborious, inefficient, time-
consuming, and costly.”

Given the challenges posed by POME, such as its
biodegradable yet land-intensive and odor-emitting nature,
palm oil mill operators have traditionally relied on open
ponding systems.” Nevertheless, these systems demand
substantial land areas and prolonged treatment times (up to
40—60 days), resulting in unpleasant odors and making them
less effective for low-concentration POME.” As such, advanced
oxidation processes (AOPs) have been selected as an effective
method for POME treatment, utilizing reactive oxygen species
(ROS) to efficiently photodegrade pollutants in an environ-
mentally friendly manner.

Among the AOPs, photocatalysis represents one of the most
promising methods due to its effectiveness in treating diverse
types of wastewater.'' This technique performed under mild
conditions is able to convert organic wastewater pollutants into
water (H,0), carbon dioxide (CO,), or smaller molecules.
Furthermore, it can reduce or oxidize inorganic pollutants into
benign compounds.'” As a result, photocatalysis has been
considered as a sustainable alternative approach for the
degradation of organic pollutants."”'* The synthesis of
photocatalysts is usually performed using various elements,
including nonmetals and metalloids, which are chosen based
on their specific chemical and physical properties for optimized
performance.'* Several examples of photocatalysts, i.e.,
titanium(IV) oxide (TiO,), zinc oxide (ZnO), graphitic
carbon nitride (g-C5N,), and metal-based catalysts, have
been widely investigated for their applications in photo-
catalysis. Among them, TiO, has received considerable
attention over the past two to three decades as efficient
photocatalysts and photoanodes. Moreover, they have been
implemented in advancing dye-sensitized solar cells (DSSCs)
and in the elimination of pollutants."*"°

TiO, is a nontoxic, low-cost, chemically stable, biocompat-
ible, and effective oxidizing agent with a wide surface area. This
transition metal oxide is regarded as a good material for
photocatalysis due to its broad energy band gap.'” This is
related to its numerous benefits, including optical quality and
chemical and thermal stability. Because of its greater surface
area per unit volume than bulk materials, TiO, nanostructures
show higher rates of photocatalytic reactions. Many potential
uses of TiO, have been documented, including solid waste
management, sewage treatment, air purification, antibacterial
disinfection, and self-cleaning."*'? The photocatalytic process
begins with the existence of e”™—h"* pair reaction, including
holes in the valence band (VB) and conduction band (CB) as
shown in Figure 1.

However, TiO, has several drawbacks as well, such as its
broad energy band gap (3.2 €V), quick recombination of
photoogenerated charge carriers, and minimal light absorption
area,” which will impact its catalytic efficiency. To minimize
this constraint, the codoping of TiO, is employed to improve
its photocatalytic activity due to the presence of synergistic
effects between the codopants. Furthermore, the incorporation
of codopants to the structure may reduce TiO,’s broad band
gap (3.2 eV). A transition from ultraviolet (UV) to visible light
will occur, resulting in slow e™—h* pair recombination, thereby
enhancing the photocatalytic activity.”' For instance, the
introduction of manganese (Mn) codopant into black TiO,
decreased the band gap of TiO, NPs, extending its light
absorption to the visible light region, and improved the
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Figure 1. Photocatalytic degradation process utilizing TiO,.

removal of treated POME along with COD to 86.0% and
88.87%, respectively.”” In another study, the synergistic effect
of silver (Ag) and iron (Fe) in Ag, Fe codoped TiO, showed
better visible light response and enhanced photocatalytic
performance of methylene blue (MB) dye with a maximum
degradation of 80.22% for the sample with the highest Ag
concentration after 180 min of reaction.”®

Therefore, in this study, the limitations of TiO, are
addressed by the synthesis of carbon, nitrogen codoped
titanium oxide nanoparticles (C, N-TiO, NPs) via a sol—gel
approach for the treatment of POME. The sol—gel technique is
the most commonly used technique for the synthesis of C, N-
TiO, NPs as it is an economical and simple operation process
that produces high-purity products in comparison to other
methods, such as ultrasonication and hydrothermal processes,
which involve high costs of equipment and low efficiency for
synthesis in a wide scale.”*** The C, N-TiO, NP photocatalyst
was synthesized at low temperatures using titanium(IV)
isopropoxide (TTIP) as a precursor, carboxymethyl cellulose
(CMC) as a C precursor, and urea as a N precursor. The
photocatalytic activity of the synthesized C and N-TiO, NPs
was then studied by photodegradation of POME as a model
pollutant under visible light.

2. RESULTS AND DISCUSSION

2.1. Characterization of Synthesized C, N-TiO, NPs.
2.1.1. X-ray Diffraction (XRD). The crystalline phases and
structure of the C and N-TiO2 NPs were determined by XRD
analysis. The XRD patterns of the synthesized photocatalyst as
shown in Figure 2 indicate the broadening of the Bragg peaks,
suggesting a relatively small crystallite size. According to the
crystallography open database (COD) file no. 5000223, the
diffraction peaks located at 26 values of 25.29, 37.84, 48.01,
53.94, 54.56, 62.6S5, 68.74, 70.25, and 75.16° correspond to
reflections of the (101), (004), (200), (105), (211), (204),
(116), (220), and (215) planes, respectively, confirming the
presence of the tetragonal anatase phase of C, N-TiO2 NPs.
These peaks detected were similar to those of bulk anatase
TiO, as reported in one study.”® Calcination of the TiO2 NPs
at 500 °C resulted in the formation of the anatase phase, which
is consistent with the findings from Mohamad Idris and co-
workers.”” This process resulted in sharper and more intense
peaks, indicating an increase in crystallinity.”® By using the
Scherrer formula (eq 1), the average crystallite size was
calculated to be 11.35 nm based on the most intense (101)
diffraction peak of anatase TiO,.

K
T =
P cos @

(1)

https://doi.org/10.1021/acsomega.4c08813
ACS Omega 2025, 10, 2858—-2870


https://pubs.acs.org/doi/10.1021/acsomega.4c08813?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08813?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08813?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08813?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

500 4

400
(101)

a.u)

3 300 4

200

Intensity (

(200)

(004)
. “05.)1.211) (204)

100 4 . (116) (220)(215)

80
26 (deg.)

Figure 2. XRD for the synthesized C, N-TiO2 NPs with the Miller
indices of the reflections (COD file no. 5000223). Adapted with
permission from Mohamad Idris et al,, (2024). C, N-Codoped TiO,
Nanoparticles Immobilized on Floating Alginate Beads for Diazinon
Removal under Solar Light Irradiation. ACS Appl. Nano Mater. 2024,
7(16), 18273—18286. Copyright 2024, American Chemical Society.
10.1021/acsanm.3c03622.

where 7 is the average crystallite size of the solid particle, K is
the Scherrer constant (0.9), A is the X-ray wavelength (0.154),
B is the full width at half-maximum intensity (fwhm), and @ is
the diffraction angle.

2.1.2. Fourier Transform Infrared (FTIR) Spectroscopy.
The chemical composition of the synthesized C, N-TiO, NPs
was determined by FTIR analysis. The FTIR spectrum of the
C, N-TiO, NPs is illustrated in Figure 3, and the assigned

Anatase TiO,

——C, N-TiO, NPs

Transmittance (%)

T T

3500 3000

T T T

T T
4000 2500 2000 1500

Wavenumber (cm™')

Figure 3. FTIR spectrum of anatase TiO, and synthesized C, N-TiO,
NPs.

peaks are summarized in Table S1. According to Figure 3, the
broad band between 3500 and 2400 cm ™' was attributed to the
—OH bending and stretching of C, N-TiO, NPs.” The
stretching and bending vibrational modes of the hydroxyl
group (—OH) on the oxide surface at 3451 cm™" are indicated
in this spectrum. The Ti—OH bending vibration was observed
from the peak at 1638 cm™'. Additionally, the strong
absorption band at 1545 cm™' is assigned to the stretching
vibration of the C—N bond, confirming the successful doping
of N into the TiO, lattice.”” The peak at 1032 cm™ is assigned
to the bending of the N—Ti group. Moreover, the FTIR
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spectrum typically displays peaks at 504 cm™ for the Ti—O
and Ti—O—Ti bonds. The presence of these functional groups
in the FTIR spectrum consequently verified that the sol—gel
method of C, N-TiO, NP production was successful.

2.1.3. High-Resolution Transmission Electron Microscopy
(HRTEM). HRTEM analysis was used to determine the shape
and size distribution of the synthesized C, N-TiO2 NPs. Figure
4a)b displays the arrangements of irregular, spherical, and
aggregated particles as observed in the gray shadow region
(Figure 4a) due to high surface energy of the smaller particle
size. The average particle size of the photocatalyst was
calculated to be 15.55 + 2.67 nm (Figure 4d), which showed
a slight difference from that determined by XRD. This is
because the particle size measured by HRTEM is based on the
direct visual measurement of microscopic images, while the
fwhm of the most intense peak is taken into consideration for
particle size determination by XRD. Several factors may
contribute to the discrepancy in the average particle size value
including broad size distribution, shape factor, polycrystallinity,
and polydispersity.”’ Conversely, the interplanar distance of
the synthesized C, N-TiO, NPs from the lattice fringes in the
high magnification image of Figure 4c was measured to be 0.36
nm, which corresponded to the anatase phase. The lattice
fringes were calculated by using the fast Fourier transform
(FFT) image of a particular region, as illustrated in the inset of
Figure 4c.

The crystallite size of the synthesized C, N-TiO, NPs was
found to be larger than that for the undoped TiO, due to the
codoping of C and N into the TiO, lattice.”® Atoms with a
smaller radius require less energy to be substituted than those
with a larger radius.>* As a result, because N atoms have
smaller radii than oxygen (O) atoms, they can easily replace O
atoms in the TiO, lattice, leading to the substitutional
doping.”> Meanwhile, C atoms, due to their larger atomic
radii than N and O atoms, are challenging to incorporate into
the TiO, lattice. Consequently, they tend to reside on the
surface, forming a carbonated species layer. This surface layer,
called interstitial doping, enlarges the TiO, crystals.’
Furthermore, the synergistic effect between C and N dopants
enhances the photocatalytic performance of C, N-TiO, NPs in
degrading pollutants.”

2.1.4. X-ray Photoelectron Spectroscopy (XPS). The overall
chemical composition and environment of the C, N-TiO, NPs
were examined by XPS analysis. Figure Sa—d displays the Ti
2p, O 1s, C 1s, and N 1s XPS spectra of the synthesized NPs,
respectively, which were deconvoluted using Gaussian line
fitting via Origin, and their binding energy (BE) values are
tabulated in Table S2. The presence of the Ti 2p peaks
detected at BE of 459.21 and 464.96 eV for the Ti 2p;,, and Ti
2py/, regions, respectively, in Figure Sa corresponds to the
orbital spin doublet of the Ti**—~O bonds in the C, N-TiO,
NPs. The positions of these peaks at a relatively higher BE than
those in pure anatase phase TiO, containing Ti*'—O bonds as
reported in previous studies’® may be due to the introduction
of C and N into the TiO, lattice, which is associated with the
different coordination environment of the Ti and O atoms.”’

The O 1s spectrum in Figure Sb depicts two peaks at 529.41
and 530.91 eV, which are ascribed to the lattice oxygen (Op) in
TiO, and surface adsorbed —OH groups, respectively. The
absence of the peak (suboxide oxygen) between the two
existing peaks may indicate the formation of TiO, along with
some mixed oxide during the codoping process.”® From the
high-resolution deconvoluted C 1s spectrum of C, N-TiO,
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Figure 4. HRTEM images of synthesized C, N-TiO, NPs at (a) low magnification of S0 nm and (b) 20 nm and at (c) high magnification of S nm
with inlay displayed. The FFT image corresponds to the specified area. (d) Particle size distribution of C, N-TiO, NPs.

(Figure Sc), three peaks are located at BE of 285.61, 286.86,
and 289.61 eV. These peaks each represents the C—C bond
that is attributed to the adventitious elemental carbon, C—O
bond, and C=O0 bond, respectively, which are derived from
the substitution of the lattice Ti atoms with the formation of
Ti—O—C bonds.””** The deconvolution of the N 1s spectrum
of C, N-TiO, (Figure 5d) reveals the existence of four peaks in
the range of 399—404 eV. The existence of two peaks at 400.21
and 401.11 eV are attributed to the substitutional N doping
(O-Ti—N), which plays a major role in the modification of
the electrical conductivity (EC) and band gap narrowing of the
TiO, by elevation of the valence band (VB).** Conversely, the
peaks at >402 eV are due to the chemical absorption of N on
the TiO, surface. This indicates that the detection of the peaks
at 402.61 and 403.41 eV may suggest the occurrence of the
interstitial N doping in the TiO, lattice (Ti—O—N),”” which
only‘é)ntroduces some isolated localized N 2p states in the band
gap.

2.1.5. Optical Properties of Anatase TiO, and C, N-TiO,
NPs. The band gap energies of synthesized C, N-TiO, NPs and
anatase TiO, were determined using ultraviolet—visible diffuse
reflectance spectroscopy (UV—vis DRS). Figure 6a shows the
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absorption spectrum of the synthesized C, N-TiO, NPs and
anatase TiO,, while its inset depicts the band gap as
determined by the Kubelka—Munk theory. By extrapolation
of the linear region of the graph of (khv)'? versus photon
energy in the wavelength range 200—800 nm, the energy of the
band gap was calculated. The absorbance maximum was
observed at <400 nm for anatase TiO, with a band gap of 3.2
eV and 414 nm for C, N-TiO, NPs, corresponding to a band
gap of 2.95 eV.

However, the introduction of codopants (C and N) into
TiO, altered its light absorption properties, shifting the
absorption from the UV region into the visible light region.””
This also resulted in the reduction of the band gap to 2.95
from 3.2 eV for anatase TiO,. Additionally, the introduction of
C and N, which serve as impurities that induce electronic
defects in TiO,, is responsible for the generation of new energy
levels that are located below the CB, causing a decrease in
band gap energy.”’ In the process of photocatalysis, the
reduction in band gap energy suggests that C, N-TiO, NPs
may be able to perform in the visible light region.

Figure 6b illustrates the photoluminescence (PL) spectra of
anatase TiO, and C, N-TiO, NPs under 325 nm excitation
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(a) —C, N-TiOzNPs (b) ——— C, N-TiO, NPs
— Anatase TiO2 ~———— Anatase TiO2
o
3
= s
3
g &
> >
L £
E 2 265? - 4 ﬁ
< Bandgap energy (eV) E
1 3901414 1 1 1 T T
200 300 400 500 600 700 800 350 400 450 500

Wavelength (nm)

Wavelength (nm)

Figure 6. (a) Band gap spectrum of C, N-TiO, NPs and anatase TiO, with the inset showing the absorption of C, N-TiO, NPs and anatase TiO,.
(b) PL spectra of the synthesized C, N-TiO, NPs and anatase TiO,.

wavelength and 10 s acquisition time. A broad emission is
detected in the 350 to 500 nm spectral range. The emission
spectrum profile displays the highest intensity at around 440
nm, indicating a charge-transfer transition of Ti*" before the
recombination of trapped e —h* in TiO,>" The lower
intensity of C, N-TiO, NPs in comparison to anatase TiO,

suggests a slower recombination rate of e”—h" pairs and higher
photocatalytic activity of the photocatalyst. As reflected by the
work of Chen and co-researchers, the high photocatalytic
activity was related to the separation and migration efficiency
of photogenerated carriers based on the investigation of the
carrier recombination by PL and electrochemical impedance
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spectroscopy (EIS), whereby the lower PL intensity of C, N-
TiO, indicates that the sample has a higher carrier separation
efficiency.”” The presence of codopants (C and N) in C, N-

TiO, NPs suppresses the energy-wasting charge recombination

process, thereby promoting the separation of photoinduced

. 26
carriers.

2.2. Adsorption Studies of C, N-TiO, NPs. The
adsorption capability of C, N-TiO, NPs and their interaction
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Figure 9. (a) Degradation efficiencies of POME and (b) their first-order kinetics with various initial pH values of POME by optimized C, N-TiO,

NPs under solar light irradiation.

with POME were determined through isotherm studies
conducted under dark conditions. In this study, both the
Langmuir and Freundlich isotherm models were utilized to
evaluate the catalyst’s maximum adsorption capacity. Figure 7
shows the graphs of the Langmuir and Freundlich adsorption
isotherms, respectively, whereby the Langmuir isotherm is
represented by a graph of C./q,, versus C,, while the graph of
In g, versus In C, corresponds to the Freundlich model.

According to the POME adsorption isotherm results, the R
value for the Langmuir model (0.962) was relatively higher
than that for the Freundlich model (0.940). This indicates that
the adsorption aligns well with the Langmuir isotherm model,
thus implying that the adsorption process is homogeneous,
whereby POME as the adsorbate is adsorbed in the form of a
monolayer onto C, N-TiO, NPs as the adsorbent with
adsorption taking place at a fixed number of adsorption sites
without the occurrence of lateral interaction or transmigration
of POME in the plane of the NPs.*’ The greater number of
active sites available on the NPs prior to its nanosize
characteristic might lead to a high adsorption capacity of
POME. Additionally, the Langmuir adsorption isotherm
assumes a uniform distribution of active sites across the
particle surface, leading to a consistent and homogeneous
adsorption response.”’

Besides, the shape of an adsorption isotherm is an indication
of the favorability of the adsorption process from the
equilibrium parameter, Ry value of the Langmuir isotherm:
favorable (0 < R, < 1), unfavorable (R, > 1), or irreversible
(R, = 0), as calculated using eq 2:

R, =1/(1+ bC) (2)

The obtained Ry, value of 0.437 from eq 2 indicates that the
adsorption was successful as the R; value falls within the range
of 0 and 1.

2.3. Photocatalytic Activities of the Catalyst against
POME. 2.3.1. Effect of Catalyst Dosage. The photocatalytic
degradation of POME was investigated using solar light
irradiation with both anatase TiO, and C, N-TiO, NPs. POME
was chosen as the pollutant as it contains a mixture of organic
and inorganic substances that pose severe environmental
challenges if not properly treated.™

In this experiment, the photocatalytic degradation of POME
was studied with varying catalyst dosages (0.08, 0.10, and 0.12
g), as shown in Figure 8a,b, to investigate the optimal dosage
of POME degradation under solar light irradiation. The COD
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resulted in concentration values for the three dosages of both
photocatalysts, which can be referred to in Table S3. The
POME removal efficiency was calculated using eq 3.

R=(C, - C,)/C, X 100% (3)

where C, is the initial concentration of POME and C, is the
concentration of POME during irradiation.

From the results obtained, POME degradation efficiencies of
100% were achieved in 300 and 255 min with anatase TiO,
dosages of 0.08 and 0.10 g, respectively, while complete POME
degradation times of 210 and 180 min were recorded for C, N-
TiO, NPs dosages of 0.08 and 0.10 g, respectively. In contrast,
the complete degradation of POME with 0.12 g of anatase
TiO, was achieved at 195 min, whereas a similar catalyst
dosage of C, N-TiO, NPs completely degraded POME at 150
min, thus indicating that the POME degradation time using C,
N-TiO2 NPs is the shortest. This demonstrated that the
unique traits of C, N-TiO, NPs resulted in the enhancement of
the photocatalytic performance in degrading POME.

The trend of POME degradation rate increases with the rise
of catalyst dosage from 0.08 to 0.12 g, attributed to the
expanded active surface area of the catalysts. Nevertheless,
increasing the catalyst dosage beyond 0.12 g would lead to an
increase in the turbidity of the suspension, thus reducing the
penetration of light. This would in turn result in a decrease in
the rate of utilization of light.45 Therefore, 0.12 g was selected
as the optimum catalyst dosage for balancing the effectiveness,
thus accounting for the minimum usage of excessive catalyst
and generation of potential secondary pollutants, aligning with
the Green Chemistry principles.

Figure 8¢ depicts the first-order kinetic model’s graph used
for the kinetic analysis of photocatalytic degradation of POME
by C, N-TiO, NPs. Rate constants (k) were derived from the
slopes of linear plots In(C,/C,) against time. The obtained
results for k were 0.013, 0.017, and 0.019 min~! with R? values
of 0.960, 0.976, and 0.981 for catalyst dosages of 0.08, 0.10,
and 0.12 g, respectively, as tabulated in Table S4. Therefore,
these results indicated that the C, N-TiO, NPs displayed the
best photocatalytic performance at 0.12 g of catalyst dosage
with the highest value of the photodegradation rate.

2.3.2. Effect of Various Initial pH Values of POME. In this
study, the effect of pH values of 4, 7, and 9 toward the
degradation of POME was investigated by adjustment using
1.5 M NaOH and 2% acetic acid solutions using optimized C,
N-TiO, NPs. Similar to the study of the effect of catalyst
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dosage, the COD analysis was employed in the determination
of the concentrations of degraded POME for the three pH
values, and the data are tabulated in Table SS. The patterns of
the degradation efficiencies and first-order kinetics are
displayed in Figure 9 and Table S6, respectively. The values
of k determined from the slopes of linear plots In(Cy/C,)
against time were 0.007, 0.019, and 0.002 min~! with R? values
of 0.958, 0.981, and 0.905 for pH values of 4, 7, and 9,
respectively. From the results obtained, the photocatalytic
process differed according to the following trend: pH 7 > pH 4
> pH 9, whereby complete degradation (100.00% within 150
min) was achieved under neutral conditions with the highest k
(0.019 min™") obtained compared to those for pH 4 (92.99%
for 300 min, k = 0.007 min~") and pH 9 (52.17% for 300 min,
k = 0.002 min™'). This showed that the photocatalytic
degradation of POME was favored at pH 7 in contrast to
both acidic and basic conditions (pH 4 and 9), indicating that
the degradation efficiency is significantly influenced by pH as
this parameter determines the nature of the charge on the
surface of the C, N-TiO, photocatalyst through the adoption
of point of zero charge (PZC),"® whereby the PZC = 6—8
depending on the TiO, sample.”” For instance, when pH =
PZC on the surface of the photocatalyst, there is little or no
interaction between the POME contaminants and the
photocatalyst due to the absence of electrostatic interactions.*’
However, at pH < PZC, the surface of the photocatalyst is
positively charged, which will then gradually receive electrons
by POME adsorbed to the C, N-TiO,-activated photon to
undergo different photocatalytic reactions, thereby reducing
the degradation efficiency of POME. On the other hand, when
pH > PZC, the negatively charged surface of the photocatalyst
rejects anions in water, thus inhibiting the photocatalytic
process.””*” As a result, it can be concluded that pH 7 is the
most promising pH condition for the degradation of POME as
it exhibits complete degradation in the shortest time.

2.4. Mineralization Study. The total organic carbon
(TOC) analyzer plays a central role by accurately measuring
the total amount of organic C present in C, N-TiO, NPs,
which is essential for assessing the degree and efficiency of the
mineralization of POME. The samples were taken at 0 min
before and 150 min after exposure to solar light. According to
the obtained result, only 58.14% of POME was mineralized
during photocatalytic activity. However, the TOC removal has
a lower value than the degradation of POME conducted using
COD, whereby this method degraded 100% of POME within
150 min. Due to this occurrence, it can be deduced that there
is no complete degradation of CO, and H,0." As a result, it is
concluded that the breakdown of smaller organic molecules
involves their complete oxidation to CO,, which is based on
the TOC result.

2.5. Scavenging Study. The reactive species, including
reactive oxygen species (ROS) such as superoxide radicals
(#0,7) and hydroxyl radicals (¢OH) and photogenerated
holes (h*) or e” involved in the degradation of POME under
solar light irradiation, were studied through a scavenging test
to assess the probable reaction pathways. In the photo-
degradation of POME, h*, €0, , and eOH are notable.
Acetonitrile (CH;CN), methanol (CH;0H), and silver nitrate
(AgNO;) were utilized in this study as scavengers for ¢OH, h*,
and e0O,”, respectively. Figure 10 depicts the free radical
scavenging in the photodegradation of POME. During the
degradation of POME in the presence and absence of
scavengers, AgNO; limited the degradation of POME with
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Figure 10. Radical scavenging test of the optimized C, N-TiO, NPs.

the highest reduction, which is 69.15%, followed by CH;0H
with 77.6% and CH;CN with 90.9% of POME removed.
Moreover, the use of AgNOj; in this study also provides a
scavenging effect that is similar to that of e”, whereby AgNO;
acts as an e~ trapping agent, thus reducing O, in the generation
of ®0,”, which is in good agreement according to one study.*’
As such, this observation suggests that ®O,” is predominant
and plays a crucial role in the photocatalytic activity of the
POME.

2.6. Proposed Mechanism for POME Degradation.
The photocatalytic performance of semiconductor-based
photocatalysts is critical for their ability to separate charges.
Based on the previous scavenging test observation, O,” is
more prominent in the photodegradation of POME, followed
by h* and eOH. It is thus crucial to provide a mechanism for
the degradation of POME. Equation 4 describes the promotion
of photoexcited e~ from VB to CB during the photocatalytic
process of C, N-TiO, NPs, resulting in the formation of an
e —h" pair. As shown in eq 5, O, plays an important role,
and adsorbed O, will undergo degradation to €O, in the CB.
From eq 6, €O, breaks down the POME molecule into
harmless chemicals such as CO, and H,O. Furthermore, the
©0,” will undergo reactions with protons (H') present in
solution to form H,0,, which is responsible for POME
degradation based on eqs 7 and 8. Moreover, according to eqs
9 and 10, h" is expected to produce ®OH, which converts
POME into CO, and H,O. In this finding, ®O,™ and ®OH are
responsible for the breakdown of POME into CO, and H,0,
with @O,” playing the dominating role in the photocatalytic
process. Equations 4—10 illustrate the potential pathways for
POME degradation, with the scheme of the proposed
degradation mechanism displayed in Figure 11.

C, N — TiO,NPs + hv — ecy” + hy" (4)
O, +ecg — ¢O0, (3)
¢0,” + POME — CO, + H,0 (6)
¢0,” +2H" - H,0, (7)
H,0, + hv + 20H e + POME - CO, + H,0 (8)
hy" + H,0 — eOH + 2H" )
eOH + POME - CO, + H,0 (10)
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Visible light commercialized 300 W xenon lamp source is tabulated in
souree Table 1. From Table 1, it is observed that the photocatalysts
o P
0, Table 1. Photocatalytic Degradation of POME with Various
H*C e) CB S Semiconductor Photocatalysts, Conditions, and Catalytic
hv [ﬁ? H Performances”
o, Palm Oil Mill g g
H:O « (imo';:g') H,0, g C, N-Ti0, % band gap d_egradat'ion degradation
!) S g photocatalyst energy (eV) time (min)  efficiency (%) reference
UH w) VB T%(i)és/i]ica 3.20 240 47 S1
CaFe,0, 1.51 480 69 52
Hel BiVO, 2.50 240 24 s3
Figure 11. Proposed mechanism scheme for the photocatalytic C N-TiO, 295 150 100 this study

degradation of POME.

2.7. Reusability of the C, N-TiO, Photocatalyst. The
reusability test was conducted in five cycles of photocatalytic
degradation of POME under identical experimental conditions,
as shown in Figure 12, to examine the efficiency of repeated
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93.61 92.22

91.88 gg9g9
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20 4
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0Cycle 1stCycle 2nd Cycle 3rd Cycle 4th Cycle 5th Cycle

Figure 12. Reusability test of optimized C, N-TiO, NPs for five cycles
(n=2).

use of the optimized C, N-TiO, NPs. Figure 12 depicts that
the degradation efficiency of POME decreased by 8.69%, from
98.68 to 89.99%, after being reused five times. The initial cycle
resulted in 98.68% POME removal, indicating that the removal
efficiency decreased by 1.32%. Due to a minor loss of
photocatalytic activity for the following five cycles, it is proven
that the C, N-TiO, NPs exhibit good stability during the
photodegradation of POME under light irradiation. This
relatively small drop is likely caused by the active site and the
low adsorption ability of the photocatalyst. Furthermore,
frequent washing, centrifugation, and usage may lead to the
loss of the catalyst materials.’” Therefore, the finding suggests
that the C, N-TiO, NPs have good reusability, which plays a
major role for wastewater treatment applications.

2.8. Comparative Discussion of the Present Work
with the Reported Literature. In recent decades, the
development of highly efficient semiconductors as photo-
catalysts for the degradation of POME has attracted
considerable attention due to several benefits such as eco-
friendliness, high efficiency, and low energy requirement. This
method encompasses several crucial aspects, such as the types
of materials employed, their band gap energies, and the
degradation times and efficiencies after the degradation
process. The comparison of this present study with several
literature surveys related to the photocatalytic degradation of
POME with semiconductor photocatalysts irradiated using a
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“All studies are comparable using a commercialized 300 W xenon
lamp irradiation source.

used in other reported studies were found to have lower
catalytic performance than that in the current work in terms of
their degradation times and efficiencies despite some of them
possessing narrower band gaps than C, N-TiO,. This was due
to particle agglomeration, which decreases the surface-to-
volume ratio, thus limiting the amount of incoming light
radiation. This indicates that C, N-TiO, employed in this study
has the potential to be efficient and economical for the
photocatalytic treatment of POME.

3. CONCLUSIONS

C, N-TiO, NPs were successfully synthesized using the sol—gel
method by employing TTIP, CMC and urea as a precursor for
Ti, C, and N, respectively. XRD results showed that the C, N-
TiO, NPs possessed a crystallite size of 11.35 nm, indicating
high crystallinity and enhanced photocatalytic performance.
The existence of the C—N—Ti group in the TiO, lattice was
confirmed by the presence of the absorption bands at 1545 and
1032 cm™' from FTIR analysis, proving the success of
codoping of C and N. The presence of these elements was
further clarified by XPS analysis indicating the substitutional
and interstitial doping of N and C, respectively, into TiO,.
Optical studies revealed that the band gap of C, N-TiO, NPs
was reduced from 3.2 to 2.95 eV from UV—vis DRS results,
thus extending the adsorption of the photocatalyst to the
visible light region. Meanwhile, PL indicated that the C, N-
TiO, NPs had a lower intensity than anatase TiO,, suggesting
that slower e"—h" pair recombination can improve photo-
catalytic efficiency. The adsorption isotherm studies of POME
were compatible with the Langmuir isotherm model, as the
Langmuir correlation coefficient R* of 0.962 was higher than
the Freundlich R® value of 0.940. This suggested the
occurrence of monolayer adsorption on the homogeneous
sites of the pollutant. The photocatalytic degradation process
of POME achieved maximum degradation efficiency (100%)
under pH 7 using 0.12 g of the C, N-TiO, NPs. According to
POME removal results from TOC studies, only about 58.14%
of POME was degraded into CO, and H,O in 150 min; the
mineralization rate was significantly lower than the degradation
rate because CO, and H,O did not fully degrade. Scavenging
studies showed that O, exhibited the highest activity in the
photocatalytic degradation of POME. Moreover, the reus-
ability of the C, N-TiO, NPs up to more than five cycles
demonstrated that C, N-TiO, NPs are useful for the
degradation of POME under solar light irradiation, which
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makes them highly promising photocatalysts in wastewater
treatment.

4. MATERIAL AND METHODS

4.1. Materials. Ammonia solution (NH;) of 30% NH,OH
was purchased from Chemiz, Modern Lab, Malaysia. Titanium-
(IV) isopropoxide (TTIP) with a purity of 97% was obtained
from Sigma-Aldrich, Co., USA. Glacial acetic acid
(CH;COOH) and absolute ethanol (CH;CH,OH, 99.7%)
were purchased from QReC, Modern Lab, Malaysia.
Carboxymethylcellulose (CMC), sodium, and urea were
obtained from Sigma-Aldrich, Modern Lab, Malaysia. Palm
oil mill effluent (POME) was obtained from Sri Singgora Palm
Oil Mill, Malaysia. Potassium dichromate (K,Cr,0;).
ammonium iron(Il) sulfate-6-hydrate ((NH,),Fe(SO,),
6H,0), silver nitrate (AgNO;), methanol (CH;OH), and
acetonitrile (CH3;CN) were purchased from Bendosen,
Progressive Scientific, Malaysia. All chemicals were used as
received without further purification.

4.2. Synthesis of C, N-TiO, NPs. The sol—gel method was
utilized to synthesize C, N-TiO, NP photocatalysts, which was
adopted from the previous study by Mohamad Idris et al.”’
Briefly, 25 mL of pure water was mixed with urea (3% N, 3
mmol), CMC (2% C, 2 mmol), and 4 mL of glacial
CH;COOH in beaker A. After 30 min, the solution was
mixed. In the meantime, 25 mL of CH;CH,OH and 3 mL of
TTIP were placed into beaker B and stirred for 30 min. Using
a dropper, the solutions in beakers A and B were mixed one
drop at a time for 60 min. Then, while stirring continuously for
30 min, ammonia solution (NH,OH) was added to the
mixture until the pH reached 9. Following a 10 min separation
by centrifugation at 9000 rpm, the white precipitate underwent
five washes with distilled water before being dried in an oven
heated to 80 °C for a duration of 24 h. C, N-TiO, NPs were
produced by heating the yellowish-gray powder in the furnace
at 500 °C for 2 h.

4.3. Analytical and Characterization Techniques. The
X-ray diffraction (XRD) analysis of the catalyst was carried out
to evaluate its detailed crystal information, including the
crystalline phase and crystallite size. The detailed crystalline
information on the catalyst was obtained using XRD (PW
3040/60 X’PERT PRO, PANalytical, Netherlands), and the
samples were analyzed using Cu Ka radiation (1.541 A) in the
range of 20 = 15—105°. The crystallite size and crystallite
phase of the catalyst were then determined. The data were
analyzed using the XRD analysis PRO software tool
(PANalytical, Netherlands). The chemical composition of
the catalyst was evaluated using a Fourier transform infrared
(FTIR) spectrometer (PerkinElmer Model System 2000,
United States). Potassium bromide (KBr) powder and the
sample were first weighed at a mass ratio of 1:10, ground in a
mortar, and milled into a homogeneous powder. The powder
was compressed into a thin and smooth surface pallet under
8—9 t of pressure. The FTIR spectrum was scanned in the
range of 400 to 4000 cm'. High-resolution transmission
electron microscopy (HRTEM, TECNAI G2 20 S- TWIN,
FEI, Spain) was employed for the determination of the surface
and morphology of the catalyst. In the sample preparation, 10
mg of the catalyst was dispersed in 10 mL of CH;CH,OH
solvent by sonication. The distributed sample was then dried
onto mesh C-coated grids, after which the images were
captured at both low and high magnifications by using an
acceleration voltage of 300 kV. Meanwhile, 100 particles were
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chosen from the obtained HRTEM images to measure the
average particle size using the free program ImageJ software
(ImageJ 1.51j8, USA). XPS analysis was performed for the
catalyst with an X-ray photoelectron spectrometer (ESCA,
AXIS ULTRA, Kratos Analytical, Shimadzu Group). The XPS
spectra were excited by using a monochromatic Al Ko X-ray
radiation source. Instrument calibration was carried out using a
C 1Is correction at 285.81 eV. UV—vis DRS was used to
measure the synthesized material’s band gap changes and shifts
in the wavelength. The spectra were measured on a
PerkinElmer Lambda 35 (USA) instrument equipped with a
Labsphere RSAPE-20 integration sphere and a diffuse
reflectance standard. The band gap energy was obtained by
extrapolating the linear section from the graph of (khv)?
against photon energy throughout a wavelength range of
200—800 nm using the Kubelka—Munk formula. The photo-
luminescence (PL) study was performed with a PerkinElmer
LS S5 Luminescence Spectrometer (USA) with a 10 s
acquisition time and a 325 nm excitation to investigate the
behavior of charge carrier transfer and recombination process
in the samples.

4.4. Adsorption Isotherm Studies. This study was
conducted in the dark to determine the amount of solute
that can be absorbed by the adsorbents. A total of 0.12 g of C,
N-TiO, (optimized catalyst dosage) and 200 mL of POME
solution (1, S, 30, 50, and 75% of POME) were mixed at pH 7
(optimized pH) and stirred in the dark for 1 h. Every 10 min,
the sample was regularly taken until the solution reached the
equilibrium concentration, which was determined by chemical
oxygen demand (COD) analysis. Moreover, the concentrations
of POME in the solution for the initial and final adsorption
were used to calculate the amount of POME absorbed.

4.5. Photocatalysis of POME. Before the photocatalytic
reaction was conducted, the dark adsorption of the POME
solution was first carried out for 60 min to achieve
adsorption—desorption equilibrium. Different amounts of
anatase TiO, and C, N-TiO, NPs (0.08, 0.10, and 0.12g)
with an initial pH 7 of POME were prepared to treat the
POME solution. Degradation of POME was performed under
solar light irradiation (300 W xenon lamp) to investigate the
photocatalytic activity of both catalysts. Upon exposure of the
mixture to solar light, the degradation process was
commenced. A light meter was used to measure the intensity
of the solar light (luminosity between 80 and 100 klx). The
COD reaction was used to analyze the photocatalytic activity
of the samples collected every 15 min within a desired period.
The photocatalysis process was repeated as above with 0.12 g
of C, N-TiO, NPs for the investigation of the effect of pH
toward POME degradation under pH values of 4 and 9.

4.6. Chemical Oxygen Demand (COD) Analysis. COD
analysis was conducted to measure the concentration of the
degraded POME solution in parts-per-million (ppm). The
samples were prepared in each COD vessel by transferring 1.5
mL of digested solution using a micropipet followed by 2.5 mL
of the POME sample collected during photocatalytic activity.
Then, 3.5 mL of sulfuric acid (H,SO,) reagent was added into
each vessel. The tube cap was tightened, and the vessel was
inverted several times to allow complete mixing. After sample
preparation, the vessels were placed in a heating block on a
Hach DRB200 Digital COD Reactor preheated to 150 °C and
refluxed for 2 h. The samples were then allowed to stand and
cooled to room temperature. After that, the samples were
transferred into a conical flask, two to three drops of ferroin
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indicator solution were added, and titration was performed
with standardized FAS. The end point was reached when one
drop of the standardized FAS turned the color of the solution
completely from blue-green to reddish brown. Similarly, a
blank containing a reagent and distilled water was refluxed and
titrated until its color turned to reddish brown.

4.7. Total Organic Carbon (TOC) Analysis. The degree
of mineralization of treated POME was determined by using a
TOC analyzer (Shimadzu, TOC-L). The samples obtained
before and after the photocatalytic reaction were filtered with a
nylon membrane filter with a pore size of 0.22 ym before the
TOC analysis was performed. All the C’s formed in the sample
attributed to the presence of inorganic carbonates were
converted to CO,, which was then measured directly or
indirectly before conversion into TOC or total carbon content.

4.8. Scavenging Study. The scavenging test was used to
identify the reactive radical species that were involved in the
photocatalytic degradation of POME. The reaction was carried
out in the same manner as for the photocatalytic experiment in
Section 4.4. CH;0H (10% v/v), AgNO; (0.2 M), and CH;CN
(100% v/v) were implemented as scavengers to investigate the
effects of h*, 0,7, and ®eOH, respectively. The scavenging
effect of AgNO; was similar to €O,

4.9. Reusability of the Photocatalyst. The reusability of
the C, N-TiO, photocatalyst was investigated for five cycles.
Following the photocatalytic reaction, any pollutants or
impurities were removed from the photocatalyst by centrifu-
gation for 10 min at 9000 rpm in distilled water. Then, the
sample was placed in an oven and dried overnight at 80 °C.
The dried sample was collected and reused for the following
photocatalytic activity.
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