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Abstract. The study aims to evaluate the removal of tartrazine (TZ), tetracycline (TC), and a combination of both TZ+TC and hydrogen (H:)
production simultaneously using WO3/g-C3N4/TiNTAs (W-CN-TiNT) nanocomposites. The processes used in this study were Electrocoagulation
(EC), photocatalysis (PC), and a combination of photocatalysis-electrocoagulation (PC-EC) simultaneously. The synthesis of W-CN-TiNT
nanocomposites was carried out using the in-situ Anodization (IA) method, which was then tested for its performance in the PC and PC-EC processes.
The nanomaterials were characterized by various techniques such as X-ray diffraction (XRD), ultraviolet-visible diffuse reflectance spectroscopy (UV-
Vis DRS), field emission scanning electron microscopy with energy dispersive X-ray spectroscopy (FESEM-EDX), high-resolution transmission
electron microscopy with selected area electron diffraction (HRTEM-SAED), X-ray photoelectron spectroscopy (XPS), and photocurrent
measurements. In the PC process, liquid chromatography-high-resolution mass spectrometry (LC-HRMS), UV-Vis spectrophotometer, and gas
chromatography (GC) were used to assess the efficiency of pollutant removal and H: production. The results show that TZ is removed more easily
than TC during the PC process, and the pollutant removal rate is correlated with H, production. This observation also applies to the EC process and
the PC-EC. The PC-EC process is superior to the single process of removing the TZ+TC pollutants. The proposed approach has proven to be effective
for TZ+TC removal and in enhancing H, production. The use of W-CN-TiNT nanocomposite as a photocatalyst is revolutionary. It significantly
improves the process efficiency. This research provides a sustainable alternative solution that is environmentally friendly and can be applied for the
treatment of pharmaceutical industrial wastewater containing complex organic compounds.
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1. Introduction reduce dependence on fossil-based energy sources (Eidsvag et
al., 2021).

PC and EC are two processes used to manage
pharmaceutical waste while producing renewable energy. The
PC process utilizes photon energy, specifically sunlight, to help
remove hazardous compounds, such as pharmaceutical waste
and dyes while reducing the production of H, gas (Ji et al., 2021;
Nakata & Fujishima, 2012; Schneider et al., 2014). Meanwhile,
EC is an electrochemical process that removes pollutants from
the air. The EC process has been described in detail by previous
researchers (Emamjomeh & Sivakumar, 2009; Kabdash et al.,
2012; Linares-Hernandez et al, 2009; Mollah et al., 2001;
Quaissa et al., 2014). In addition, integration of methodologies
has been studied to improve efficiency in waste treatment and
energy generation (Pelawi et al, 2020; Sharfan et al., 2018;
Slamet & Kurniawan, 2018; Suarez-Escobar et al., 2016). Hence,
this study aims to produce a new method related to
pharmaceutical pollutants treatment using the PC process with
W-CN-TINT nanocomposites synthesized through the IA
method, which is rarely documented in the literature, unlike

Pharmaceutical waste from hospitals or the pharmaceutical
industry often contains hazardous substances such as antibiotics
and dyes (Husein et al., 2023). Antibiotics such as TC can cause
environmental contamination if not handled properly. TC has
been detected in several aquatic environments, and its
concentration reaches a maximum of 10 ng/L (Di Silvestre et al.,
2018). In addition to TC, dyes such as TZ can threaten the
environment and human health. Thus, research on the
decomposition of pharmaceutical waste with these two
chemicals remains very limited. Until now, research efforts have
mostly focused on waste containing hazardous substances
(Bhamare, 2022). Effective pharmaceutical waste treatment is
urgently needed to reduce environmental and human health
risks. Aside from the above problems, the demand for
renewable energy in the world is increasing, especially Ha,
where H, can be a promising alternative energy source. To
overcome this problem, it is necessary to develop a more cost-
effective and environmentally friendly H, production process to
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common synthesis methods such as PVD or SILAR, which often
require higher temperatures and/or toxic chemical compounds
(Guizeldir, Saglam, and Ates 2010).

The IA method allows the formation of oxide layers directly
on the substrate surface or nanostructures that control the
formation of morphology and composition (Shalom et al. 2014).
This advantage is essential to enhance complete material-
substrate integration, as well as improve overall stability,
combined with an environmentally friendly synthesis
procedure. Furthermore, the IA method facilitates
morphological modification along with structural modification
of nanomaterials, which occurs through the adjustment of
certain electrochemical parameters. Thus, the IA method is a
more flexible and encouraging tactic to enhance photocatalytic
applications. Furthermore, this study uniquely showcases the
performance of W-CN-TiNT nanocomposites synthesized by
the IA method in the PC-EC process. The combination of PC-
EC has rarely been explored before. In considering pollutants,
this study discusses the handling of complex pharmaceutical
industry pollutants, such as pollutants containing a mixture of
TZ and TC.

Based on the description above, this study aims to
investigate the effectiveness of W-CN-TiNT nanocomposites
synthesized using the IA method in removing TZ and TC
pollutants and producing H, through a combination of PC-EC
processes. In addition to PC-EC, single PC and single EC
processes were also carried out to transmit their effectiveness
in removing TZ and TC pollutants and H, production.

2. Experimental Methods
2.1 Synthesis of W0Os/g-CsN,/ TiNTAs Nanocomposite

The chemicals employed were analytical reagents sourced
from Sigma Aldrich. A titanium plate size was 8 x 4 x 0.01 cm
(Shaanxi Yunzhong Metal Technology Co., LTD, China). It was
subjected to mechanical polishing using CW 1500 sandpaper.
The titanium plate was thereafter submerged in a chemical
solution of 40% HF (Merck), 65% HNO:s, and distilled water in a
volume ratio of 1:3:46 for one minute. Afterward, it was cleansed
with distilled water and subjected to sonication for 5 minutes to
eliminate any residual contaminants.

W-CN-TIiNT nanocomposites were synthesized using the IA
method. This process was carried out in an electrolyte solution
containing 98% glycerol, 0.5 wt% NH,F, and 25 vol% water. A
platinum plate acts as a cathode, and a titanium plate as an
anode. Melamine and sodium tungstate dihydrate
(Na,WO,2H,0) were added to the electrolyte solution as
precursors to synthesize W-CN-TiNT nanocomposites where
0.3 g of melamine was used as a precursor of g-C,N, and 0.78 g
of Na,WO,2H,0 was used as a precursor of WO,. The
anodization process was conducted at a voltage of 50 V for 2
hours. After that, the sample was dried at room temperature for
30 minutes. The sample was then annealed in a furnace at a
temperature of 550°C for 3 hours. This process was carried out
at a heating rate of about 3°C/min to obtain the desired
crystalline phase in the nanocomposite.

2.2 Characterizations of WO;/g-CsN./ TiNTAs Nanocomposite

The characteristics of the nanocomposites were evaluated
using characterization methods such as FESEM-EDX, HRTEM-
SAED, XRD, UV-Vis DRS, XPS, photocurrent, and LC-HRMS.
FESEM-EDX was employed to examine the surface morphology
of the photocatalyst as well as to ascertain the exact physical
parameters, such as nanotube dimensions, thickness, material
composition, and distribution of catalytic constituents. The
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investigations were carried out at a voltage of 30 kV. This
voltage was increased during the investigations. The average
diameter of the nanotubes was evaluated through the Gaussian
curve fitting technique, while the average length and thickness
were measured through the instrument's built-in software.

The nanostructural characteristics were subsequently
examined using HRTEM (FEI Tecnai G2 20 S-TWIN) with 200
kV supplemented by SAED analysis. The crystallographic
characteristics of the nanocomposite were analyzed using XRD.
It employed an Empyrean Series 3 Panalytical apparatus, which
utilized a copper anode tube (A = 0.15406 nm). XRD
measurements were performed at 40 kV and 30 mA with a scan
range of 10 to 60° in 26. The step size was 0.013°, and the scan
step duration was 37.995 s. The crystallite size was determined
using Scherrer equation relying on the full width at half
maximum (FWHM) values of the XRD peaks

The optical characteristics and band gap energies were
assessed using the Kubelka-Munk function. It was based on UV-
Vis DRS within the wavelength range of 300-500 nm with an
Agilent Cary 60 UV-Vis Spectrophotometer. An XPS
examination was conducted using Shimadzu Axis Supra+
equipment to clarify the chemical states and surface
composition of the nanocomposite.

2.3 Test for the Hydrogen Production and Tartrazine-Tetracycline
Removal

The process of PC, EC, and PC-EC helped the formation of
H; and the removal of TZ and TC pollutants. This method was
carried out in an acrylic reactor containing one hybrid PC-EC
device. The reactor contained 500 mL of TZ and TC solution
with a concentration of 10 ppm, pH of 5, and added 0.2 g/L
NaCl. The PC process test used W-CN-TiNT nanocomposite as
a photocatalyst irradiated by two 250 W mercury lamps with a
ratio of 17.25% UV light and 82.75% visible light.

The EC method used an aluminum plate as the anode and a
stainless steel-316 plate as the cathode with a thickness of 1 mm
and 2 mm, respectively. Each electrode had the same size at 8
cm x 4 cm, and the distance between the electrodes was 3 cm.
The electrodes were connected to a power source with a
voltage of 5 volts. The reactor in the PC-EC combination was
separated between the PC and EC rooms by a micro-sized cloth
partition. This partition was used to prevent the entry of Al(OH),
coagulant from the EC room to the PC room. As an initial step,
the solution in the reactor flowed with argon gas for 5 minutes
before testing, and this was done to remove oxygen from the
mechanism. The specific parameters used in this PC-EC
combination process were the specific and optimal result
parameters obtained from the PC and EC processes.

The evaluation of Hz production and the removal of TZ and
TC involved sampling at 60-minute intervals over 240 minutes.
The absorbance of the samples was quantified using a UV-Vis
spectrophotometer at a wavelength of 427 nm and 277 nm for
TZ and TC, respectively, at pH 5. The pollutant removal rate
was ascertained using the established Equation 1. The method
involved continuously stirring the solution while concurrently
engaging the mercury lamp and the power supply.

COC‘C x 100% (1)
o

% Removal =

Co and C were the concentrations of dissolved pollutants in
milligrams per liter (parts per million) during the first- and
subsequent time intervals, respectively. The H, concentration
was quantified using a Shimadzu GC-2015 gas chromatograph
equipped with a Molecular Sieve 5A column. The carrier gas
was argon, which had a retention duration.
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3. Results and Discussions

3.1 Characterization of WOs/g-CsN,/TiNTAs Nanocomposite as
Photocatalyst

FESEM images taken from the optimal composite results
achieved using the IA method are depicted in Fig. 1. It illustrates
that the integration of g-CsN: and WO; does not affect the
morphology of TiNTAs. The structure can be evaluated based
on three main metrics such as outer diameter, wall thickness,
and nanotube length. In pure TiNTAs, the outer diameter ranges
from 165-205 nm, the wall thickness fluctuates between 20-29
nm, and the nanotube length ranges from 881-921 nm.
Meanwhile, the W-CN-TiNT nanocomposite has an outer
diameter range of 98-126 nm, wall thickness ranges from 18-20
nm, and nanotube length fluctuates from 1125-1153 nm. These
findings indicate that the integration of g-CsN4 and WOs via the
IA synthesis method does not significantly affect the
morphology of TiNTAs.

The EDX element mapping based on Fig. 1 (inset bottom)
shows that carbon (C), tungsten (W), and oxygen (O)
components are found in TiNTAs. It indicates that the
composition of melamine and Na;WO4 2H,O is well-doped in
TiNTAs. Nitrogen (N) element is not identified at any point on
the nanocomposite surface because the main factors are most
likely the small nitrogen peak and low g-CsNi concentration.
However, the incorporation of WO, and g-C,N, into TiNTAs
does not result in particle aggregation or clumping. It is
important because aggregation can reduce the catalytic activity
of TiNTAs (Pratiwi et al,, 2025). Therefore, the structure of
TiNTAs remains essentially unchanged from that of both doped
materials. This study indicates that the specific nanotube
structure remains stable, without aggregation, which can reduce
catalytic effectiveness, and the morphology does not change
significantly with the addition of WO; and g-CsNi. The results
clearly suggest that the composition and synthesis used are
effective in maintaining the structural integrity of TiNTAs.

Fig. 2 illustrates the HR-TEM/SAED evaluation of W-CN-
TiNT nanocomposites synthesized using the IA method. The
crystal structures of rutile TiO;, anatase TiO2, and WOs3, along
with g-CsNy, are observed, which display interplane spacing of
about 0.32 nm, 0.357 nm, 0.375 nm, and 0.326 nm. The findings
reveal these interplane spacings. The mentioned interplane
spacing of 0.32 nm is related to the (1 1 0) plane of rutile TiO-
crystal form, and the mentioned spacing of 0.357 nm is related
to the (1 0 1) plane of anatase TiO: crystal. The determined
spacing of 0.375 nm is directly related to the (1 0 1) plane of the
WO:s crystal, while the spacing of 0.326 nm is related to the (0 2
0) plane of the g-C3N4 crystal. The data are validated by JCPDS
No. 21-1272, specifically for anatase TiO. from JCPDS No. 00-
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Fig. 2 FESEM Image of W-CN-TiNT (Inset Top: FESEM image
from nanotube side, inset Bottom: EDX elemental mapping)
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Fig. 1 a) TEM, b) & c) HR-TEM image; and d) SAD Diffraction
Pattern of W-CN-TiNT.

033-1387 for WOs. Although the concentration of g-CsNa in
TiNTAs is low, SAED analysis effectively detects its presence.

Additionally, TEM results uncover that the diameter of the
nanotubes increase toward the base. This effect originates from
the anodization process, where the higher dissolution of
hexafluoro titanium ([TiFs]*) species from the nanotube walls
causes a larger inner diameter of the resulting nanotubes. The
reaction is shown in Equations 2-4 (Muttaqgin et al. 2022a). This
poses certain difficulties for the g-C3Ns and WOs precursors.
Both must penetrate the interior of the nanotubes. In conclusion,
TEM, HR-TEM, and SAED characterizations indicate that the
synthesis of g-C3Ni;, WO3, and TiNTAs nanocomposites is
successful.

2H,0 - 0y + de~ + 4H* 2)
TiO, + 6F~ + 4H* — TiFZ™ + 2H,0 (4)

Fig. 3 shows the XRD results of W-CN-TiNT nanocomposites
synthesized by the IA method. It demonstrates that the
nanocomposites have various crystal phases, including anatase
and rutile forms of TiO2, g-C3Ns, WOs3, and titanium metal. Some
typical diffraction peaks of anatase TiO: are located at 20 =
25.67°, 38.31°, 48.06°, 54.64°, and 55.66°, which correspond to
the crystal planes (101), (103), (004), (202), and (211) according
to JCPDS No. 21-1272 (Scarpelli et al., 2018), respectively. It
indicates that the nanocomposites have a complex crystal
structure with a mixture of various phases.

The rutile phase of TiO. was identified at 26 = 27.56° and
35.04°, which correspond to the (1 1 0) and (1 0 1) planes as per
JCPDS No. 21-1276 (Phromma et al., 2020). Specific planes, (1
00), (00 2), and (1 0 2), were identified at 26 of 38.86°, 40.65°,
and 53.49°, respectively. It denotes the presence of titanium
(Moura et al., 2012). g-CsNs shows relatively low peaks at 20 =
27.56° (0 0 2) and 44.81° (1 0 0) according to JCPDS No. 87 -
1526 (Karimi-Nazarabad & Gohar-shadi, 2017). This might be
due to the low concentration of g-CzNs4 dopant coupled with
inadequate crystallization of melamine. WOs; diffraction is
clearly observed at 26 = 23.28° and 36.65°. These values
correspond to the (1 1 0) and (2 0 1) planes, respectively (Li et
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Fig. 3 XRD results of TINTAs; g-C3N4; WO3; JCPDS; and W-CN-
TiNT nanocomposite

al.,, 2021). TiO; calcination at 550°C for about 3 hours with a
heating rate of 3°C per minute immediately led to the
appearance of the rutile phase (Husein et al., 2024; Pandey et al.,
2020; Zhou et al, 2020). This temperature optimizes the
conversion of melamine to g-CsNa. It can also promote the
formation of a rutile phase, which usually appears at
temperatures above 500°C (Bamne et al., 2018; Phromma et al.,
2020; Saalinraj & Ajithprasad, 2017). Higher temperatures
increase the crystallinity of the material, which can be observed
through narrower and clearer XRD peaks. The Scherrer
equation is commonly used to calculate the -crystallite
dimensions. Anatase crystals measuring 33.14 nm are the main
phase, and rutile crystals measuring 45.059 nm are the
secondary phase.

The Scherrer equation provides insight into the crystallite
dimensions of the synthesized nanocomposites using the 1A
method. This work used XRD data to measure the average
crystallite size of the main diffraction peaks in the anatase and
rutile crystal phases. The rutile diffraction peak appears at
approximately 20 = 27.37°, while the anatase peak is at
approximately 26 = 25.4°. The widths of these diffraction peaks
are used in the Scherrer equation after determining their full
width at half maximum, as described by Azizi-Toupkanloo et al.
(2019). The anatase crystals are approximately 33.14 nm in size,
while the rutile crystals are slightly larger at 45.059 nm. Analysis
of the crystal phase composition suggests that the ion
implantation approach favors anatase over rutile. The difference
in crystallite diameter between anatase and rutile can affect the
material properties, as both phases affect the characteristics in
their own way. Smaller anatase crystals typically exhibit higher
surface areas, thus increasing the effectiveness of
photocatalysis. The fabrication conditions may have led to a
gradual increase in the rutile crystal diameter, thereby helping
to produce larger crystals relatively consistently, as
demonstrated by Tan et al. (2014). Therefore, these findings
provide some insights into the properties of the synthesized
photocatalytic materials, particularly regarding the particle size
and crystal phase composition, as confirmed by Refs. Gu et al.
(2014), Pandey et al. (2020) and Zhou et al. (2020).

Fig. 4a illustrates the UV-Vis DRS spectra simultaneously,
and Fig. 4b shows the absorbance contours of TiNTAs and W-
CN-TiNT nanocomposites. The transient photocurrent
spectrum is also depicted in Fig. 4c. TINTAs have a bandgap
and wavelength shown in Fig. 4a-b of 3.17 eV and 391 nm,
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respectively. The W-CN-TiNT nanocomposite displays a
specific bandgap at 2.84 eV. In addition, the nanocomposite
shows a specific wavelength at 405 nm during this period. The
reduction of the bandgap in W-CN-TiNT aligns with the
decrease in energy, although the wavelength remains beyond
TiNTA in accordance with previous findings (Muttagin et al.,
2022). This phenomenon correlates well with the mathematical
expression for calculating the bandgap energy shown by
Equation 5.
h.c

E== (5)

The formula consists of band gap energy (E), Planck's
constant (h), speed of light (c), and wavelength (). According to
the estimation, the band gap of TiNTAs is 3.17 eV, which is

4.00
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3.17eVv
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Fig. 4 Optical and photoelectrochemical behavior of W-CN-TiNT
using a) UV Vis DRS Spectra; b) the absorbance shift; c) Transient
Photocurrent

ISSN: 2252-4940/© 2025. The Author(s). Published by CBIORE



S. Husein et al

consistent with previous findings (Slamet and Kurniawan 2018).
The incorporation of g-CsNs and WO3 through cooperative
strategy effectively reduces the band gap from 3.17 eV to 2.84
eV. The extension of g-CsNs and WO3 semiconductors, which
have lower band gap energies, into the nanocomposite structure
leads to the reduction of the band gap energy. The band gap
energy of the W-CN-TiNT blend is in the range of TiNTAs, g-
C3Ny, and WOs. This is consistent with previous judgments
(Husein et al. 2024).

Fig. 4c shows the electron transport phenomena in pure
TiNTAs and W-CN-TiNT nanocomposites under visible light
irradiation. The increase of photocurrent from OFF to ON state
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obviously enhances the efficient charge transfer and improves
the photoelectric conversion efficiency. Interestingly, the W-
CN-TiNT nano-hybrids produces much higher photocurrent
than most pure TiNTAs, which confirms their superiority in
facilitating interfacial electron dynamics. This enhanced
photocatalytic activity confirms that the W-CN-TiNT composite
serves as a highly effective material for photocatalytic
applications. Its superiority stems from its ability to significantly
enhance the reaction kinetics, which makes it an optimal
candidate for practical photochemical devices and pollution
remediation technologies.

waf
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Fig. 5 Presents the XPS Spectra for a) Wide Survey, b) W 4f, c) C 1s, d) Ti 2p, €) O 1s, and f) N 1s of W-CN-TiNT.
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XPS testing was performed on W-CN-TiNT nanocomposites
to verify the synthesis of nanocomposites and identify the
surface ions. The results, as shown in Fig. 5, indicate that the
surface of the nanocomposites is composed of titanium, oxygen,
tungsten, nitrogen, and carbon. Examination of the doublet
peaks of the W 4f (Fig. b) component at binding energies of
35.69 eV and 37.39 eV correspond to the 4f 7/2 and 4f 5/2

orbitals of tungsten ion W®*, indicating the presence of WOs.
Furthermore, a weaker peak is found to be associated with W**,
indicating some oxygen deficiency in the crystal structure. The
presence of multiple oxidation states of tungsten on the surface
of the films, namely W®* and W**, reflects the formation of W=0
bonds. It helps enhance photocatalytic and electrical properties.
The more prominent peaks indicate the diversity in the
chemical environment around the tungsten atoms (Wang et al.,
1998).

The C 1s spectrum reveals three important peaks in Fig. 5 c).
First and foremost, the peak at 284.57 eV indicates C-C bonds,
which may originate from trace impurities. Furthermore, the
peak at 287.04 eV typically indicates N=C-N bonds, which
implies the g-C3N4 architecture described by Lei et al. (2011).
This differentiation of g-C3Ni peaks is due to the increased
conjugation relative to standard g-CsNa. In addition, the Ti 2p
spectrum splits into two locations (Fig. 5d) at 458.8 eV for Ti 2p
3/2 and 464.5 eV for Ti 2p 1/2 with a splitting energy of about
5.7 eV. It validates the presence of some Ti** ions in TiO,. The
lack of a peak near 455 eV distinguishes TiO2 from metallic
titanium since it requires complete oxidation of the titanium
substrate (Ti) (Qahtan et al., 2024).

The O 1s spectrum (Fig. 5e) depicts two obvious peaks at
530.1 eV and 531.7 eV. The initial peak at 530.1 eV indicates the
lattice oxygen (Ov) in the crystal framework of TiO; and WO:s.
Meanwhile, the secondary peak at 531.7 eV denotes the
presence of oxygen vacancies or hydroxyl groups (Ov) along the
surface of the materials. These oxygen vacancies act as electron
traps that enhance the photocatalytic effectiveness of the
materials, respectively, as documented in various studies
(Stefanov et al. 2008). The N 1s spectrum (Fig. 5f) exhibits three
main peaks at 396.22 eV, 397.79 eV, and 401.84 eV. The peak
at 396.22 eV is related to the C-N=C bond in the g-CsN.
heptazine structure. Meanwhile, the peak at 397.79 eV is
associated with the nitrogen bonded to three carbon atoms. The
peak at 401.84 eV indicates the presence of nitrogen. The
smaller concentration of nitrogen atoms (ranging from 0.7 to
0.2%) provides evidence for the presence of oxidized nitrogen
on the outside of the nanocomposite.

XPS examination reveals the chemical composition and
oxidation states of the components inside the ternary
nanocomposite. The presence of W¢*, W**, Ti**, and the g-C,N,
supports the creation of a complex photocatalytic material.
Oxygen deficiency and vacancies enhance photocatalytic
activity, whereas the combination of TiO,, WO,, and g-C,N,
creates a diverse and beneficial chemical environment.

3.2 Photocatalysis for Hydrogen Production and Pollutant Removal

The novel W-CN-TiNT nanocomposites synthesized using
the IA method effectively produce H: gas and remove
pollutants. After four hours of testing, the materials achieved H»
production rates of 0.36 mol Hz2/m? for TZ, 0.35 mol Hz/m? for
the TZ+TC mixture, and 0.33 mol Hz/m? for TC, as shown in
Fig. 6a. The nanocomposites could utilize light and convert it
into renewable energy in the form of H,. Furthermore, this
photocatalytic approach demonstrates its effectiveness for the
removal of pollutants from the environment or pharmaceutical
industry processes, as depicted in inset Fig. 6b, with removal
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Fig. 6 Integration of the PC process performance of W-CN-TiNT

in a) H, production and b) pollutants removal (inset ‘a)’ hydrogen

output after 240 minutes and inset, ‘b)’ conversion removal after
240 minutes).

rates of 46%, 44%, and 43% for TZ, TZ+TC, and TC,
respectively.

The vertical axis of the graph in Fig. 6b illustrates the ratio of
the concentration at a given time (C) relative to the initial
concentration (Co). It represents the amount of pollutant
residue remaining over time. This C/Co value provides a
measure of how much of the pollutants are removed from the
system over time. If a C/Co ratio is close to one, it indicates a
little reduction, while a much lower value indicates an effective
pollutant removal. Fig. 6b compares the performance of W-CN-
TiNT using the PC process in removing TC, TZ, and TZ+TC
pollutants. In particular, it shows that the PC is the most
adequate in rapidly reducing the number of pollutants,
highlighting its enhanced depuration capability.

In general, based on the data shown in Figures 6a-b, the
removal of TZ is easier than that of TC and TZ+TC. This
pollutant also produced more Hz. The ease of TZ removal is due
to its simpler structure. TZ contains several -N=N- bonds that *
OH can easily break during the photocatalytic process. The
simplicity of its structure allows the rapid removal of TZ. It also
maintains the high effectiveness of the catalyst in facilitating the
electron transfer from protons (H*) to H.. In contrast, TZ+TC
has a very complex molecular composition that requires more
energy to break it, thus slightly reducing the productivity of Ha
production and removal compared to TZ. Similarly, TC displays
a more complicated chemical structure with several functional
groups such as hydroxyl, amino, and carbonyl, which prolong
its removal time. As a result, the relative performance of TC is
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lower than that of TZ and TZ+TC in terms of H, production and
pollutant removal efficiency. Although TZ+TC is a complex
molecule, the presence of TZ in its mixture gives it a clear
advantage over TC. The TZ bond, which can be easily cleaved
by reactive species, accelerates the removal process. The
removal percentage of TZ+TC is close to 44%. It exceeds the
removal percentage for TC (43%). Therefore, photocatalytic
efficacy is highly dependent on the chemical constitution of the
organic compound. Compounds with relatively simple
structures, such as TZ, show higher efficacy in H> production.
Similarly, they exhibit higher efficacy in pollutant removal.

3.3 Kinetic investigations of WOs/g-C3:N,/ TiNTAs Nanocomposite

Fig. 7 illustrates the kinetic profiles for the removal of TZ
(Fig. 7a) and TC (Fig. 7b) using the highly effective W-CN-TiNT
nanocomposite photocatalyst. With an expansive surface area
of 0.0064 m? these nanomaterials interact between their
abundant active sites and contaminant molecules, thereby
significantly increasing the removal percentage over time. The
initial concentration used in this study for TZ and TC solutions
is 10 ppm. Kinetic analysis showed that TZ follows a reaction
order of 1.87 with a rate constant of 3.63x107° ppm®# m? min™",
while TC corresponds to an order of 1.54 and occurs at
4.80x1076 ppm®5* m?min~!. The differences in these parameters
suggest that different molecular architectures can significantly
affect the degradation rate.

TC has stronger resistance to *OH attack and different
responsive oxygen species due to its benzene ring quartet,
which results in a very strong and stable aromatic structure. The
extended subatomic size of TC hinders contact with the specific
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Fig. 7 Calculated parameters from kinetics studies: a)
Tartrazine, b) Tetracycline.
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dynamic points of the catalyst, which then gradually breaks the
molecule. In contrast, the simple benzene ring group of TZ and
the weak resonance bond make it more susceptible to radical
attack. The anionic nature favors Electrostatic Interaction with
the dynamic space of the catalyst to accelerate the removal. The
damage to the molecular structure of TZ and TC was evaluated
by LC-HRMS. The LC-HRMS results revealed that TZ is
removed more effectively than TC, although not significantly.

Pollutants + *OH = Removal Product. (6)

The reaction of elimination of TZ and TC conducted via the
PC process is shown in Equation 6. The primary objective of the
kinetic study is frequently to enhance comprehension of the
efficacy of a catalyst employed in PC. Through the examination
of a singular system, researchers may ascertain surface
efficiencies, pollutant reactivity, and the influence of reaction
parameters on degradation rates. It includes the light intensity
and initial compound concentration. Such investigations exhibit
greater reproducibility and yield more consistent data
compared to compound systems characterized by numerous
connected factors. This mechanism entails light-induced
electron excitation, chemisorption, the generation of reactive
oxygen species, particularly *OH radicals, and the oxidation of
organic molecules into CO, and H,O (Berger et al. 1997;
Vasudevan et al. 2009).

Fig. 7 demonstrates that the reaction rate is affected by the
concentration of TZ and TC in a non-linear exponential form,
and it depends directly on the available active surface area. In
general, the model curves show good agreement with the
experimental data, especially at high concentrations. However,
at reaction times above 120 min, especially when the
concentrations of TZ and TC are lower, there is a deviation
between the experimental data and the model predictions. This
is indicated by the position of the experimental data points
below the curve. Further study is needed to clarify the causes of
this phenomenon, as it lies beyond the scope of this discussion.

A linear model derived from a kinetic study exhibits an
exceptional match with the experimental data. It is proved by a
coefficient of determination (R?) nearing 1, which signifies a
robust association. The reaction rate is mostly affected by
surface chemical interactions rather than diffusion constraints.
It indicates that the process adhered to intrinsic kinetics. Due to
the employment of a heterogeneous catalyst, the reaction order
is non-elementary, rendering the constant rate unable to be
determined exclusively from k values. Consequently, the
assessment of removing performance is more accurately
determined by the real reaction rate.

The findings suggest that the W-CN-TiNT nanocomposite
exhibits significant potential for wastewater treatment,
especially in the removal of organic pollutants like TZ and TC.
This method enhances the targeting of diverse organic
contaminants in industrial wastewater, hence mitigating
environmental concerns.

3.4 The Mechanism of Tartrazine-Tetracycline Removal

The removed TC and TZ compounds help the environmental
recovery process after the disposal of pharmaceutical and
organic pollutants. This study used the LC-HRMS method to
examine the elimination of both substances. By utilizing the m/z
value, this approach can identify molecular fragments that are
removed. The elimination mechanism in the W-CN-TiNT-based
photocatalytic system involves chemical interactions with
reactive oxygen species (ROS), such as superoxide (O2),
hydroxyl radicals (*OH), and holes (h*), which are used as the
removal of pollutant species (Vaiano et al., 2016).
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Fig. 9 Proposed TZ Removal Pathway under Photocatalytic Conditions

As can be seen in Fig. 9, the light stimulates the W-CN-TiNT
photocatalyst that excites the electrons (e) and forms h*. It
starts with the analysis of TZ. Excited electrons react with
oxygen (O,) to produce superoxide radicals («O,”). The holes
transform water molecules or hydroxide ions (OH") into *OH.
These reactive species target the TZ structure (m/z = 512),
primarily at the azo bond (-N=N-). It results in an initial fragment
with m/z = 195 that comprises an amine group (-NH,) and a
sulfonate group (-SO,”). The *O,” and *OH engage with the
bonds in the TZ molecule, causing additional cleavage. *OH
attacks the aromatic ring and sulfonate moiety. *OH is a very
powerful oxidizing agent. The release of the sulfonate group
produced fragments with m/z = 118. The ring opens, releasing
additional fragments with m/z values 371 and 201. h*
participates in direct oxidation, which accelerates the
breakdown of the aliphatic fragment with m/z 127. When these
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systems work together, they remove TZ to smaller, harmless
metabolites.

TC (m/z = 444) is a photosensitive antibiotic despite having
a stable amine group and a polyhydroxy aromatic structure (Wu
et al., 2020). When exposed to light, the W-CN-TiNT system
produces reactive oxygen species (ROS), which disrupt the
chemical bonds in TC, as shown in Fig. 8. Reactive oxygen
species include hydroxyl radicals and superoxide anions. When
C-C or C-N bonds split, a fragment with m/z = 425 is formed,
continuing the fragmentation process. The next step is to cleave
or decarboxylate the side chain, yielding a fragment with a mass
of 382 moles. The m/z value of 332 suggests that the TC core
structure has been removed because of increased component
fragmentation. The m/z = 320 fragments represent the removal
of the aromatic ring, resulting in a linear or cyclic structure.
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Fig. 8 Proposed TC Removal Pathway under Photocatalytic Conditions
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Fig. 11 Illustration of PC (Hoffmann et al., 1995). Semiconductors
in photocatalysis absorb sufficient energy (hv > Eb), which activates
the photocatalyst and produces electron-hole pairs (hw*—ew~). The
interaction of electrons and holes with oxygen and the surrounding
air causes the formation of reactive oxygen species (ROS), such as
*O;” and *OH. The combination of positive and negative charges can
occur rapidly on the surface or inside the photocatalytic material if
the electron-hole pairs fail to migrate.

Finally, the fragment with m/z = 208 indicates that TC has been
entirely removed into a non-toxic, inert compound.

The unique W-CN-TiNT photocatalyst has remarkable
properties that facilitate the removal of organic pollutants. As
depicted in Fig. 10, the surface area of the material is very large
and effectively absorbs light across the UV-visible spectrum. It
allows for interactions between target molecules and reactive
oxygen species. The results of the LC-HRMS study indicate that
this catalyst could efficiently convert TZ and TC into non-toxic
and simpler metabolites. The application of this catalyst can
serve as a useful way to improve pharmaceutical and industrial
pollutants streams while helping in overall global environmental
protection. When combining TZ and TC, the W-CN-TiNT
photocatalyst has shown the ability to decompose them into
small and non-toxic particles. Reactive oxygen species such as
hydroxyl radicals and molecular oxygen initiate the removal
process by breaking molecular bonds. As revealed by the LC-
HRMS analysis, this photocatalyst appeared to accelerate the
decomposition of hazardous pollutants dramatically. This
suggests that this material can be used to manage
pharmaceutical and industrial pollutants in an environmentally
friendly manner.

3.5 Tartrazine-Tetracycline Removal via Electrocoagulation

This study used aluminum (Al) plates as the anode and
stainless steel as the cathode for EC. Aluminum was selected
because of its ability to generate AlI** ions during electrolysis. It
interacted with pollutants in the solution to create flocs that can
be readily removed from the water. Stainless steel serves as the
cathode due to its excellent corrosion resistance and
mechanical stability. This procedure employed NaCl electrolyte
at a concentration of 0.2 g/L to augment the conductivity of the
solution and optimize the efficacy of EC. The EC process
capability is shown to be proportional to the quantity of
electrical energy consumed by Eqs.7-10 (Mollah et al. 2001). The
reactions that occur during the EC process are outlined below:

Reaction at cathode (reduction):
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2H,0 + 2¢ — Hz+ OH- (7)
2H* +2¢~— H; (8)
Reaction at anode (oxidation):
Al — AP* + 3e” (9)
2H,0 — O2+4H* + 4e” (10)
In bulk solution:
AP*+ 3H,0 — Al(OH)s + 3H* (11)

The experimental findings, as shown in Fig. 10, indicate that
the efficacy of EC in pollutant removal is contingent upon the
sample type. According to Fig. 10a, the TZ sample generates
the maximum H, at 161 mol H,/m? TZ+TC at 158 mol H,/m?,
and TC at 145 mol H,/m?. The trend of rising H production over
time demonstrates that the electrochemical reaction aids in
pollutant removal while facilitating H. gas production via the
reduction of H* ions at the stainless-steel cathode. According to
Fig. 10b, the TZ sample exhibits the highest removal rate at
94%, followed by the TZ+TC at 89% and TC at 80%. This
suggests that EC is superior in eliminating TZ compounds
compared to the TZ+TC mixture or pure TC.

The disparity may result from the chemical characteristics of
each substance, which influence their interaction with Al** ions.
Moreover, the generation of H, gas during EC exhibits notable
variations. The EC process entails the oxidation of the
aluminum anode, that is resulting in the generation of AI** ions
(Brinzila et al. 2014; Rahmati, Nayebi, and Ayati 2021). The ions
interact with hydroxide (OH") in the solution. Consequently, it
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Fig. 10 Integration of the EC process performance of W-CN-TiNT in
a) Hz production and b) pollutants removal (inset ‘a) hydrogen
output after 240 minutes and inset ‘b)’ conversion removal after 240
minutes).
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Table 1
Summary of materials, synthesis method, and processes for pollutant removal and hydrogen production
Pollutants
No. Ref. Materials Method Process H: Production
Types Elimination
Phenol and 88% (ZnO),
1 Atesetal, 2016 Zn0O, TiO; Hydrotermal PC, EC, dan dye and 100%
EC-PC .
compounds (TiO2)
2 Li et al 2020 CdS and MnS cvD PC, EC Rhodamine B 22.60% 1595
mmolh™ g
3 Zakiretal,2022 18-Cwdoped TiO; 1A PC Methyl Red 92.61%
nanotubes
Slamet et al., CuO-TiO: PC, EC, dan o 2
4 2022 Nanotube Arrays SILAR EC-PC Tz 80% 1.84 mmol.m
. MB and
Muttagin et al., - PC, EC, dan . . 100% (MB) and 2
5 2022 Fe-TiNTAs SILAR EC-PC c1pr?é1;)1;()acm 90% (CIP) 393 mmol.m
6 Pratiwi et a/ 2023 CdS/Ti0x SILAR PC CIP 45% 0.191 mmol.m™
Nanotube Arrays
7 Kustiningsher g Nopopes  APodization - po pe Methyl Blue 59.66%
al.,2023 process
Suharjo et al., CuO-TiO2 . o
8 2024 Nanotube Arrays SILAR PC-EC E.Coli 99.90%
- CdS/TiO, PC, EC, dan 0 2
9 Pratiwi et al 2025 Nanotube Arrays PAD, SILAR EC-PC CIP 90% (CIP) 1.37 mmol.m
. WOs/g- PC, EC, dan 94% (EC and 2
10 This study C:Na/TiNTAs 1A EC-PC TZ, TC, TZ-TC EC-PC) 237.11 mol.m

forms the coagulant Al(OH),, as shown in Eq.12, which
contributes to the adsorption of contaminants. The reduction
reaction at the cathode concurrently generates H, gas that
facilitates the ascent of the floc to the solution's surface via the
flotation process. The generated floc enhances the separation of
pollutants from water, thereby increasing the success of the
process. The incorporation of NaCl electrolyte at 0.2 g/L
augments the electrical conductivity of the solution, hence
expediting electrochemical processes and improving the
efficacy of EC.

Al(OH)3(5y + Pollutants — Al(OH)3(s) - Pollutants (12)

The effectiveness of EC has been demonstrated to improve
with an increase in voltage up to 5 V, hence increasing the H.
production and pollutants removal efficiency. EC employing
aluminum anodes and stainless-steel cathodes is an efficient
method for pollutant removal and H. production, as stated in
Egs.7-11. The efficacy of this process is determined by the
electrochemical properties of the electrode, the attributes of the
substance being processed, and the incorporation of NaCl
electrolyte, which improves the solution's conductivity
(Demirci, Pekel, and Alpbaz 2015). Consequently, EC has a
function as both an effective pollutant treatment method and a
sustainable energy process for H, production (Barrera-Diaz,
Lugo-Lugo, and Bilyeu 2012).

The summary data in Table 1 shows that the current study
(row 4) exhibits a significant improvement in the PC, EC, and
combined PC-EC processes in the removal of TZ and TC
pollutants and the simultaneous production of H,. This study
achieves a high pollutant removal efficiency of 94%, and it
covers the combination of TZ and TC in all pollutant categories.
This performance matches or exceeds most of the previous
studies. For example, according to rows 1 and 2 (Slamet et al.
2022), the study demonstrates a TZ removal efficiency of up to
80% using the PC-EC method, but this study only handled one
type of pollutant. Similarly, rows 6 (Hou et al. 2016) and 9
(Muttaqin et al. 2022b) show higher removal efficiencies for
certain dyes and pharmaceuticals, but both show the constraints
for the desired overall.

Furthermore, the current study goes beyond prior work in H;
production ability that reaches up to 2371.1 mmol m™. It is
above earlier studies, such as in row 2 (Li, Liu, and Zhang 2020)
at 1.595 mmol g™ and row 9 at 3.31 mmol m™ The
photocatalyst exhibits dual functionality in total, such as
ecological remediation as well as sustainable energy generation,
including H. production. The incorporation of W-CN-TiNT
nanostructures via the IA method shows an increase in surface
area, electron mobility, and visible light absorption. It provides
a functional platform that can exceed previous simpler materials
like ZnO (Ates et al. 2016) and CdS (Pratiwi et al. 2025).

In conclusion, the current study marks a substantial
improvement in terms of pollutant versatility, removal
efficiency, and H, production, and it corresponds to its high
potential for integrated wastewater treatment and green energy
applications.

3.6 Evaluating the Enhanced Performance of Photocatalysis-
Electrocoagulation Integration

This study emphasizes the PC-EC integration process for
removing organic pollutants and producing H.. This approach
combines PC and EC with W-CN-TiNT nanoparticles
synthesized via the IA method using aluminum as the anode and
stainless steel as the cathode. The pollutants contained 10 ppm
of TZ, TC, and TZ+TC. The PC-EC integration approach relies
on the interaction of two fundamental phenomena. EC oxidizes
aluminum and produces Al(OH),. The chemical promotes the
sequestration and precipitation of pollutants in water. During
PC, the W-CN-TiNT nanomaterial absorbs light and generates
electron-hole pairs, which cause redox reactions. This process
accelerates the decomposition of organic pollutants in waste
and promotes H, production by reducing H, ions (H*) at the
cathode.

The results based on Fig. 13 indicate that TZ is removed
more efficiently than TC in a single procedure for pollutant
removal and H, production. TC has a more complex structure
with functional groups that are more difficult to disassemble. It
makes the TC more difficult to remove just through the PC. In
contrast, TZ has an azo structure (-N=N-) that makes it more
sensitive to *OH destruction. Nonetheless, the results of the PC-
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Fig. 13 Combination of PC-EC process performance using W-CN-
TiNT in a) H, production and b) Pollutants removal (inset ‘a)’ H2
output after 240 minutes and inset ‘b)’ conversion removal after
240 minutes).

EC Integration method show that combining pollutants TZ and
TC produced the most H; and reduced pollutants. This effect is
caused by synergistic interaction between the two types of
pollutants. In PC, TZ acts as an electron donor that facilitates
the increase of electron excitation. In EC, the combination of TZ
and TC promotes the formation of more stable flocs, hence
increasing pollutant removal efficacy. This combined strategy
significantly increases H, production. Compared to TZ (227 mol
H,/m? and TC (221 mol H,/m?), the TZ+TC combination
produced the most H; (237 mol H,/m?). This demonstrates that
the redox reaction may be more efficient in the presence of
mixed pollutants since it can convert a greater number of H; ions
into H, gas. Furthermore, the TZ+TC combination has the
highest pollutant removal efficiency of 94%, with TZ and TC
reaching efficiencies of 89% and 86%, respectively. The results
imply that combining PC and EC procedures is more effective
at breaking down organic pollutants in water than using either
process alone.

Compared to conventional H, production methods such as
water electrolysis or methane steam reforming, the integrated
EC-PC process using W-CN-TIiNT offers dual benefits by
simultaneously removing complex pollutants and H:
production. While water electrolysis can produce H, with
efficiencies exceeding 80%, it often requires high energy input
and the use of pure water (Domga et al. 2017). The amount of
H: produced from the steam methane reforming (SMR) process
only reaches about 76% mol of the effluent gas from the
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Fig. 12 Illustration of integrated PC-EC process

reformer (Barelli ef al. 2008). Additionally, in some experiments,
hydrogen concentrations can reach as high as 98-99 vol%, but
this typically requires several operational cycles (Kadam, Sutar,
and Yadav 2025). In contrast, this study achieves a peak
hydrogen production of 237 mol/m? using industrial-like
wastewater, making it a more sustainable and cost-effective
alternative.

Furthermore, traditional wastewater treatment methods,
such as activated sludge or membrane bioreactors, are
generally less effective against emerging contaminants like TC
and TZ, especially at low concentrations. The maximum
degradation achieved by lignin peroxidase immobilized on
various materials ranges from 70% to 95%, but this also requires
multiple process cycles (Sengupta et al., 2022). In contrast, the
W-CN-TiNT synthesized via IA and utilized in the integrated
EC-PC process not only demonstrates higher removal
efficiencies (up to 94%) but also enables the valorization of
pollutants into clean energy.

Fig. 12 illustrates the PC-EC process, and the reactions that
occurred in the process are shown in Egs.7-11. When the
reaction continues while H, is liberated from the solution, the
equilibrium is changed. The equilibrium shifts principle states
that the release of H, near the solution's surface improves
reaction efficiency, which then affects other reactions. The
optimal outcomes in this integrated process result from H,
liberation and the interaction of EC and PC. This combination
provides various advantages to do each treatment separately. It
achieves higher dye removal efficiency, lowers dye
concentrations to meet pollutant quality standards more
quickly, and produces less sludge than EC alone. PC converts
some OH ions into OH radicals and reduces the amount of OH
ions available to react with A" ions and create Al(OH),
coagulants.

The integration of the PC-EC process offers a synergistic
approach for treating complex pollutants and H: production
simultaneously. While EC typically removes dyes and organic
pollutants primarily through adsorption, and the PC enhances
pollutant removal through light-activated oxidation. The
combined PC-EC has demonstrated significant potential for
improving both contaminant removal and H: production. The
use of unique photocatalytic materials, such as W-CN-TiNT,
further elevates the system’s efficiency, enabling the effective
treatment of wastewater containing persistent pharmaceutical
compounds and complex organic pollutants. It presents a more
sustainable and environmentally responsible alternative to
conventional methods.
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Considering the practical implications, the W-CN-TiNT in
the integrated EC-PC process is not only superior in removing
complex pollutants but also enables the valorization of pollutant
streams into clean hydrogen fuel. Its application is particularly
suited to decentralized treatment scenarios, including
pharmaceutical manufacturing zones, hospital wastewater
management, and remote or off-grid communities where
wastewater treatment and renewable energy production are
equally critical. Operating at a moderate voltage of just 5V and
utilizing visible light, the system demonstrates low energy
requirements. Moreover, the scalable in-situ anodization
method used to synthesize the W-CN-TiNT photocatalyst
suggests readiness for pilot-scale deployment.

Nevertheless, this study has some suggestions for further
study, such as the need to identify and analyze the type of
heterojunction further. Determining the type of heterojunction
(Type 1, II, or Z scheme) formed in W-CN-TiNT
nanocomposites through additional characterization is
essential. In addition, optimizing the composition ratio of W-
CN-TiNT is necessary to control the formation of
heterojunctions and improve the performance of the material in
certain applications.

4, Conclusion

This study discloses that the PC-EC process outperforms
separate processes for increasing H, production and removing
organic pollutants. The PC approach achieves 46% pollutant
removal efficiency and a maximum H, production of 0.36 mol
H,/m?(TZ). Electrocoagulation pollutants removal reaches 94%
efficiency with a peak H, production of 161 mol H,/m?* The
TZ+TC pollutants mixture produce the most H, with a
maximum of 237 mol H,/m?2 The pollutant disposal efficiency
is 94%, exceeding that of the single process. The findings of this
study denote that the integrated strategy is more effective at
increasing H, production efficiency and decreasing organic
pollutants. As a result, it has the potential for use in industrial
wastewater treatment in a more sustainable and
environmentally responsible manner.
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