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Abstract:

A new photoactive nitrogen-doped hybrid clay photocatalyst based on orange peel, titania, and
melamine is highly effective for the degradation of tetracycline (TET) and bisphenol A (BPA)
from aqueous solution. The photocatalysts were synthesized using a simple low cost approach and
characterized by powder X-ray diffraction, scanning electron microscopy, nitrogen sorption,
thermogravimetric analysis, UV—visible diffuse reflectance spectroscopy, and X-ray photoelectron

spectroscopy (XPS). The titania present in the material is C/N-doped and plays a key role in the
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photocatalytic process, influencing the bandgap and the overall optical properties of the hybrid
photocatalyst. Notably, XPS confirms the successful incorporation of nitrogen into the TiO, lattice.
This N-doping induces a red shift in the absorption edge of the photocatalysts, which significantly
improves the photocatalytic efficiency under visible light irradiation relative to pristine TiO,. The
photocatalysts also exhibit an increased specific surface area, reaching up to 180 m?g-!. Under
visible light irradiation at 25 °C and neutral pH, the photocatalysts achieve complete degradation
of TET in aqueous solutions within 30 min. Similarly, 82% degradation of BPA in 10 mg/L BPA
aqueous solutions is achieved within 120 min. Total organic carbon analysis reveals moderate
mineralisation of 46 to 50% for both pollutants and radical trapping experiments identify
superoxide radicals (*O,") as the primary reactive species responsible for pollutant degradation.
Furthermore, the catalysts show an excellent performance in the degradation of TET in river water,
clearly demonstrating an applicability in practical water treatment. Finally, the photocatalysts

demonstrate can effectively be recycled without significant loss of efficiency.

Keywords: hybrid clay, C/N-doped titania, tetracycline, bisphenol A, photodegradation

1.0 Introduction

The presence of emerging contaminants (ECs) like pharmaceuticals and endocrine disruptors in
aquatic environments is a global issue. This is due to the potential adverse effects on human health
and natural ecosystems caused by these compounds.'-? Tetracycline (TET) and bisphenol A (BPA)
are typical contaminants found in environmental water bodies. They primarily originate from
bacterial control and industrial manufacturing, respectively.> * TET concentrations vary widely
across regions and aqueous matrices, ranging from 0 to 263.6 ngL-1.>-¢ Similarly, BPA levels can
reach 0.37 to 17.2 mgL! in landfill leachate and paper recycling effluents.® Both compounds pose

serious threats to all life forms because they bioaccumulate and cause reproductive toxicity.!?

Among others, adsorption,” 8 membrane treatment,’!! biological treatment,'!’> 1> and advanced

oxidation processes'> 4 are currently used for the removal of ECs. Among these, photocatalysis is
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especially promising due to its high efficiency, eco-friendliness, low cost, and mild reaction
conditions.!> ¢ Although numerous photocatalysts have been reported for water treatment,' there
is an increasing need for cheap, yet highly efficient, durable, and multi-functional photocatalysts

for point-of-use application in low-income and developing countries.

TiO, nanoparticles are widely used for the photocatalytic degradation of contaminants in water
and are considered one of the most effective photocatalytic materials due to their unique optical
and electronic properties, chemical stability, and biocompatibility.!6: 17 However, they face
limitations due to strong agglomeration and quick recombination of photogenerated electron-hole
pairs. Moreover, their photocatalytic activity is limited to UV light because of their large band
gap.'® 1° To address these issues, various modification strategies have been proposed, such as

immobilization on different supports?’, doping,?!-?? or the addition of co-catalysts.?3- 24

Various substrates have been used as catalyst supports, including graphene,> 2 cellulose
membranes,?’ alumina clays,?® carbonaceous materials,>* ?° or a combination thereof.?% 3! Loading
TiO, onto a support reduces the likelihood of agglomeration; this is important as agglomeration
negatively affects the photocatalytic process and should therefore be avoided. Moreover, many
supports also exhibit a good adsorption capacity for pollutants; this increases the concentration of

pollutants around the TiO,, which in turn further boosts the activity of the photocatayst.!3: 32

The combination of adsorption and photodegradation is particularly beneficial because the
concentration of most relevant pollutants is often on the parts per million (ppm) level or less.
Adsorption onto the photocatalyst surface thus increases the rate of photooxidation and concurrent
photodegradation of the pollutants. Additionally, some supports facilitate fast and easy

photocatalyst recovery and reuse.

However, the high cost of some support materials like graphene oxide, carbon nanotubes, and
commercial activated carbon limits their practical application as TiO, carriers. Recently, biochar
has emerged as a cost-effective alternative for this purpose. Converting agrowaste such as orange
peels, corn cobs, peanut shells, etc. to a porous biochar not only provides a sustainable catalyst

support but also transforms organic waste into a useful material.

Titania-based biochar composites have indeed shown high stability and promising photocatalytic

performance for the degradation of various organic pollutants. For example, Thuan et al. optimized
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a TiO,/rice husk biochar composite for BPA removal, achieving excellent photocatalytic BPA
degradation.® Similarly, Lazarotto et al. employed spent coffee ground biochar with immobilized
TiO, for diclofenac degradation, attaining 90 % removal efficiency.>* Ashebir et al. developed N-
doped TiO,/Prosopis Juliflora biochar nanocomposites for ciprofloxacin degradation, reaching

degradation efficiencies of 98.9 % under UV light and 96.9 % under visible light.3

Moreover, introducing non-metal elements such as nitrogen (N), carbon (C), or sulphur (S) into
Ti0, is an effective approach to improve the optical absorption and photocatalytic efficiency of
TiO; in the visible region.?!: 3¢ The main ways of incorporating these elements into the TiO, lattice
are interstitial doping or substitutional doping.?” Nitrogen is particularly attractive as a dopant due

to its atomic size, which is similar to oxygen, low ionization energy, and high stability.33

Nitrogen doping modifies the electronic structure of TiO, by introducing N 2p states above the
valence band or by narrowing the band gap through orbital mixing with O 2p states. This leads to
a red-shift in the absorption edge, enabling visible-light activation. In addition, N doping can
improve charge carrier dynamics by suppressing the recombination of photogenerated charges,
thereby enhancing the overall quantum efficiency of the photocatalytic process.’® 3% Additionally,
co-doping with two or more non-metals can create synergistic effects to further reduce the
TiO,band gap. This results in a further red-shift of the absorption edge and an enhanced charge

separation, which leads to an overall higher photocatalytic activity compared to pure TiO,.3’

In the quest for simpler and greener methods for nanomaterial synthesis with improved photo-
conversion properties, this study explores nitrogen-containing hybrid clay composites as a
substrate for the immobilization of TiO, nanoparticles. These composites serve a dual purpose as
a substrate for TiO, and as a source of non-metal elements, i.e., C and N, for incorporation into
the TiO, photocatalyst lattice. The support composite material is made from kaolin clay, orange
peel, and melamine, and is combined with titania to produce a new TiO; hybrid clay photocatalyst.
Orange peel was chosen for its high lignocellulose content, natural surface functional groups,
availability, and ability to produce porous carbonaceous materials.* Melamine was selected for
its high nitrogen content (66 %), easy and safe handling, and less side reactions during doping

compared to other nitrogen sources like urea or ammonia.*!

A previous study has already demonstrated the presence of Ti-O-C and Ti-C bonds in an orange

peel biochar/clay/TiO, composite using X-ray photoelectron spectroscopy (XPS). This suggests

4
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that some carbon from the biochar can be integrated into the TiO; lattice.*> The addition of C to
the TiO, lattice appears to tune the TiO, bandgap (among other factors), resulting in new catalyst
composites with lower band gap energies than the one of pure TiO; (ca. 3.20 eV).28 Under natural
sunlight, these orange peel biochar/clay/TiO, composites demonstrate good photocatalytic

efficiency for the degradation of TET.#?

In this current study, we evaluate a group of new nitrogen-doped hybrid clay/TiO, composites for
the photocatalytic degradation of TET and BPA under visible light. The materials differ
profoundly from the previous catalysts®!-4? in some selected aspects but are again highly effective

photocatalysts for the degradation of TET and BPA.

2.0 Materials and Methods

Titanium (IV) isopropoxide (Ti(OCH(CHjs),)4, TTIP), tetracycline (98 %, all Sigma-Aldrich),
bisphenol A (98%), melamine (analytical grade), anhydrous ethanol (99.8 %, all from Carl Roth),
and isopropanol (70%, Sigma Aldrich) were used as received. Deionized (DI) water was used for
all experiments. Additional comparison experiments were conducted using river water collected
from the Nuthe River (52°23'43"N, 13°4'13"E) at the Nuthebriicke (Humboldtring) in D-14482
Potsdam, Germany, in 250 mL amber bottles, following the legal regulations of the State of
Brandenburg on water collection from public surface waters (§25 Wasserhaushaltsgesetz). The
samples were promptly transferred to the laboratory, stored at 4° C, and used within 24 h of
collection. Raw kaolin clay was sourced from Redemption City, Mowe (6°48'0"N, 3°260E.), Ogun
State, Nigeria. Orange peel (OP) was obtained from the local REWE supermarket in D-14476

Potsdam-Golm, Germany, dried, and ball-milled as previously described.3!

2.1 Preparation of N-doped hybrid clay composite

A combination of kaolin clay, orange peel powder, and melamine in a 1:1:5 weight ratio was
ground and mixed using mortar and pestle until a macroscopically homogenous mixture was
obtained. The mixture was placed in a muffle furnace and calcined in air, heated at 5 °Cmin‘! to
reach the final calcination temperature of 300 °C. Calcination times at 300 °C were 1, 2, or 3 h.

Calcination at 300 °C was chosen to initiate biomass carbonization and melamine decomposition
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for N-doping, while limiting structural changes and total loss of surface functionalities in the
hybrid matrix; higher-temperature treatments would complete carbonization, increase porosity,

and enhance nitrogen integration into the Ti0,.43 44

The nitrogen-doped hybrid clay composites obtained from this synthesis are labelled N-OPK1, N-
OPK2, and N-OPK3, respectively, where N refers to (nitrogen from) melamine, OP refers to
orange peel, K refers to kaolin clay, and the numbers 1, 2, or 3 refer to the calcination time in
hours. To assess the influence of the nitrogen source, a composite without melamine, denoted as

OPK, was prepared at 300 °C for 2 h again using a heating ramp of 5 °Cmin™'.

2.2 Preparation of TiO,/N-OPK hybrid photocatalyst composites

Initially, 2 g N-OPK1, N-OPK2, or N-OPK3 were separately dispersed in 30 mL of ethanol in a
250 mL beaker and sonicated for 15 min. The dispersion was transferred to a magnetic stirrer, and
5 mL of TTIP were added, followed by vigorous stirring for 1 hour at room temperature.
Subsequently, 70 mL of deionized water were slowly added with continuous agitation over another
hour. The resulting slurry was allowed to age overnight, dried in an oven at 80 °C, and then
calcined in air at 500 °C for 1 h using a heating ramp of 10 °Cmin-!'. After cooling to room
temperature, the powders were washed neutral with DI water, dried, and stored for future use. The
products are labelled T/N-OPK1, T/N-OPK2, T/N-OPK3 and OPKT with the letter T indicating
the presence of titania in the materials. A pure TiO, (P-TiO;) powder (control sample) was

synthesized using the same procedure, excluding every other component but TTIP.

2.3 Photocatalyst characterization

Powder X-ray diffraction (PXRD) was done on a PANalytical Empyrean powder X-ray
diffractometer (Malvern, U.K.) in a Bragg—Brentano geometry equipped with a PIXcel1D detector
using Cu K, radiation (A = 1.5419 A) operating at 40 kV and 40 mA; 6/ scans were run from 4 to
70° 26 with a step size of 0.0131° and a sample rotation time of Is.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDXS) were
done on a JEOL JSM-6510 (Freising, Germany) with a W filament operated at 15 kV and equipped
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with an Oxford Instrument Xplore EDXS detector. Small amounts of the samples were deposited
on a carbon glue pad. Prior to analysis, all samples were sputtered under vacuum with Au/Pd using
a Polaron Mini Sputter Coater SC7620. The back scattered electron (BSE) detector was used for
material contrast, the secondary electron (SEE) detector for topographic images at 15 kV.
Elemental analysis (CHNS) was done on an Elementar Vario EL III (Langenselbold, Germany) in
duplicate. The limit of detection is 0.1pg (N) and 0.5pg (CHS) with an accuracy of 0.5%.
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was done on a
Nicolet 1S5 (Thermo Scientific, Waltham, MA, iD7 ATR unit with a diamond crystal, resolution
of 4 em™!, 32 scans, from 400 to 4000 cm™!).

Nitrogen sorption measurements were done on a Microtrac Belsorp MAX (formerly BEL
instruments) and Microtrac Belsorp MINI X. Samples were prepared and activated in a Microtrac
BELPREP VAC III vacuum degasser for 3 hours at 300 °C under dynamic vacuum prior to the
nitrogen sorption measurements to remove adsorbed gases and moisture. Specific surface areas
(SSAs) were calculated using the Brunauer-Emmett-Teller (BET) model. Average pore sizes were
estimated from the adsorption branch of the isotherm using the Barrett—Joyner—Halenda (BJH)
method. The pore volume was determined at P/P, > 0.99.

Thermogravimetric analysis (TGA) was done on a Mettler Toledo TGA/DSC 3+ (Selb, Germany)
from 25 to 1000 °C in air with a heating rate of 10 °Cmin!.

UV-visible diffuse reflectance measurements were done on a Perkin-Elmer Lambda 950 with a
Praying Mantis™ attachment (Harrick Scientific Products Inc.). MgSO,4 Analar NORMAPUR
(VWR) was used as a background material. Band gap energies of T/N-OPK1, T/N-OPK2, T/N-
OPK3 and OPKT were estimated using Tauc’s equation (equation 1):

(ahv)? = A(hv —E,) (D)

where a, hv, A, and E, are the absorption coefficient, photon energy, a constant, and band gap

energy, respectively. E, was obtained using the baseline method.*

Photoluminescence (PL) spectra were recorded on a homebuilt micro-spectrometer. In short, a 355
nm (Coherent Genesis) laser was directed to the sample through a 40x objective (Nikon Plan Fluor
ELWD). The excitation power at the sample plane was 1.5 mW. The emission signal was collected

through the same objective and separated from the excitation beam by a dichroic mirror (Chroma

7
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zt 375 RCD). Finally, the spectra were recorded by an imaging spectrograph (Andor Kymera 3281,
equipped with an Andor Newton EMCCD). The final spectra were averaged over 20 individual

spectra each with an integration time of 1 s per spectrum.

X-ray photoelectron spectroscopy (XPS) data were obtained on an Axis Supra+ (Kratos Analytical,
UK) using monochromatized Al K, radiation for excitation (15 kV, typically 20 mA). CasaXPS
software was used for data processing and interpretation. XPS signals were fitted using GL(30)

line shapes, combining Gaussian (70%) and Lorentzian (30%) line shapes.

Total organic carbon (TOC) was measured on a Vario TOC analyzer (TOC/TNb Analyzer, vario
TOC cube, Elementar Analysen systeme GmbH, Hanau, Germany).

Liquid chromatography-mass spectrometry (LC—MS) analysis was performed on an Agilent
G6470A Series Triple Quad LC/MS (Agilent Technologies Sales & Services GmbH & Co0.KG,
Waldbronn, Germany) and HPLC Agilent Infinity 1260 System (binary pump, multicolumn
thermostat, vial sampler VL, UV—vis Dual Wavelength Detector set at Argr = 358 nm and Agpa =

225 nm).

2.4 Evaluation of the photocatalytic activity

The photocatalytic activities of the composites were evaluated using a home-built photoreactor
described previously*? where four fluorescent lamps (Philips master PL-L 4p 36 W/840, 80 1 m/W)
provide the light source. The solution temperature was monitored throughout and remained around
28 °C during the entire experiment. The emission spectrum of the lamp can be found at
(https://www jllelectrical.com.my/showproducts/productid/4652965/cid/320296/philips-master-

18w-pll-4pin-2g11-fluorescent-tube-3000k4000k6500k-927903008470/, Access date: December
5, 2025). The illuminance at the solution surface is 10,200 lux measured using a digital lux meter
(LX1010BS, China). To precisely compare the rate constant k, the determination of the apparent
quantum yield (AQY) would be necessary for the different materials. However, due to

experimental limitations, these measurements were not possible with the current setup.

In each photodegradation experiment, 50 mg of either T/N-OPK1, T/N-OPK2, T/N-OPK3, or
OPKT were dispersed in 100 mL of a 10 mgL-! aqueous BPA or TET solution. This mixture was
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stirred for 2 h under constant irradiation. Periodically, 2.0 mL aliquots were withdrawn and
immediately filtered through a 0.45 pm PTFE syringe filter (VWR, Radnor, USA) into a brown
HPLC vial for further analysis. To ascertain that the PTFE filters do not adsorb the contaminants
and influence the measurements, untreated water samples containing the same contaminant
concentration were also passed through the filter as a control. The residual concentration in the

liquid phase was analysed using the Agilent G6470A Series Triple Quad LC/ MS described above.

The degradation efficiency was determined using equation (2):
R (%) = == x 100 )
0

where, C, and C, are the concentrations of the contaminant (mgL-!) in the starting solution and

after time t of treatment with the photocatalyst composite, respectively.

The mineralisation efficiency was determined through the measurement of the TOC. The %

mineralisation efficiency was calculated using equation (3),

. o TOC,—TOC,
% Mineralisation = —roc, X 100 3)

where TOC, and TOC, refer to the TOC at the start of the experiment and the TOC after treatment,

respectively.

The Langmuir—Hinshelwood (L-H) model was used to compare the degradation efficiency of all

photocatalysts. The reaction rate is expressed as*® 47 (equation 4)

_dc _ ,,_ kKC,
r= —op=ki= 1+ KC, @
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where 0 is the fraction of pollutant adsorbed at the interface, k is the reaction rate constant, K is
the adsorption equilibrium coefficient and C, is the initial concentration of pollutants. When the
pollutant concentration is low (KC, << 1), the reaction follows pseudo-first-order kinetics, and the

integrated rate equation simplifies to equation 5, with

Co _
I = kt (5)

t

Here, C, and C; (mgL-") are the initial pollutant concentration and concentration at time t,
respectively. The variables k (min!) and t (min) denote the degradation rate constant and

irradiation time, respectively; k was determined from the slope of the linear regression data.

Furthermore, we explored the impact of operation variables on BPA and TET photodegradation
using the photocatalyst composite with the highest catalytic performance, T/N-OPK3. To that end,
the influence of photocatalyst dose was studied by agitating 100 mL of a 10 mgL-! contaminant
solution (BPA or TET) while varying the photocatalyst dose from 10—100 mg.

The effect of the initial contaminant concentration on degradation was examined by mixing 100
mL of the contaminant solutions with contaminant concentrations between 5 and 40 mgL-! with
100 mg of the photocatalyst. For the assessment of the effect of pH, ionic strength, and anions, we
used a contaminant solution with a fixed concentration of 10 mgL-! with a catalyst dose of 50 mg.
The pH of each contaminant solution was adjusted between 3.0 and 11.0 using 0.1 M HCl or 0.1
M NaOH. Variations in ionic strength were achieved by comparing the effects of the photocatalyst
vs. NaCl concentration (0.0, 0.01, 0.025, and 0.05 M). Likewise, the effect of different anions was
studied using 1.0 mM solutions of Na,SO,4, NaHCO;, and Na;PO,.

To estimate the reusability of the composites, recycling experiments were carried out with the
catalyst exhibiting the highest catalytic performance, T/N-OPK3. For every experiment, 100 mL
of a 10 mgL-!' BPA or TET solution were mixed with 200 mg of T/N-OPK3 and agitated at room
temperature for 120 min under irradiation. The catalyst was filtered, washed with water, dried at

80 °C, and used for the subsequent cycle under identical conditions as described above.
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2.5 Analysis of the degradation products

Identification of the degradation products was done via high-performance liquid chromatography-
mass spectrometry (HPLC-MS, Agilent Infinity HPLC 1260 System with an Agilent G6470A
Series Triple Quad LC/MS, Agilent Technologies Sales & Services GmbH & Co.KG, Waldbronn,
Germany) using solutions that were irradiated for 120 min in the presence of the photocatalyst.
Separation was carried out using a Poroshell 120 EC-C18 column (3.0 x 50 mm, 2.7 pm; pressure
limits 20-400 bar; temperature 25 °C, Agilent Technologies Sales & Services GmbH & Co.KG,

Waldbronn, Germany). The sample injection volume was 10 uL at a flow rate of 0.6 mLmin-'.

For TET, the gradient mobile phase consisted of 0.1 % formic acid (eluent A) and methanol (eluent
B). The elution gradient for the mobile phase was: 0 min; 80 % A, 0-3min; 80-10% A, 3-5 min;
10% A, 5-5.01 min; 10-80 % A, 5.01-7 min; 80 % A.

For BPA, the mobile phase was 0.010 molL-! ammonium formate (A) and methanol (B), with the
following gradient: 0 min; 80 % A, 0-3 min; 80-0% A, 3-5 min; 0% A, 5-5.01 min; 0-80 % A,
5.01-6 min; 80 % A. The difference to 100 % is solvent B.

Analyses were performed in ESI positive ion mode using the following settings: nebulizer pressure
of 35.0 psi, fragmentor voltage of 80 V, and a desolvation nitrogen gas at a flow rate of 11.0 Lmin-
I. MS scans were performed in the range = 100 — 1000 m/z at fragmentor voltage = 80 V with a

scan time = 500 ms.*?

2.6 Detection of reactive species

To understand the role of the key reactive species including holes h*, hydroxyl radicals *OH, and
superoxide radical anions *O,” in the photodegradation, three scavengers, namely isopropanol
(IPA), sodium oxalate (NaOx), and benzoquinone (BQ), were introduced into the contaminant
solutions to capture *OH, h*, and *O,", respectively.*> 48 In brief, 100 mg of the photocatalytic
composite was dispersed in a 100 mL BPA or TET solution (10 mgL!) and then 1 mM sodium
oxalate, 0.5 mM benzoquinone, or 0.2 mL isopropanol, respectively, were added to the mixture.
This mixture was agitated for 120 min under irradiation, followed by HPLC and HPLC-MS as

described in section 2.5. Selection of scavenger concentration was based on previous reports.3% 4°
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2.7 Removal of contaminants from an environmental sample

River water (2 L) was collected from the Nuthe River at the Nuthebriicke (Humboldtring) in
Potsdam, Germany, using amber bottles for collection following the legal regulations of the State
of Brandenburg on water collection from public surface waters (§25 Wasserhaushaltsgesetz).
Initial physicochemical properties such as pH (7.0) were measured directly after sample collection.
Subsequently, the samples were stored at 4 °C until analysis. Before photocatalysis experiments,
all samples were filtered through a 0.45 um PTFE filter (ISOLAB, Germany) to eliminate
suspended solids. In each experiment, 100 mL of filtered water were spiked with 10 mgL-'of BPA
or TET and mixed with 100 mg of the photocatalytic composite. The mixture was stirred and

irradiated for 120 min, filtered and the filtrates were analysed as described above.

3.0 Results and discussion
3.1. Material Characterization

Figure 1 shows the FTIR spectra of the precursors and the composite materials. The spectra of
kaolin, melamine, orange peel (OP), N-OPK1, N-OPK2, and N-OPK3 are shown in Figure 1a. The
kaolin clay exhibits weak bands between 1300-1500 cm!. These can be assigned to Si-O stretching
and bending along with -OH bending vibrations. Notably, the broad band at 1039 ¢cm™! stems from
the Al-Si-O stretching vibration, and the band at 908 cm™! corresponds to Al-OH in-plane bending
vibrations.>® The doublet at 776 and 690 cm™! is due to Si-O-Si bridging bonds in quartz.!- 32

The raw orange peel powder shows characteristic bands of lignocellulosic materials. The medium
band between 3578 and 3027 cm! stems from the -OH and -NH stretch vibrations of lignin.
Additionally, the band at 2923 ¢cm! is assigned to the -C-H stretching vibration of methyl groups.
Distinct bands corresponding to the C=0O vibration of carboxylic acids or esters and aromatic C=C
bonds are observed around 1746 and 1613 cm™!, respectively.3! The bands at 1103 and 1017 cm™!

are due to C-O stretching vibrations of cellulose and hemicelluloses in lignocellulose.>?

In the spectrum of melamine (Figure 1a), bands at 3122-3500 cm! are assigned to N-H stretching
vibration modes, whereas the bands in the 1015 — 1640 cm™! range correspond to the C-N and C=N

stretching vibrations of the heterocyclic frameworks in the 1,3,5-s-triazine ring.>* >3 Furthermore,
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the sharp band at ~ 810 cm! is characteristic of out-of-plane bending modes of the aromatic ring.>¢

Bands between 457-770 cm! are linked to the C-NH, group and its bending vibration modes.”

The nitrogen-doped hybrid clay composites N-OPK1, N-OPK2, and N-OPK3 display spectral
patterns and characteristic bands similar to those of the precursors, but with a slight shift in position
and intensity. Broad bands appearing at 3388 and 2933 cm™! correspond to N-H or O-H stretching
vibrations. Typical features of melamine, including the out-of-plane NH; bending mode at 810 cm-
I'and the C-N and C=N stretching of the heterocyclic frameworks in the 1100-1700 cm™! range,
are evident. Notably, numerous peaks are observed in the 1100-1700 cm-!' range for N-OPKI1,
while two distinct peaks appear at 1610 and 1473 cm! for N-OPK2 and N-OPK3. This variation
is likely due to the presence of more organic residue in N-OPK1, which is not completely lost
during calcination, compared to N-OPK2 and N-OPK3 which undergo longer calcination and
correspondingly lose more of the organic components. This observation also suggests that
structural transformation of the melamine monomer occurs upon increased thermal treatment, with

possible formation of other melamine derivatives such as melem or melam.37- >3

Figurelb represents the spectra obtained from the final TiO,/nitrogen-doped hybrid clay
photocatalyst composites. In the spectra of T/N-OPK1 and T/N-OPK2, a broad band around 3400—
3000 cm! is attributed to -NH, (x=1,2) from residual uncondensed amino groups in melamine and

from O-H stretching vibrations.*® > For T/N-OPK3, this band is centered at 3419 cm!.

Furthermore, the bands in the range of 1000-1500 cm™, specifically at 1462 and 1082 cm™,
correspond to Ti—N bond vibrations, suggesting N incorporation into the TiO, lattice.®® These
bands are more distinct in T/N-OPK1 but weakened in T/N-OPK2 and T/N-OPK3 as shown in the
expanded spectra (Figure S1, supporting information). This intensity loss is likely due to longer
overall calcination times in the respective materials, which causes loss of organic components.
Furthermore, a distinct band around 1629 cm! in the spectra of T/N-OPK3 can be attributed to the
stretching vibration of aromatic C-N heterocycles.®! Finally, the intense peak observed around
600-700 cm™! can be assigned to a Ti-O stretching vibration, suggesting the presence of TiO, in

the photocatalyst composites.*?
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Figure 1: (a) FT-IR spectra of kaolin clay, melamine, raw OP, N-OPK1, N-OPK2, and N-OPK3
composites and (b) FT-IR spectra of P-TiO,, T/N-OPK 1, T/N-OPK2 and T/N-OPK photocatalytic

composites. The gap in the IR data is a cut for clarity — no signals have been observed in the cut

region.

The XRD patterns of the nitrogen-doped hybrid clay composites N-OPK 1, N-OPK2, and N-OPK3

are shown in Figure 2a. All patterns reveal characteristic reflections associated with the precursors,
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melamine, and kaolin clay. The patterns also show two main quartz reflections from the kaolin

clay at 20.9 and 26.7°.

Moreover, the diffraction pattern of N-OPK1 exhibits a sharp reflection at 27.7°, corresponding to
crystalline melamine (CsHgNg, ICDD 00-024-1654). This reflection becomes slightly narrower in
N-OPK2 and N-OPK3, indicating a somewhat improved crystallinity and structural ordering of
the melamine phase upon longer calcination times.%? Prolonged calcination also improves the
interaction of melamine with the clay/biomass matrix, promoting structural reordering and further

crystallization, as indicated by sharper reflections in the X-ray patterns of N-OPK2 and N-OPK3.%3

Figure 2b presents the XRD patterns obtained from TiO,/nitrogen-doped hybrid clay photocatalyst
composites, T/N-OPK1, T/N-OPK2, and T/N-OPK3. These patterns reveal the characteristic
titania (101), (004), (200), (105), and (204) reflections indicative of the anatase phase of titania
(ICSD 154603), with the main (101) reflection at 20 of 25.4°. These reflections are broader than
those observed for the control, P-TiO,, suggesting the formation of nanocrystalline TiO, particles
with smaller crystallite sizes in the modified photocatalyst composites.®* % The XRD patterns also
confirm the presence of the kaolin clay starting material in the samples with the intense reflections

at 20.9 and 26.7° indicating the presence of quartz impurities in the material.

Elemental analysis (Table 1) also confirms the presence of nitrogen and carbon. These two
elements may be present in either the carbonaceous component of the composites (i.e. in the
biochar, possibly N-doped biochar, and in the respective melamine components) and additionally,
some fraction of C and N may also be present in the TiO, lattice as a dopant, consistent with
literature.®® Among others, literature suggests that coordination of nitrogen to titanium (e.g. ...N-
Ti-N... bonding patterns) may lead to peak broadening,®” which is consistent with our observations

in the XRD patterns.
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Figure 2: XRD patterns of (a) N-doped hybrid clay composite and (b) the photocatalyst composites
P-TiO,, T/N-OPK1, T/N-OPK?2 and T/N-OPK3. The intense reflection at 20.9 and

26.7° indicate the presence of quartz impurities in the material.

Scanning electron microscopy (SEM) images of the materials are shown in Figure 3. The
morphology of the N-OPK materials is rather similar. All N-OPK materials consist of flaky and
rather polydisperse particles. Longer calcination times may favour the formation of larger or a bit
more densely stacked melamine crystalline regions, similar to literature,%® but this is difficult to

conclude from microscopy alone.
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The T/N-OPK materials consist of the same flaky particles but the addition of the TiO, also
produces a very large number of small, rather densely packed particles on the surface of the flaky
support particles. Likely, these are TiO, particles deposited onto the existing flaky N-OPK
substrate particles.

The energy dispersive X-ray (EDX) spectra collected from T/N-OPK3 indeed confirm the
presence of Ti (indicating the presence of TiO,) along with additional elements such as C, N, Al,
and Si originating from the nitrogen-doped hybrid clay composites, Figure 3. The O signal is
caused by the presence of titania and clay, both of which contain O. The N signal likely stems
from melamine (and melamine reaction products) and from OP residues present in the material.
The C signal stems from the presence of the biochar along with melamine (and melamine reaction
products). Al and Si signals stem from the clay components within the composites. Furthermore,
elemental maps of the composites (Figure 4) prove a uniform distribution of all elements within

the composites.
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Figure 3: SEM images of prepared materials and the EDX data set of T/N-OPK3. The scale bar
is 10 um in all images. Images of the pristine materials can be found in Figure S2,

supporting information.
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Figure 4: Elemental distribution of the elements present in T/N-OPK3. The frame ‘spectrum 1
represents the location where the initial EDX spectrum was recorded to identify the

elements that needed mapping.

As a result, EDX spectroscopy supports elemental analysis (EA, Table 1), which confirms the
presence of C, H, and N in the composites. A slight, but not very clear, decrease in C and N content
is observed across the precursor composites (without titania), which is likely due to the gradual

loss of organic components during prolonged thermal treatment.
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The photocatalyst composites T/N-OPK1, T/N-OPK2, and T/N-OPK3 generally contain a lower
C and N fraction than the precursor composites N-OPK1, N-OPK2, and N-OPK3. The rather
significant C and N reduction from the N-OPK materials to the T/N-OPK materials can be
attributed to the higher thermal treatment temperature (500 °C) used in the second calcination step
during TiO, incorporation. This likely promotes further thermal decomposition of some of the
organic components present in the reaction mixture.®! Furthermore, the photocatalyst composite
without the melamine precursor, OPKT, contains the least amount of N, further confirming that

melamine serves as the nitrogen source in the photocatalyst system.

Table 1: Elemental analysis data and nitrogen sorption data (see discussion below) of the
composites. Note that in these materials, there is also Al, Si, and O from the clay precursor, which
cannot be detected using EA, but may slightly affect the precision of the EA measurement. Spgr is
the surface area determined from Brunauer-Emmett-Teller (BET) fitting. P-TiO, is a control
sample (pure TiO; produced without any of the other components, see experimental section for

details).

Property Material

N-OPK1 N-OPK2 N-OPK3 T/N-OPK1 T/N-OPK2 T/N-OPK3 OPKT P-TiO,
C (at%) 31.80 28.60 28.80 7.70 7.80 9.10 17.70 0.031
N (at%) 49.80 44.30 45.10 9.90 5.80 8.80 0.701 0.018
Sger (m*g- 17.65 13.46 9.86 134.90 174.79 180.1 88.52 51.80
"
Pore 0.1400 0.0975 0.0775 0.347 0.261 0.234 0.214 0.203
volume
(cm’g™)
Average - - - 10.282 5.977 5.193 - -
pore
diameter
(nm)
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The surface area and pore structure of the photocatalyst composites, along with the control
composites were analysed using N, sorption, Figure S3a. All photocatalyst composites (T/N-
OPK1, T/N-OPK2, and T/N-OPK3) produce type IV isotherms with hysteresis loops and type III
characteristics, indicating the presence of mesopores within the materials.®'-%° The specific surface
area (SSA) and pore volumes obtained from the N, sorption analysis are presented in Table 1. Most
importantly, Table 1 illustrates that the nitrogen-doped hybrid clay precursors N-OPK 1, N-OPK2,
and N-OPK3 exhibit low SSAs due to their low-temperature synthesis, where significant porosity
does not develop. Prolonged heating (1-3 h) further reduces surface area through carbon residue
deposition and minor structural collapse.”® 7!

In contrast, the photocatalyst composites display higher SSAs and total pore volumes, as the
elevated temperature (500 °C) of the second calcination step promotes oxidative removal of
residues, kaolinite dehydroxylation, and stabilization of additional porosity. This is advantageous,
because at least in theory, higher surface areas and open porosities with relatively uniform TiO,
particle distribution (see SEM images, Figure 3) should provide a higher number of active sites.
This should promote the contact between the reactive oxygen species and contaminants,’> which
in turn should lead to an enhanced catalytic efficiency.

Barrett-Joyner-Halenda (BJH) analysis (Figure S3b, supporting information) of the pore sizes and
pore sizes distribution finds average pore diameters in the range of 5-10 nm, that is, the materials
are mesoporous.’ This should further enhance pollutant adsorption.

The point of zero charge (pH,,.)*! is a critical parameter for assessing the net surface charge and
the pH at which particles become electrically neutral.” 7> For T/N-OPK1, T/N-OPK2, and T/N-
OPK3, pH,,. values are 6.44, 6.27, and 6.66, respectively (Figure 5). These results align with
previous studies, which report the isoelectric point of TiO, nanoparticles within pH 6.0— 6.5.76-77
Below the pH,,., the composite particles exhibit a positive surface charge. Above the pHy,., they

are negatively charged.
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Figure 5: pH,.. plots for the photocatalyst composites.

Thermogravimetric analysis (TGA) of the photocatalyst composites, Figure 6, illustrates the
weight loss of the materials in air from 25 to 1000 °C. All composites exhibit a total weight loss

of approximately 19 to 22%, but the individual steps are broad and difficult to separate clearly.

Initially, all photocatalysts show a rather rapid weight loss from room temperature to ca. 110 °C
of about 5%. This weight loss can be assigned to water loss and removal of further volatile

substances on the surface of the materials.

Following this first desorption step, T/N-OPKI1 and T/N-OPK2 show a long and rather
nondescript, continuous weight loss between ca. 150 and ca. 450 °C, followed by a more
pronounced further weight loss between ca. 460 and 630 °C. The former process is likely

associated with the decomposition of carbonaceous species from the biomass precursor.’®

The latter, final weight loss is assigned to a mixture of processes including further decomposition
of organic matter (orange peel, melamine, possibly melem or melam), further melamine
condensation, along with silanol condensation and concurrent water release from the clay

component. T/N-OPK3 in principle shows the same behaviour, but the second decomposition
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process between between ca. 150 and ca. 450 °C is a bit more resolved, indicating a slightly more

distinct series of thermal decomposition steps.

T/N-OPK3 and T/N-OPK1 lose 8-10% more weight than T/N-OPK2 at high temperatures than

T/N-OPK2. This difference may be attributed to variations in the carbon and nitrogen content,

1

2

3

4

5

6

7

8

9

10,

115 which undergo oxidation in air,” but this may also be due to some variability in the materials. The
égé EA data, Table 1, do indeed confirm that there is some difference in the carbon and nitrogen
345 content between these materials, although there is no clear trend.
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45 Figure 6. TGA data obtained from the T/N-OPK1, T/N-OPK2, and T/N-OPK3. TGA was done in
j? air.
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g; UV-Vis diffuse reflectance spectroscopy (UV-DRS) was performed to determine the optical
53 properties of the materials, Figure 7a. The spectra reveal that the unmodified TiO, (P-TiO,) has an
54

55 absorption edge at around 402 nm, which is characteristic of anatase TiO,.5% 8! In contrast to P-
56

57
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TiO,, all photocatalyst composites show significant optical absorption in the visible region

between 400-600 nm.

The optical band gaps (E,) of the materials obtained from the Tauc plots (Figure S4) are 3.27, 3.24,
and 3.11 eV for T/N-OPK1, T/N-OPK2, and T/N-OPK3, respectively. These band gaps are
significantly lower than E, obtained for the pure titania control sample P-TiO, at 3.30 eV. Possibly
this reduction in E, is caused by the incorporation of impurities into the TiO, lattice from the
precursors (biomass, melamine, clay). These impurities may create new energy levels within the

TiO, band gap leading to a reduction in the overall band gap.3¢ 0

Photoluminescence (PL) measurements (Figure 7b) show that the photocatalysts display stronger
PL emission than the controls. This can be attributed to the creation of new emissive states and
enhanced light absorption promoted by N-modification.®? While PL intensity often reflects
recombination rates, photocatalytic activity is also influenced by charge separation at
heterojunction interfaces and better light utilization, explaining the higher activity observed in the
composites (see below).8 P-TiO, show the lowest emission, which appears masked in the stacked

spectra due to the dominant PL peak of T/N-OPK1.

In addition, the composites exhibit a noticeable red shift in their PL emission bands. This shift is
generally due to bandgap narrowing and presence of defect states, which extend light absorption
into the visible region, facilitate interfacial charge transfer, suppress electron-hole recombination,
and enhance photocatalytic performance.?* 85 T/N-OPK1 exhibits the highest PL peak intensity,
with a broad emission band centered at 457 nm. By contrast, T/N-OPK2 and T/N-OPK3 show
lower PL peak intensities with broad emission bands centered at around 567 nm. Such emission
bands observed between 449 and 570 nm are often associated with shallow traps linked to surface
oxygen vacancies and lattice defects inTiO, ' 8630 The reduced PL intensity of T/N-OPK2 and
T/N-OPK3 indicate a reduced recombination rate of these electron-hole pairs vs. the recombination

rate in T/N-OPK1.%7
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Figure 7: (a) UV-vis DRS data, b) PL spectra of OPKT, T/N-OPKI1, T/N-OPK2, and T/N-OPK3.

Inset in panel (b) is a magnified view of the PL spectrum of P-TiO,.

XPS analysis was conducted to investigate the elemental composition and chemical state of the

elements in T/N-OPK3 and OPKT (that is, the melamine-free control material), respectively.
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Figure 8a shows the survey spectra of T/N-OPK3 and OPKT from 0 to 1200 eV, where the N 1s
signal of T/N-OPK3 shows a fairly strong intensity due to the presence of melamine during the
synthesis as compared to that of OPKT. At the same time, the Si 2p and Al 2p signals have a lower
intensity in the spectra of T/N-OPK3 than in the spectra of OPKT without melamine (details in

Figure S5, supporting information).

In Figure 8b, the binding energies of the C—C bonds in the spectra of both materials were charge-
corrected by setting it as equal at 284.8 eV, and the oxygen-bound species of C 1s were fitted as
C-0, C=0, and O-C=0 bonds at 286.2, 287.8, and 288.8 eV equally in both samples,
respectively.®® 89 In addition, spectra of both materials show the binding energy of an AlI-C-O
bonding situation at 283.56 ¢V,%%°! which implies that various functional groups, e.g. alcohol and
carbonyl groups stemming from OP, can form bonds with elements stemming from the kaolin at

the relatively high calcination temperature of 500 °C.4% 92

In this research, the manipulated variable between both samples is the melamine applied during
the reaction. Considering the possibility that melamine can undergo chemical transformation at

500°C, one can infer three kinds of possible reactions:
(1) no reaction (i.e., keeping the chemical structure of melamine intact),

(2) the formation of melam or melem via thermal condensation (Scheme S1 and Figure

S6), and
(3) the cleavage of C=N—C or/and terminal —NH, bonds by thermal decomposition.®?

For a definite validation of the chemical changes and structures of melamine products during the
reaction, the thermal condensation reaction of melamine was independently performed at 300 and
500 °C as monitored by XPS analysis (Figure S3). The resulting XPS data show that the three N-
coordinated carbon (Csy) and terminal —-NH, peaks shift to 287.99 eV (C 1s) and 400.94 eV (N 15s)
after the reaction at 500°C. This is consistent with literature®® and indicates that in this study only

pure melamine (control) undergoes thermal condensation to form melem.

However, Figure 8c shows that the binding energies of the terminal —NH; (399.44 eV) and C=N-C
(398.36 eV) in T/N-OPK3 do not undergo a massive positive peak shift toward higher binding

energy when compared to those of melamine, which shows signals at 399.20 and 398.32 eV,
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respectively. This differs from the binding energies of the terminal —NH, and C=N-C in melam
or melem (Figure S6). Even the slightly shifted terminal -NH, component towards higher binding
energy probably alludes to the existence of interstitial nitrogen species bound to hydrogen.* %

This suggests that melem or melam is not present in the photocatalyst composites.

In N-doped TiO,, the N 1s signals at 400—403 eV can be assigned to oxynitride doping species
such as Ti-N-O and Ti—O-N.?% 97 The slightly shifted N* resonance peak at 400.61 eV,
accompanied by peak broadening, in the T/N-OPK3 sample further supports the presence of
oxynitride doping.

Furthermore, Figure 8b shows that the Cs;y peak of T/N-OPK3 is located at 287.68 eV which is a
lower binding energy than that of melamine at 287.93 eV (Figure S6). In principle, in the binding
energy shifts that can be observed in XPS spectra, the more chemical bonds with electronegative
atoms are present in a chemical structure, the larger the positive XPS chemical shift.”® % Thus,
this negative XPS chemical shift indirectly implies the possibility of the N-C=N bond cleavage

(i.e., chemical bonds in the C;y peak) during the reaction.

Considering all this, the XPS data suggest that melamine may undergo a thermal decomposition
at 500°C and does not react via the more common thermal condensation reaction toward melem
or melam.?? 190 In particular, the spectrum of T/N-OPK3 shows two more peaks at 397.27 and
396.08 €V, which can be assigned to titanium oxynitride (TiON;_,)!'%"- 192 or SiN,,!03 and AIN.104
Also, the lower XPS chemical shift of the Al 2p and Si 2p signals in T/N-OPK3 compared to those
of OPKT supports the notion of an N-incorporation not only into the TiO, but also into the

chemical structure of the kaolin clay (Figure S5).

Figure 8d shows photoelectron signals from Ti 2p in OPKT and T/N-OPK3, which are composed
of doublet peaks with a 2:1 intensity ratio due to their degeneracies. The Ti 2p;/, and Ti 2p,, peaks
for OPKT are located at 458.59 and 464.31 eV with a doublet separation of 5.72 eV, respectively.
This typically indicates a Ti*" species in anatase Ti0,.!% On the contrary, the Ti 2p peak of T/N-
OPK3 requires two components at 458.25 and 457.35 eV in Ti 2p;p, respectively. The first
component can be assigned to the Ti*'—~O (Ti 2ps;) bond, which is shifted towards lower binding
energy from 458.59 to 458.25 eV compared to OPKT. This observation can likely be attributed to

some N-incorporation into the Ti*'—O lattice. Another possible cause for this effect could be strong

27


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nj00633g

w w QPaAGeess Aulicls Rublished oR 26y 2026\ Pawnjoaded an GA6L202691340AM . » 5 0 ;o N O U1 D W N —

_ IS aTt\I c@ i S\ﬁ c&se?]" uﬁaerué'\ d?ea?ﬁ" vehéoﬁm&s\ﬂ ttﬁ%uﬁbn%. dﬁ nﬁorf‘é’d ti’ceﬁ‘ce?

New Journal of Chemistry Page 28 of 58

View Article Online
DOI: 10.1039/D6NJ00633G

interactions between the anatase TiO, and the N-modified kaolinite with AI-N, Al-O-N, or Si—-N
bonds.'! Also, the second component at 457.35 eV of T/N-OPK3 can be assigned to Ti*"in Ti-N
and/or N-Ti—O bonds in TiO,Nj_,.!01. 102

In addition, this data strongly supports the assignment of the 397.27 eV signal to TiO4N,  (Figure
8c). The presence of TiO4N;_, components in the N 1s and Ti 2p XPS signals of T/N-OPK3 further
suggests that, during the synthesis of the photocatalyst composites, the melamine precursors are
mainly consumed as a nitrogen source rather than undergoing a thermal condensation reaction to

form a heptazine-based melem structure.
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2p are shown in Table S1-S4 (supporting information).

Binding energy (eV)

Figure 8: High-resolution XPS spectra of T/N-OPK3 and OPKT, respectively. (a) Survey
spectrum, (b) C s region, (c) N s region including N Is of melamine, and (d) Ti 2p region. The
quantitative results of the XPS measurements and the XPS fitting parameter of the C Is, N Is, Ti
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3.2. Photocatalytic Activity of the Composites

The photocatalytic degradation of BPA and TET was investigated in the presence of T/N-OPK1,
T/N-OPK2, and T/N-OPK3 as well as in the presence of P-TiO, and OPKT (i.e. pure TiO; and a
melamine-free composite, respectively) as controls under visible light irradiation, Figure 9a-b.
Further control experiments were done in the absence of any catalyst to evaluate the BPA and TET

degradation via direct photolysis (i.e. direct photodegradation-by-irradiation) only.

In the case of BPA (Figure 9a), there is no degradation in the absence of a catalyst, proving that
the contribution of photolysis to BPA degradation is negligible. Once a catalyst is added to the
mixture, BPA is degraded rather effectively. The order of photocatalytic activity is T/N-OPK3
(82% BPA degradation in 120 min) > T/N-OPK2 (75%) > T/N-OPK1 (52%) > OPKT (16%) > P-
TiO; (around 0%). For TET degradation all photocatalysts show excellent activity, Figure 9b. The
degradation rate is very high and within 30 min, about 99% degradation is achieved with all
catalysts. The order of the degradation rate is T/N-OPK2 > T/N-OPK1 > T/N-OPK3/T > OPKT >
P-TiO, > Photolysis.

Degradation kinetics were analysed using the simplified pseudo-first order Langmuir-
Hinshelwood kinetic model (equation 5) to determine the apparent rate constant k. The
corresponding plots and values are presented in Figure 9¢c-d and Table S1. For BPA (Figure 9c¢),
the normalized rate constants & by catalyst mass are 0.119, 0.200, and 0.256 min-'g"!, respectively,
for T/N-OPK1, T/N-OPK2, and T/N-OPK3. Taking the highest £ and lowest t;,; as indicators for
the most effective catalyst,®” T/N-OPK3 (k = 0.256 min'!g, t;, = 54 min) is the most effective
photocatalyst for BPA degradation.

For TET (Figure 9d), the respective normalized rate constants determined for T/N-OPK1, T/N-
OPK2 and T/N-OPK3 are 9.62, 9.82, and 5.48 min!g!. The photocatalyst with the best
performance is T/N-OPK2, which has the highest &£ (9.82 min!'g-") and the lowest t;,, (1.41 min).
Table S5 (supporting information) summarizes the rate constants and half-lifes (t;;) of each

photocatalytic composite for both the degradation of BPA and TET, respectively.

Dark studies conducted under the same experimental condition (but without visible light

irradiation) show that the removal of BPA via simple adsorption on the photocatalyst surface is

30


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nj00633g

Page 31 of 58 New Journal of Chemistry

View Article Online
DOI: 10.1039/D6NJ00633G

w w QPaAGeess Aulicls Rublished oR 26y 2026\ Pawnjoaded an GA6L202691340AM . » 5 0 ;o N O U1 D W N —

_IIIT)S aTt\I CFE i S\ﬁ c&se?]" Ul%efué d?ea?ﬁ" ve"éoﬁfm&ms‘ﬂttﬁ%uﬁbn%dﬁ nﬁorf‘é’d | ce|_”|'ce<.3

below 7%, Figure 10a. This indicates that adsorption plays a minimal role in BPA removal and

that BPA is only effectively removed in the presence of the photocatalysts.

In contrast, approximately 64%, 62%, and 58% of TET are removed by adsorption using T/N-
OPK1, T/N-OPK2, and T/N-OPK3, respectively, Figure 10b. This suggests that the surface of the
photocatalyst has a higher affinity for TET than BPA. The degradation efficiency of the materials
suggests that their strong adsorption affinity for TET is advantageous for photodegradation, as it
allows more TET molecules to concentrate around the loaded TiO,, thereby enhancing the rate of
photo-oxidation. The equilibrium adsorption capacities (q.) of BPA and TET on the T/N-OPK

catalysts under dark conditions are presented in Table S5 (supporting information).

Overall, the T/N-OPK composites exhibit remarkable photocatalytic efficiencies for BPA and TET
degradation to those of the control materials (P-TiO, and OPKT). In contrast, photolysis shows
only minimal activity, confirming that the contaminants do not readily undergo self-degradation
upon irradiation. The catalyst performance also far exceeds the efficiencies of our previous

photocatalyst prepared without melamine.*?

It must be stressed here that there may be two effects contributing to this advantageous behaviour:
(1) the change of the optical properties and (2) different SSAs upon incorporation of melamine
into the system. OPKT (which contains no melamine) has a comparatively low SSA of 88.52 m?g-
I while the SSAs of the composite materials increase to ca.135-180 m?g’!. In addition, the
introduction of nitrogen appears to alter the TiO, band structure, as evidenced by lower band gaps

(Figures 7a and S4) and a visible red-shift in the absorption edge of the composites (Figure 7).1%

Therefore, we attribute the improved photoactivity of the T/N-OPK composites to the synergistic
effects of enhanced visible light absorption and increased accessibility of active sites on well-

dispersed doped TiO; particles on the surface of the composite catalysts.
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Figure 9: (a) Degradation (% removal) of BPA under visible light vs. exposure time, (b)
Langmuir-Hinshelwood kinetic model for BPA degradation, (c) degradation (% removal) of TET
vs. exposure time and (d) Langmuir-Hinshelwood kinetic model for TET degradation vs. different
catalysts and catalyst-free experiment (photolysis). Note that most error bars in panels (a,b) are
small and therefore not visible in this graph. To evaluate if there is a direct correlation between
surface area and rate constant k, we have also plotted the rate constant vs. total surface area of
the 50 mg of catalyst in the experiment. However, these data only show a weak influence of the
surface area on the rate constant, see Fig. S6, supporting information. In the case of TET, the data
suggests a small reduction in k with an increase in surface area. In contrast the data suggests a
small increase in k with increasing surface area for BPA. All linear fits exhibit correlation
coefficients (R?) close to 1, indicating a good fit with the kinetic model. Comment: Another option

to study contaminant adsorption/photodegradation is the pre-adsorption of the contaminants in
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the dark for an extended period of time, followed by irradiation and concurrent photodegradation.
However, we have decided to not study this process because it is less practical from an application

point of view.

100
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Figure 10: Comparison of adsorption and photodegradation of (a) BPA and (b) TET vs.
photocatalyst. Note that the errors bars in the data for TET are exceptionally small; this

indicates an unusually high reproducibility of the experiments.
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3.3. Effect of Operating Parameters on Degradation

Finally, a series of operating parameters on BPA and TET removal were studied. The solution pH
plays an important role in the adsorption and photodegradation of organic molecules by
influencing the surface charge of the photocatalysts and the charge of organic molecules in
solution. This will in turn directly affect how well a photocatalyst and a contaminant interact.'
In this study, the effect of the initial solution pH (3.0-11.0) on BPA and TET photodegradation
was investigated using the best performing composite, T/N-OPK3. Given that the pH,,. of T/N-
OPK3 is at pH 6.6, the surface of T/OPNK3 is positively charged at pH < pH 6.6 and negatively
charged when pH > pH 6.6.

Figure 11a shows that the photodegradation of BPA is most efficient at neutral pH, following the
sequence: pH 7.0 > pH 5.0 = pH 9.0 > pH 3.0 > pH 11.0, similar to data by Wang and Lim.!'%® The
lowest rates of BPA degradation are observed at strongly acidic (pH 3.0) and strongly basic (pH
11.0) conditions. As BPA has a pK,~9.6, it is positively charged at pH < 9.6 and negatively
charged at pH > 9.6.1% Therefore, under highly acidic conditions, both the surface of the catalyst
and the BPA molecules are positively charged, which likely results in a net electrostatic repulsion
between adsorbent and adsorbate and thereby hampers the photocatalytic BPA degradation.
Similarly, at very basic conditions, both the catalyst surface and the BPA molecule are negatively

charged. This again likely results in electrostatic repulsion between adsorbent and adsorbate.

As a result, the optimum pH for BPA photodegradation is around pH 7. Around pH 7, the catalyst
surface is negatively charged while BPA is positively charged resulting in a net attraction, which
enhances the effective contact between contaminant and photocatalyst and results in the most

effective BPA degradation.

For TET, Figure 11b, the degradation rates follow the order: pH 7.0 = pH 9.0 > pH 3.0 > pH 5.0 >
pH 11.0. At pH 7.0 and 9.0, ca. 100% removal efficiency is achieved within 10 min, indicating a
very fast degradation, whereas at pH 11.0 the same efficiency is only reached at 90 min. This can
again most simply be explained by TET speciation (pK, = 7.68) and the surface charge of T/N-
OPK3 (pH,. = 6.6). Around neutral pH, TET is in its zwitterionic form, while the catalyst surface
is near its isoelectric point. This minimizes electrostatic repulsion, promotes favourable adsorption
and surface complexation, and accelerates degradation. Possibly, there are further interactions like

van der Waals forces, m-m stacking between TET and graphitic structures in the biochar
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components, or hydrogen bonding interactions as well that contribute to a strong adsorption of

TET to the photocatalyst surface as shown in Figure 10b above.

At strongly basic pH (pH = 11.0), TET predominantly exist as anionic species, while the catalyst
surface is also negatively charged. This again results in strong electrostatic repulsion which

reduces adsorption and consequently reduces the degradation rate.!1% 111

a) BPA
100 -

80

(=2}
o
1

Removal (%)

n
o
1

204 °

0 20 40 60 80 100 120

b)
100

TET

5]
o
1

[=2]
o
1

Removal (%)

40-

20/

0 20 40 60 80 100 120

Time (min)

35


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nj00633g

w w QPaAGeess Aulicls Rublished oR 26y 2026\ Pawnjoaded an GA6L202691340AM . » 5 0 ;o N O U1 D W N —

_ IS aTt\I CFE i S\ﬁ c&se?]" Ul%efué d?ea?ﬁ" ve"éoﬁfm&s‘ﬂ ttﬁ%uﬁbn%. dﬁ nﬁorf‘é’d E‘I)Cel_"l‘Cé3

New Journal of Chemistry

Page 36 of 58

View Article Online
DOI: 10.1039/D6NJ00633G

Figure 11: Effect of solution pH on (a) BPA degradation and (b) TET degradation with T/N-
OPK3.

Figure 12a shows that the photodegradation rate of BPA decreases with increasing initial BPA
concentration. The degradation efficiency of BPA reaches 99.9% at a low BPA concentration of 2
mgL-! after 120 min. However, at a higher BPA concentration of 20 mgL-!, the degradation

efficiency decreases to about 60% after 120 min.

We currently hypothesize that the active sites on the T/N-OPK3 surface may be covered with BPA
molecules at high initial concentrations. This would lead to (1) a reduced accessibility of the active
sites for BPA and (2) possibly also to a reduced light absorption by the photocatalyst. The latter
could then reduce the number of reactive oxygen species (ROS) that are generated on the
photocatalyst surface and hence lead to a reduced BPA degradation. Additionally, higher initial
BPA concentrations may lead to higher concentrations of degradation products, which may also

compete for the active sites on the photocatalyst surface.

On the other hand, Figure 12b shows that an increase in the initial TET concentration has little
effect on TET degradation. For TET, complete degradation is achieved using N-OPK3/T at all
initial TET concentrations up to 20 mgL-!. The slight decrease in the degradation rate that is
observed as the initial TET concentration increases could be due to the absorption of light by the
TET molecules. This in turn would reduce the number of photons reaching the photocatalyst
surface, which would then reduce the number of ROS generated resulting in a decrease of the
overall TET degradation rates.''> For TET concentrations of 2, 5, and 10 mgL-!, about 99.9%
removal is achieved after only 10 min. Even at the highest concentration of 20 mgL-!, complete

removal of TET is achieved after 30 min.
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Figure 12: Effect of initial concentration on the degradation of (a) BPA and (b) TET vs. time

using the T/N-OPK3 composite. Photocatalyst mass is constant at 50 mg in all experiments.

To evaluate the effect of photocatalyst dose, different dosages of T/N-OPK3 were applied. Figure
13a shows that the lowest BPA degradation rate and efficiency (28%) is observed at a 10 mg
catalyst dose in 100 mL of solution (10 mgL-! BPA). The steady increase of photocatalyst dose
leads to a quite drastic increase of the degradation efficiencies. This effect has been observed

before and has been assigned to an increased number of catalytic sites as the catalyst doses
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increase.!® With 100 mg of photocatalyst, 97.5% degradation of BPA is achieved. However, the
improvement in BPA degradation between a catalyst dose of 75 and 100 mg is not as large as the
improvements observed between the lower doses. This may be due to increased turbidity of the
photocatalyst dispersion at higher dosages, which may impede a better photoactivation of the

catalyst surface.!!3

Similarly, for TET, increasing the dosage from 10—-50 mg enhances the degradation rate, Figure
13b. With 10 mg of catalyst, the TET degradation rate is slowest, achieving 100% removal in 60

min. In contrast, with doses of 25 or 50 mg, 100% removal of TET is achieved within 30 min.
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Figure 13: Effect of catalyst dose on the degradation of (a) BPA and (b) TET vs. time using the
T/N-OPK3 photocatalyst.

It is also important to investigate the influence of common matrix species in the aqueous systems
on the degradation of pollutant(s). Inorganic anions such as sulphate, bicarbonate, and phosphate
are prevalent in surface waters, groundwaters, and wastewaters and can strongly affect the

photocatalytic degradation of pollutants. As a result, the effects of these species must be evaluated.

In the case of BPA, typical anions exhibit varying degrees of inhibitory effects on the
photocatalytic activity of T/N-OPK3 (Figure 14a). Bicarbonate and phosphate ions reduce the
effective BPA degradation from about 85% (no anions present) to 70% and 59%, respectively.
Two plausible explanations for the inhibition of the photocatalytic degradation could be (1)
competition of the anions and BPA for the same active sites on the catalyst and (2) scavenging of

ROS by bicarbonate ions.!!4 115

Similarly, phosphate may inhibit photocatalysts by a complexation reaction between phosphate
and chemical functionalities on the surfaces of the photocatalysts. This may block active sites and
hence reduce the efficiency of the photocatalysts.*® This is especially important because the
concentration of the phosphate in common surface waters (ca. 0.01 M) is much higher than that of
BPA (ca. 10 mgL'= 0.04 mM). As a result, phosphate ions are likely a key factor inhibiting the
photodegradation of BPA in water bodies.

In contrast, TET photodegradation is not significantly affected by the presence of the anions. This
might be due to the fast reaction of the reactive oxygen species with the TET. Likely the good
adsorption of TET on the photocatalyst surface provides a very close contact between the ROS
generated on the catalyst surface and the adsorbed TET molecules, providing a very effective

degradation pathway, see also Figure 9b.

Moreover, in (waste)water, the presence of Na* and Cl- is inevitable. The effect of different NaCl
concentrations (0.01, 0.025, and 0.05 M) on the photocatalytic performance of T/N-OPK3 on BPA
and TET degradation was therefore evaluated. Figure 14b demonstrates that NaCl does not inhibit
the degradation of either BPA or TET.
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Interestingly, in the case of BPA, as the NaCl concentration increases from 0.01 to 0.05 M, a slight
increase in the degradation efficiency is observed. This observation is similar to findings by Wang
et al. who reported that chloride ions can influence degradation in both negative and positive ways
either by competing with BPA for active sites or by providing more electrons during the
photodegradation process. Apparently, negative effects predominate at low chloride

concentrations, while positive effects can be more pronounced at higher chloride concentrations. !
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Figure 14: Effect of (a) anions and (b) ionic strength on the BPA and TET degradation with
T/N-OPK3.

3.4. Effect of Scavengers on Degradation

To identify the primary ROS responsible for the degradation of both TET and BPA during the
photocatalytic process, a series of scavenger experiments were done. In this experiment, isopropyl
alcohol (IPA) was chosen as “OH scavenger, benzoquinone (BQ) as ‘O, scavenger, and sodium
oxalate (NaOx) as h* scavenger. Figure 15a shows that the addition of NaOx or IPA does not
significantly affect the degradation of TET and BPA. However, BQ significantly reduces the
degradation efficiency of T/N-OPK3; it decreases from 100% to 84% for TET and BPA
degradation drops from 82% to 5%. This indicates that ‘O, plays a crucial role in the
photocatalytic process by acting as the main oxidizing species generated by the photocatalyst under

irradiation, similar to previous studies.!!7-11?

3.5. Total Organic Carbon Removal Efficiency and Identification of Intermediates

The efficiency of mineralisation (that is, the complete degradation of the contaminants to CO, and
H,0) was evaluated using T/N-OPK3 via the determination of the total organic carbon (TOC)
levels before and after photocatalysis (Figure 15b). After 120 min of irradiation, TET and BPA
show high degradation rates (100 % and 80 %, respectively). However, complete mineralisation is
not achieved, with TOC removal reaching only 46 % for TET and 50 % for BPA. This suggests
that a substantial portion of the organic carbon remains in solution, either as residual undegraded
contaminants or as intermediate byproducts and smaller organic fragments that are resistant to

further (photo)oxidation.

This incomplete mineralisation likely at least partly results from insufficient ROS generation. This
is possibly caused by surface blockage from adsorbed intermediates leading to reduced photon
absorption over time or to a less effective release of the ROS from the photocatalyst surface.
Mineralisation efficiency could be improved by extending the irradiation time, optimizing

operational variables such as pH or catalyst dosage, or further modifying the catalyst.
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Figure 15: (a) Effect of different ROS scavengers on the photodegradation of BPA and TET and
(b) degree of mineralisation of BPA and TET solutions treated with T/N-OPK3 for 2 h.

The intermediates formed in the photocatalytic degradation process using T/N-OPK3 were
identified via electrospray ionization-liquid chromatography-mass spectrometry (ESI-LC-MS,
Figures S7-S11, supporting information).

For BPA-containing solutions after the photocatalytic treatment, the primary BPA peak retention
time (rt) of 3.34 min and a mass-to-charge ratio (m/z) of 227 shows a significant reduction in
intensity (Fig S7, supporting information). This decrease corroborates the degradation results
(Figure 9a), which indicate that approximately 82% of BPA is removed. However, only one

byproduct was detected, with a m/z =257 and rt = 2.96 min (Figure S9, supporting information).
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Given the chosen experimental HPLC setup, the earlier elution (shorter rt) of this intermediate

suggests that it is more polar than BPA.

In the case of TET, the primary characteristic peak with a rt =4.07 min and m/z = 445 corresponds
to the deprotonated TET molecule ion (Figure S10, supporting information). After
photodegradation, three main intermediates with m/z = 126 (rt = 0.73 min), 168 (rt = 0.73 min),

and 236 (rt = 1.16 min) are detected (Figures S11-S12, supporting information).

Overall, the ESI-LC-MS data confirm that complete mineralisation is not achieved within 120 min.
Rather, some intermediates form. This is consistent with the TOC analysis (Figure 15b) showing
incomplete mineralisation of both BPA and TET. Table 2 shows the proposed structures of the
intermediate products formed in the photocatalytic process for both BPA and TET as inferred from

the MS data (Figure S9 — S12, supporting information).

Table 2: Possible intermediate compounds proposed from the LC-MS analysis of aqueous BPA
and TET solutions treated with T/N-OPK 3.

Contaminant rt of m/z Proposed structure of Ref
intermediate intermediate

Bisphenol A | 2.96 min 257 120-122

(rt =3.34 min) HO O O o
(m/z = 227) - N
Tetracycline | 1) 0.73 min | 1) 127 | i) i) 123

(rt=4.07 min) | ii) 0.73 min | ii) 169 0O
(m/z = 445) iii) 1.16 min | iii) 236

11) 123-125

(o} iif) 126
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3.6. Proposed Mechanism for the Photodegradation Process

Upon visible-light irradiation, the photocatalyst is photoexcited, generating electron—hole pairs.
The photogenerated electrons are transferred to the conduction band and subsequently react with
dissolved oxygen to produce superoxide radicals ("O,"), while the holes in the valence band may
participate in oxidation reactions.'?’ The efficient separation and transfer of these charge carriers
are facilitated by the composite structure of the photocatalyst, which suppresses electron—hole
recombination and enhances photocatalytic activity. Trapping experiments using isopropyl
alcohol (IPA), benzoquinone (BQ), sodium oxalate (NaOx) as radical scavengers for *OH, *O,",
and h*, respectively, reveal that *O,™ radicals are likely the dominant reactive species driving the

oxidation of BPA and TET (Figure 15a).

The BPA degradation pathway likely follows an O,-reduction/single electron transfer dominated
route through the reduction of O, to *O,~ by photogenerated electrons on the catalyst surface. The
photoexcited electrons then oxidize BPA via single-electron transfer to phenoxyl radicals or
peroxy adducts. These species undergo further oxygenation and dehydrogenation to yield oxidized
phenolic derivatives such as the quinone-type products (m/z = 257, rt 2.96 min) en route to

mineralisation.!23
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The major byproduct observed in the LC-MS data t (m/z = 257, rt 2.96 min) is consistent with
previously reported quinone-type oxidation products arising from BPA oxidation, although this
assignment is tentative and requires MS/MS/HRMS confirmation. The incomplete mineralisation
(TOC = 50% after 120 min) corroborates the presence of persistent polar intermediates and

underlines the need for further structural identification and toxicity assessment of the byproducts.

For TET, three intermediates with m/z = 126 (rt = 0.73 min), 168 (rt = 0.73 min), and 236 (rt =
1.16 min) were identified. They likely form via successive oxidative cleavage, deamination,
dealkylation, and dehydroxylation reactions induced by °‘O,” radicals.'>* The fact that these
breakdown products appear at a lower retention times vs. the starting TET compound again
indicates that they are more hydrophilic than TET. The proposed TET degradation pathway is
shown in Figure S13 (the mechanistic interpretation is based on a combination of direct
experimental evidence and literature-supported assignments. The formation of superoxide radicals
is supported by scavenger experiments (Figure 15a), while the degradation intermediates identified
by LC-MS provide direct evidence of a possible reaction pathway. Charge carrier generation,
electron transfer processes, and the reaction steps are inferred from established photocatalytic

mechanisms reported in the literature).

3.7. Influence of Different Water Matrices on Degradation

Furthermore, the performance of T/N-OPK3 for BPA and TET removal was evaluated across

39 different water matrices: deionized water, tap water, and river water, each spiked with 10 mgL-!
2(1) of BPA and TET. This assessment provides preliminary insights into the performance of the
fé photocatalyst under conditions that simulate real wastewater environments.

jg Figure 16a shows that the photodegradation of BPA 1s most efficient in deionized water, followed
j? by tap water, and least effective in river water. While the exact reasons for the reduced efficiency
48 are likely rather complex, the generally lower efficiency of the photocatalyst in river water may
gg be attributed to the presence of natural organic matter (NOM) in the river water, as confirmed by
g; TOC analysis (Table S7, supporting information). Certainly, NOM competes with (organic)
gi pollutants for photocatalyst active sites and scavenges ROS. This competition can lead to reduced
55 catalyst performance over time through fouling.*

s
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On the other hand, the overall photodegradation of TET is not influenced by the different water
matrices. Complete TET removal even in river water suggests that T/N-OPK3 retains a high
photocatalytic activity despite the presence of NOM. While NOM may affect the reaction kinetics,
it does apparently not hinder full TET degradation. Therefore, the performance of T/N-OPK3
especially for TET photodegradation in river water shows that T/N-OPK3 holds potential for use

in real-world waters.

Table 3: Removal of BPA and TET in deionized water, tap water, and river water samples with
T/N-OPK3. The physicochemical properties of the water matrices used are listed in Table S7,

supporting information.

Water sample Contaminant
BPA (%) TET (%)
Deionised water 80 (ND) 100 (ND)
Tap water 50 (ND) 100 (ND)
River water 22 (ND) 100 (ND)

Values in brackets are the initial concentrations of the contaminant (mgL-") measured in the

different water types before spiking with either BPA or TET. ND = not detected.

3.8. Reusability

One of the key factors that determine the large-scale application of a material in the industry is its
ability to be recovered and reused over several cycles without losing its efficiency. Fig. 16b
therefore shows the results of a three-cycle reuse experiments with T/N-OPK3 demonstrating that
TET degradation is, at least across the three cycles conducted here, essentially unaffected.

In contrast, BPA degradation shows an unusual yet reproducible behaviour in that the degradation
efficiency of the photocatalyst slightly increases from the first to the third cycle. Although no post-
use characterization was performed, we hypothesize that this trend may result from the removal of
loosely bound surface residues during washing between use. Washing could possibly expose more
active sites on the catalyst surface or induce subtle surface modifications which could then slightly

enhance BPA adsorption and thus slightly improve degradation. Clearly, further investigation is
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required to verify this mechanism, but Figure 16 highlights the potential of T/N-OPK3 for water

treatment.
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Table S8 (supporting information) summarizes the photodegradation performance of T/N-OPK3
vs. a series of photocatalysts described in the literature. Specifically, Table S8 shows that T/N-
OPK3 is a highly promising and competitive catalyst for the degradation of various organic
contaminants. While its degradation efficiency is on par with other catalysts, T/N-OPK3
additionally offers practical advantages, including straightforward synthesis, effective operation
with low-energy and low-cost light sources, and good removal efficiency across different classes
of pollutants. Although complete mineralisation is not achieved, the level of TOC removal is
comparable to literature; among others this finding highlights the need for further investigations
into improving the mineralisation efficiency but also demonstrates the that catalysts are

competitive in their overall performance.

Relative to a previous photocatalyst,*? the new T/N-OPK3 shows clear improvements. It exhibits
a larger surface area, broader applicability, high reusability, and improved degradation kinetics,
particularly for TET in river water. This combination of advantageous properties clearly positions

T/N-OPK3 as a potential material for larger scale use in environmental remediation.

Conclusion

The study presents a facile two-step protocol for producing N-modified hybrid clay photocatalytic
composites from orange peel, kaolin clay, melamine, and titania. XPS analysis provides evidence
for the presence of TiO4N; 4 in the composites, suggesting that melamine is a nitrogen source for
the formation of N-doped titania composite materials. The photocatalysts show an extended optical
absorption edge into the visible region, along with a reduced band gap compared to pure titania
allowing for the utilization of visible light sources (rather than UV light sources) for photocatalytic
degradation of organic pollutants such as tetracycline and bisphenol A in water. The primary
mechanism driving the degradation process is the generation of superoxide radicals which then
react with the organic pollutants producing a variety of organic fragments. Overall, TOC removal
is comparable to existing photocatalysts and the most effective composite T/N-OPK3 exhibits an
excellent performance, particularly in the degradation of tetracycline in river water. This highlights
its suitability for practical water treatment. Overall, these new hybrid materials present a promising
and sustainable alternative for visible light driven removal of a broad range of organic pollutants

from water bodies.
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Enlarged FT-IR spectra of T/N-OPK2 and T/N-OPK3; N, adsorption-desorption isotherms and
corresponding BJH pore-size distributions of the photocatalyst composites; Tauc plots of the
prepared photocatalyst; High-resolution XPS spectra of Al 2p (a) and Si 2p (b) in T/N-OPK3 and
OPKT, respectively; High-resolution XPS spectra of C 1s (a) and N 1s (b) in melamine, melam,
and melem; Quantitative results of XPS measurements; XPS fitting parameters of the C 1s ,N 1s,
Ti 2p; Reaction scheme of melam and melem from melamine by thermal condensation; The kinetic
parameter vs. catalyst for the degradation of BPA and TET; Direct correlation between surface
area of the photocatalysts and rate constant k; Equilibrium adsorption capacities (qc) of BPA and
TET on T/N-OPK catalysts under dark conditions; The extracted ion chromatogram of the LC-MS
of the BPA solution before and after degradation using T/N-OPK3; Calibration curve employed
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