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The advancement of industrialization has led to severe environmental challenges stemming from
inadequate pollutant management. Photocatalytic technology has emerged as a research focus due to
its eco-friendly nature and high degradation efficiency. However, the widespread application of
photocatalysts is hindered by limitations in recoverability and reusability. Therefore, designing high-
performance photocatalysts with facile recoverability has become a critical research direction. Thermo-
responsive materials, which precipitate upon heating and disperse upon cooling, offer a promising
solution for enhancing recovery efficiency. In this study, a composite photocatalyst with thermo-
responsive properties was successfully synthesized by combining graphite carbon nitride (g-C3N4) with
the  thermo-responsive  copolymer  NIPAM-DADMAC  (poly(N-isopropylacrylamide)-co-diallyl
dimethylammonium chloride). Key parameters including the optimal mass ratio of g-CsN4 to DADMAC-
NIPAM, and the optimal recovery conditions were systematically determined by measuring the material's
lower critical solution temperature (LCST). Experimental results demonstrated that under visible light
irradiation, the composite photocatalyst achieved a remarkable 98.15% degradation rate of methyl
orange (MO) within 120 min. Moreover, the composite exhibited exceptional stability and reusability,

retaining over 77.92% of its degradation efficiency even after eight consecutive cycles. Additionally, its
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Accepted 20th October 2025 inherent thermo-responsive nature enabled highly efficient recovery of the catalyst. This research

provides valuable insights and a novel strategy for the development of high-performance photocatalysts
with enhanced recyclability, holding significant potential for practical applications in environmental
remediation.
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1. Introduction
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The increasing level of industrialization has led to a series of
environmental issues resulting from the improper handling of
pollutants.’” Consequently, the development and application
of sustainable clean energy technologies, along with their
utilization in ecological remediation, have become major
research focuses. Photocatalytic technology has gradually
gained significant attention.®™® This technology utilizes solar
energy to trigger the generation of photogenerated radicals,
which can progressively mineralize organic pollutants in
water."' ¢ This capability has promoted the development of
photocatalysis as an effective pollutant removal technology.
However, most reported photocatalysts suffer from low recovery
rates and poor reusability.””? Therefore, designing
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ability has become a critical research priority.

Since Scarpa et al.** first discovered the thermally induced
phase transition behaviour of poly(N-isopropylacrylamide)
(PNIPAM) in the 1960s, thermo-sensitive polymers of this type
have consistently attracted substantial academic interest,
particularly in the fields of pharmaceuticals and bioengi-
neering.”® As a typical thermosensitive polymer, PNIPAM
exhibits unique lower critical solution temperature (LCST)
behaviour.?® Below the LCST, PNIPAM is highly soluble in water
and forms a homogeneous solution; above the LCST, it
undergoes a phase transition, leading to precipitation. This
reversible phase transition property endows PNIPAM with
excellent recyclability potential. However, the intrinsic func-
tionality of pure PNIPAM is relatively limited, especially in
terms of pollutant adsorption, which restricts its direct appli-
cation in photocatalytic systems.

To further expand the functionality of PNIPAM, researchers
have developed novel temperature-sensitive microgel systems
through copolymerization with various hydrophilic or hydro-
phobic monomers.”” Among these monomers, diallyl di-
methylammonium chloride (DADMAC), a cationic monomer
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with highly hydrophilic quaternary ammonium groups, has
been widely studied. When copolymerized with PNIPAM,
DADMAC can form microgels that exhibit both temperature
sensitivity and charge responsiveness.”® These copolymer
microgels are fully ionized in aqueous solutions, forming
polymer segments with specific charge density and spacing.
This charge characteristic enables them to efficiently capture
charged particles or microorganisms through electrostatic
interactions. Moreover, the low toxicity of these copolymers
significantly enhances their advantages for applications in
pharmaceutical biocompatibility and advanced drinking water
treatment.

Graphite carbon nitride (g-C3;N,) has attracted considerable
attention as a promising visible-light-responsive photocatalyst
due to its moderate bandgap, suitable electronic band struc-
ture, non-toxicity, and low cost.”*-** However, like many other
powdered photocatalysts, g-C;N, in its pure form is prone to
aggregation in aqueous solutions, and its fine powder nature
makes it extremely difficult to recover from the treated water.
These issues severely limit its practical application in real-world
water treatment scenarios.**** To address these challenges, the
development of composite photocatalytic materials by inte-
grating g-C;N, with appropriate SI materials has become
a current research hotspot. The goal is to combine the excellent
photocatalytic performance of g-C;N, with the favourable
recoverability of the SI materials. Nevertheless, the application
of NIPAM-co-DADMAC and its analogues in photocatalysis
remains relatively under-explored. These copolymers have been
primarily confined to adsorption applications.*”**° The integra-
tion of these thermo-sensitive copolymers with photocatalytic
matrices holds great promise in terms of photocatalytic synergy.
This synergy is expected to significantly enhance the dispersion
and recyclability of photocatalysts.

In this study, g-C3N, was prepared by calcination. Leveraging
the electrostatic interaction between g-C;N, and the PNIPAM
copolymer containing cationic DADMAC, a thermo-responsive
2-C3N,/NIPAM-DADMAC composite material was synthesized,
aiming to fully exploit the complementary advantages of both
components. Furthermore, we investigated the mass ratio of
DADMAC-NIPAM to g-C3N, in the composite and the LCST of
the material to determine the optimal loading ratio and
recovery conditions.

2. Experimental
2.1 Preparation of g-C;N,

Urea (3 g) was ground and placed in an alumina crucible. The
sample was heated to 520 °C at 10 °C min~ ' and calcined for
3 h. After cooling, the sample was ground again and reheated to
500 °C at 5 °C min~ " for 2 h. Finally, it was naturally cooled to
room temperature and ground again to obtain pale yellow g-
C;N, powder.

2.2 Preparation of NIPAM-co-DADMAC

The synthesis of NIPAM-co-DADMAC was based on a modified
method reported by Xiang et al.** NIPAM (18.3 g) and DADMAC
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(17.5 mL) were dissolved in 262 mL of water in a 500 mL round-
bottom flask. The solution was purged with N, for 30 min.
Separately, potassium persulfate (KPS, 0.0351 g) and FeCl,-
-4H,0 (0.0354 g) were dissolved in 4 mL and 4.75 mL of water,
respectively, and then added to the flask. The mixture gradually
turned yellow. The reaction was carried out at 5 °C in an ice-
water bath for 2 h. The product was precipitated by adding
NaCl solution, redissolved in water, and heated to 80 °C to
induce reprecipitation. This purification cycle was repeated
three times. The final white floccules were lyophilized to afford
the thermo-responsive NIPAM-DADMAC copolymer.

2.3 Preparation of g-C;N,/NIPAM-DADMAC

2-C3N, (15.0 mg) was dispersed in 5.0 mL of water by ultra-
sonication for 30 min. Separately, NIPAM-DADMAC (15.0 mg)
was dissolved in 10 mL of water. The NIPAM-DADMAC solution
was then added dropwise to the g-C;N, dispersion, and the
mixture was stirred at room temperature for 12 h to afford the g-
C;3N,/NIPAM-DADMAC composite. By varying the mass of
NIPAM-DADMACG, a series of composites with mass ratios of g-
C5;N, to NIPAM-DADMAC at 1:0.05,1:0.1, 1:1, and 1:2 were
synthesized accordingly.

2.4 Characterization

The molecular structure of NIPAM-DADMAC was characterized
using nuclear magnetic resonance spectroscopy (‘H NMR,
Varian Inova-400). Fourier transform infrared spectroscopy
(FTIR, Nicolet 1S10) was employed to analyse the functional
groups on the material surfaces. X-ray photoelectron spectros-
copy (XPS, Thermo Scientific ESCALAB Xi+) was used to deter-
mine the chemical states of elements on the catalyst surfaces.
The molecular weight of the NIPAM-DADMAC material was
evaluated by gel permeation chromatography (GPC, Agilent PL-
GPC50). The microstructure of the catalysts was investigated by
scanning electron microscopy (SEM, ZEISS Sigma 300). Zeta
potential of the g-C;N,/NIPAM-DADMAC composites with
different mass ratios was determined using a Malvern Zetasizer
Nano ZS9200 (Malvern Panalytical, UK).

2.5 Photocatalytic activity evaluation

2-C3N,/NIPAM-DADMAC (15.0 mg) were added to 30.0 mL of
a 25.0 mg L' methyl orange (MO) solution. The system was
allowed to react in the dark for 90 min to establish adsorption—-
desorption equilibrium. Then, the photocatalytic reaction was
initiated by exposing the system to visible light irradiation. A
100 W xenon lamp was used as the visible light source, and the
distance between the lamp and the reaction vessel was main-
tained at 20 cm to ensure uniform irradiation. During the
photocatalytic reaction, 2 mL samples were collected at 20 min
intervals. The collected samples were immediately heated to
induce precipitation of the composite photocatalyst, followed
by centrifugation at 5000 rpm for 5 minutes to separate the
photocatalyst from the solution. The absorbance of the result-
ing supernatant, which contained the residual MO, was
measured using a UV-vis spectrophotometer.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
3.1 Molecular structure of NIPAM-co-DADMAC

The molecular structure and weight of the synthesized copol-
ymer were characterized by nuclear magnetic resonance (NMR)
spectroscopy and gel permeation chromatography (GPC). As
shown in Fig. 1. The "H NMR spectrum exhibited characteristic
peaks within the 1.05-7.39 ppm chemical shift range, corre-
sponding to protons of structural units a-f in NIPAM-co-DAD-
MAC (labelled in Fig. 1A), confirming successful
copolymerization. GPC analysis further quantified the poly-
mer's molecular weight distribution, revealing an average
molecular weight (M,,) of 43 706 and a polydispersity index (PDI,
M,/M;,) of 2.9068, indicative of moderate chain-length
uniformity.

3.2 Morphology of the photocatalysts

Scanning electron microscopy (SEM) was employed to investi-
gate the microstructural evolution of the catalysts (Fig. 2).
Pristine g-C3;N, exhibited smooth, micrometre-sized block-like
morphologies, consistent with literature reports.*>** Upon
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incorporation of NIPAM-co-DADMAC, the composite surface
became uniformly decorated with irregular flake-like structures,
confirming the successful integration of the copolymer onto g-
C;N,. Energy-dispersive X-ray spectroscopy (EDS) elemental
mapping (Fig. 2D-F) verified the homogeneous distribution of
C, N, and O throughout the composite, suggesting effective
interfacial interaction between the components.

3.3 Chemical composition of the photocatalysts

X-ray photoelectron spectroscopy (XPS) and Fourier transform
infrared (FTIR) spectroscopy were utilized to investigate the
surface elemental composition, chemical states, and bonding
configurations of the g-C;N,/NIPAM-co-DADMAC composite
(Fig. 3). As shown in Fig. 3A, XPS survey spectra revealed
a significant increase in nitrogen content following composite
formation, attributable to the incorporation of g-C;N,. High-
resolution C 1s and N 1s spectra (Fig. 3B and C) confirmed
the coexistence of bonding signatures from both constituents:
C-N bonds (286.2 eV, NIPAM-co-DADMAC) alongside g-C3N,-
specific motifs (C=N-C at 288.1 eV; N-(C); at 400.8 eV).****
FTIR analysis (Fig. 3D) provided complementary evidence, with
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(A) Nuclear magnetic resonance hydrogen spectrum and (B) gel chromatography diagram of NIPAM-DADMAC.

Fig. 2
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(A) SEM image of g-C3N4 and (B and C) g-C3N4/NIPAM-DADMAC; (D-F) EDS image of g-C3N4/NIPAM-DADMAC.
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(A) XPS spectra of NIPAM-DADMAC and g-CzN4/NIPAM-DADMAC; high-resolution (B) C 1s and (C) N 1s XPS binding energy spectra of g-

C3N4/NIPAM-DADMAC; (D) FT-IR spectra of NIPAM-DADMAC and g-C3N4/NIPAM-DADMAC.

the composite spectrum exhibiting diagnostic absorption
bands assignable to g-C;N, (e.g., 806 cm ' for triazine ring
modes; 1250-1650 cm ™' for C-N/C=N stretching) and NIPAM-
co-DADMAC (e.g., 2953 cm ' for -CH,; 3400 cm™ ' for N-H
bending). These collective results unambiguously validate the
successful synthesis of the g-C;N,/NIPAM-co-DADMAC
composite.

3.4 Zeta potential analysis

Zeta potential measurements of g-C;N,/NIPAM-co-DADMAC
composites with varying mass ratios are depicted in Fig. 4.
Pristine g-C;N, exhibits a negative surface charge (—4.8 mV),
while cationic NIPAM-co-DADMAC possesses inherent positive
charge. To validate electrostatic-driven assembly, incremental
amounts of NIPAM-co-DADMAC were introduced into 0.5 mg
mL ™" g-C;N, aqueous suspensions (6 mL). Systematic zeta
potential analysis revealed a progressive charge reversal:
increasing NIPAM-co-DADMAC content shifted the composite's
potential from negative toward positive values (Fig. 4). At a g-
C;3N, : NIPAM-co-DADMAC ratio of 0.1:1, the zeta potential
reached a maximum of +23.2 mV. Further increases in polymer
content yielded no significant potential change, indicating
saturation of g-C3;N, surface sites. This charge reversal
phenomenon confirms effective electrostatic adsorption of
NIPAM-co-DADMAC onto g-C3;N,, achieving successful surface
modification through charge density modulation.

4142 | RSC Adv, 2025, 15, 41139-41147

3.5 Dispersibility and low critical transition temperature
analysis

The dispersibility of the pristine g-C3N, and g-C;N,/NIPAM-
DADMAC composite in aqueous solutions was evaluated by
observing their settling behaviour after 3 days of quiescent
standing. Fig. 5A shows the photographs of the two suspensions
after this period. It can be clearly seen that the pristine g-C;N,
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Fig. 4 Zeta potential diagrams of g-CzN4/NIPAM-DADMAC with
different mass ratios.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05141j

Open Access Article. Published on 27 October 2025. Downloaded on 2/12/2026 5:27:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

g-C3N,

100 B ——
N

Transmittance (%)

g-C;N,/NIPAM-DADMAC

Temperature (°C)

Fig. 5 (A)Comparison of the dispersibility of g-CsN4 and g-CzN4/
NIPAM-DADMAC; (B) low critical transition temperature analysis
diagram of NIPAM-DADMAC.

suspension exhibited significant sedimentation. A large amount
of g-C;N, powder settled at the bottom of the container, and
a clear supernatant was formed. This poor dispersibility of pris-
tine g-C3N, is primarily due to its strong van der Waals forces and
hydrogen bonding interactions between the particles, which lead
to aggregation. The aggregated particles have a larger size and
higher density, resulting in rapid sedimentation.

In contrast, the g-C;N,/NIPAM-DADMAC composite
suspension maintained a homogeneous turbidity even after 3
days of standing. No obvious sedimentation was observed,
indicating that the composite has excellent dispersibility in
aqueous solutions. This significant improvement in di-
spersibility is attributed to the presence of the NIPAM-co-DAD-
MAC copolymer on the surface of g-C;N,. The copolymer
chains, which are highly soluble in water below the LCST, form
a steric stabilization layer around the g-C;N, particles. This
layer prevents the aggregation of g-C;N, particles by reducing
the van der Waals forces and increasing the repulsive forces
between the particles. The excellent dispersibility of the
composite ensures that the photocatalytic active sites are fully
exposed to the pollutant molecules and light, thereby
enhancing the photocatalytic performance.

The thermo-responsive transition of NIPAM-co-DADMAC
was quantified by temperature-dependent transmittance anal-
ysis (Fig. 5B). As the temperature increased, the transmittance
of the solution began to decrease gradually. This decrease in
transmittance is due to the phase transition of the copolymer.
Above the LCST, the copolymer chains undergo a conforma-
tional change, transitioning from an extended, hydrophilic
state to a collapsed, hydrophobic state. The hydrophobic
copolymer chains then aggregate together, forming large
particles that scatter light, resulting in a decrease in trans-
mittance. The inflection point in the transmittance-tempera-
ture curve, which corresponds to the temperature at which the
transmittance decreases by 50%, is defined as the LCST of the
copolymer. From Fig. 5B, it can be determined that the LCST of
the NIPAM-DADMAC copolymer is approximately 45 °C.

3.6 Ultraviolet diffuse reflectance and photoluminescence
analysis

The optical properties of photocatalysts, including their light
absorption capacity and charge separation efficiency, are crucial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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factors that directly influence their photocatalytic performance.
In this study, ultraviolet diffuse reflectance spectroscopy (UV-
DRS) and photoluminescence (PL) spectroscopy were
employed to investigate the optical properties of the pristine g-
C;3N, and g-C3N,/NIPAM-DADMAC composite.

Fig. S1A shows the UV-DRS spectra of the pristine g-C;N, and
g-C3N,/NIPAM-DADMAC composite. It can be observed that the
UV-DRS spectrum of the composite closely resembles that of the
pristine g-C;N,. Fig. S1B shows that the bandgap energy of the
composite is virtually identical to that of the pristine g-C;N,.
This indicates that the hybridization of g-C3;N, with the NIPAM-
co-DADMAC copolymer does not appreciably perturb the elec-
tronic structure of the g-C;N, framework. In addition, the
photoluminescence (PL) spectra of g-C3N, and g-C3N,/NIPAM-
DADMAC composites were also determined. As shown in
Fig. S1C, there was no significant intensity difference in the PL
spectra of g-C3N, and g-C3;N,/NIPAM-DADMAC composites,
further indicating that the hybridization of g-C;N, with NIPAM-
co-DADMAC copolymer had no obvious effect on the electronic
structure of the g-C;N, framework and still maintained
a similar charge separation efficiency. Overall, the results of UV-
DRS and PL analysis indicated that the combination of NIPAM-
DADMAC copolymer with g-C;N, did not weaken the light
absorption ability of g-C;N,. These optical properties laid
a good foundation for the excellent photocatalytic performance
of the composites.

3.7 Photocatalytic activity assessment

The photocatalytic activity of the g-C;N,/NIPAM-DADMAC
composite was systematically evaluated by measuring the
degradation rate of methyl orange (MO) under visible light
irradiation. A series of experiments were conducted to investi-
gate the effects of different parameters, including the mass ratio
of g-C;N, to NIPAM-DADMAC and the reaction temperature on
the photocatalytic performance of the composite. Prior to
photocatalytic testing, the reaction system underwent a 90 min
dark adsorption period to establish adsorption-desorption
equilibrium.

Fig. 6A compares the MO degradation performance of g-C;N,/
NIPAM-DADMAC composites at varying mass ratios under visible
light irradiation. It can be clearly observed that the mass ratio has
a significant impact on the photocatalytic activity of the
composite. After 20 min of visible light irradiation, the composite
with a mass ratio of 1:0.1 (g-C3N, : NIPAM-DADMAC) exhibited
the fastest degradation rate of MO, with a degradation rate of
approximately 54.01%. In contrast, the composites with other
mass ratios (1:0.05, 1:1, and 1:2) demonstrated relatively
slower degradation rates, with degradation rates of around
39.66%, 42.10%, and 46.43%, respectively. With the extension of
the irradiation time to 120 min, the composite with the 1:0.1
mass ratio achieved the highest degradation efficiency of 98.15%.
The composites with the 1:0.05, 1:1, and 1:2 mass ratios
reached degradation efficiencies of 97.45%, 96.28%, and 89.58%,
respectively. These results clearly indicate that the composite
with the 1:0.1 mass ratio has the best photocatalytic activity
among all the tested samples.

RSC Adv, 2025, 15, 41139-41147 | 41143
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(A) Methyl orange degradation rate curve, and (B) corresponding photodegradation kinetic curve for g-CsN4/NIPAM-DADMAC at different

catalyst loadings; (C) methyl orange degradation rate curve, and (D) corresponding photodegradation kinetic curve for g-CsN4/NIPAM-DADMAC

at different degradation temperatures.

To further analyze the photocatalytic kinetics, the degrada-
tion data were fitted using the pseudo-first-order kinetic model,
which is commonly used to describe the photocatalytic degra-
dation of organic pollutants.*”-* The pseudo-first-order kinetic
equation is expressed as:

—Ln(C/Cy) = kt

where k is the pseudo-first-order rate constant (min~"), ¢ is the
reaction time (min), C, is the initial concentration of MO after
adsorption equilibrium, and C is the concentration of MO at
time ¢.

Fig. 6B shows the corresponding pseudo-first-order kinetic
curves for the composites with different mass ratios. The
composite with the 1:0.1 mass ratio has the highest rate
constant of 0.03336 min~ ", which is significantly higher than
those of the other composites (0.03106 min~' for 1:0.05,
0.02813 min~ ' for 1:1, and 0.01839 min ' for 1:2). This
further confirms that the 1:0.1 mass ratio is the optimal ratio
for the composite to exhibit the best photocatalytic
performance.

The reason for the optimal mass ratio can be explained as
follows: when the amount of NIPAM-DADMAC copolymer is too
low (mass ratio 1:0.05), the copolymer cannot fully cover the
surface of g-C;N,. As a result, the dispersibility of the composite
is poor, and the adsorption capacity for MO is limited, leading
to lower photocatalytic activity. When the amount of copolymer
is too high (mass ratios 1: 1 and 1 : 2), the excess copolymer may
cover the active sites of g-C3;N,, blocking the light absorption

41144 | RSC Adv, 2025, 15, 41139-41147

and reducing the number of available photogenerated electron—
hole pairs. Additionally, the excess copolymer may form a thick
layer on the surface of g-C;N,, increasing the charge transfer
resistance and promoting the recombination of photogenerated
charges. Therefore, the composite with the 1: 0.1 mass ratio has
the optimal balance between the dispersibility, adsorption
capacity, and active site exposure, resulting in the highest
photocatalytic activity.

The reaction temperature is another important parameter
that can affect the photocatalytic activity of the composite.
Fig. 6C shows the degradation rate curves of MO at different
temperatures. It can be observed that the reaction temperature
has a significant impact on the degradation efficiency, and the
degradation efficiency decreases as the temperature rises. The
corresponding pseudo-first-order kinetic curves are shown in
Fig. 6D. The rate constants gradually decrease with the increase
of temperature, being 0.00400 min ™" at 35 °C, 0.00400 min ™" at
45 °C, and 0.00147 min~" at 50 °C, respectively.

The decrease in photocatalytic activity at higher tempera-
tures can be attributed to the phase transition and precipitation
of the NIPAM-co-DADMAC copolymer above the LCST (45 °C).
This precipitation leads to the aggregation of the composite
material, thereby reducing the specific surface area and the
exposure of active sites.

To further confirm that the degradation efficiency decreases
with the increase in temperature, additional experiments on the
degradation of rhodamine B (another common dye pollutant) at
different temperatures were conducted. The results (Fig. S2)
showed a similar trend.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Removal rate of different photocatalytic materials for ye-type pollutants removal

Catalyst Pollutant Photocatalytic

dosage concentration degradation Removal
Sample (gL™")  Pollutant (mgL™) Light source time (min) rate Recyclability  Ref.
Co/P-C;3N, 1.00 Methyl orange 10 300 W mercury lamp 120 70% — 51
C;3N,/AlFeO; 1.00 Methyl orange 20 500 W xenon lamp 60 97% 91% (5th) 52
Bi@BiOCl/C;N,-DPY 0.67 Methyl orange 10 500 W xenon lamp 180 84.5%  82% (4th) 53
BiO-Ag(0)/C;N,@ZIF-67 1.0 Congo red 40 Solar 150 90.0%  78.2% (4th) 54
2-C3N,/NIPAM-DADMAC 0.5 Methyl orange 25 100 W deuterium lamp 120 98% 77.92% (8th) This

work

To evaluate the performance of the g-C;N,/NIPAM-DADMAC
composite in comparison with other reported photocatalytic
materials, a comprehensive comparison was conducted based
on key parameters such as photocatalyst dosage, pollutant
concentration, degradation time, removal rate, and recycla-
bility. The results are summarized in Table 1.

3.8 Reusability evaluation of the catalyst

The reusability of a photocatalyst is a key factor in determining
its practical application potential. A photocatalyst with good
reusability can significantly reduce the treatment cost. In this
study, the reusability of the thermo-sensitive g-C3;N,/NIPAM-
DADMAC composite (with the optimal 1:0.1 mass ratio) was
evaluated by repeating the photocatalytic degradation experi-
ment of MO for multiple cycles.

Fig. 7 shows the schematic diagram of the cyclic photo-
catalytic process and the degradation efficiency of the
composite over 8 consecutive cycles. After each photocatalytic
cycle, the composite was recovered through a simple thermo-
responsive precipitation process: the temperature of the reac-
tion solution was raised to LCST of the copolymer, causing the
composite to precipitate. The precipitated composite was then
separated from the solution by centrifugation at 5000 rpm for
5 min, washed thoroughly with deionized water three times to
remove any residual MO molecules and by-products, and then
reused in the next cycle under the same experimental condi-
tions. As shown in Fig. 7, the composite exhibited excellent
reusability, even after eight successive cycles, the photocatalytic
efficiency of the composite was still as high as 77.92%.

8

st 9pq
Sth

Degradation rate (%)
S R o
(=} o o
T T T
‘a\
‘\I
=
{--]
=3

[
(=]
T

0

Fig. 7 The cyclic photocatalytic degradation efficiency of MO by g-
C3N4/NIPAM-DADMAC.

© 2025 The Author(s). Published by the Royal Society of Chemistry

This gradual decline in degradation efficiency is a common
phenomenon in cyclic photocatalytic experiments and can be
attributed to cumulative occupation of active sites, partial
catalyst leaching, and structural changes. To exclude structural
alteration as the primary cause of the activity loss, the FTIR
spectra of the fresh and used composite (after 8 cycles) were
compared. Fig. S3 shows the FTIR spectra of the two samples. It
can be observed that there are no discernible changes in the
characteristic absorption bands of the composite. The peaks
corresponding to g-C;N, (806 cm ™' for triazine ring bending,
1250-1650 cm ' for C-N/C=N stretching) and the NIPAM-
DADMAC copolymer (2953 cm ' for C-H stretching,
3400 cm ™" for N-H stretching) are still present and have the
same intensity and position in both spectra. This indicates that
the framework structure of the composite remains intact
throughout the 8 cycles of photocatalytic reaction and recovery.
Therefore, the main cause of the loss of activity might be the
cumulative occupation of active sites by pollutants and the loss
of some catalysts, rather than structural decomposition.

The excellent reusability of the g-C;N,/NIPAM-DADMAC
composite, combined with the simple and energy-efficient
thermal recovery protocol, makes it a highly promising candi-
date for practical and sustainable water treatment applications.
The ability to reuse the composite for multiple cycles not only
reduces the cost of the photocatalytic process but also mini-
mizes the environmental impact associated with the disposal of
used photocatalysts.

3.9 Universal experiment on photocatalytic degradation

To assess the broader applicability of the g-C;N,/NIPAM-
DADMAC composite, its photocatalytic activity was tested
against a variety of representative pollutants, including cationic
dyes (rhodamine B), anionic azo dyes (Congo red), and antibi-
otic pollutants (tetracycline hydrochloride).

As shown in Fig. S4, within 120 min of illumination, the
removal efficiency of this composite material for rhodamine B
was approximately 94.2%, for tetracycline hydrochloride was
70.1%, and for Congo red was 45.2%, highlighting its wide
applicability to various water pollutants. These results clearly
demonstrate the versatility of the g-C;N,/NIPAM-DADMAC
composite in degrading diverse aquatic pollutants. This broad
applicability significantly enhances the practical value of the
composite in environmental remediation.
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Fig. 8 Free radical trapping experiment of g-C3zN4/NIPAM-DADMAC
for the degradation of MO.

3.10 Mechanism research

Active species trapping experiments were conducted to identify
the primary active radicals involved in the photocatalytic
degradation of methyl orange by the g-C;N,/NIPAM-DADMAC
composite.

Three common trapping agents were used in the experi-
ments: isopropanol (IPA) was used to trap hydroxyl radicals
(‘OH), para-benzoquinone (PBQ) was used to trap superoxide
radicals (O, ), and ethylenediaminetetraacetic acid disodium
salt (EDTA) was used to trap photogenerated holes (h"). The
trapping experiments were carried out under the same optimal
conditions as the photocatalytic activity evaluation.

Fig. 8 shows the results of the trapping experiments. When
IPA was added to trap “OH, the degradation rate of MO slightly
decreased to approximately 79.20%. This indicates that ‘OH
plays a minor role in the photocatalytic degradation process.
When EDTA was added to trap h*, the degradation rate further
decreased to around 76.53%, suggesting that h' contributes
more to the degradation than “OH.

In contrast, when PBQ was added to trap ‘O, , the degra-
dation rate of MO was almost completely inhibited, with
a degradation rate of only about 30.93%. This significant inhi-
bition clearly indicates that "O,~ is the primary active radical
responsible for the photocatalytic degradation of MO by the
composite.

4. Conclusions

In summary, a thermo-responsive g-C;N,/NIPAM-DADMAC
composite photocatalyst was successfully synthesized through
a simple and efficient method. The composite exhibited excel-
lent dispersibility in aqueous solutions below the LCST of the
copolymer and could be efficiently recovered by heating above
the LCST (45 °C). The photocatalytic activity was evaluated
through MO degradation under visible light. The optimal
composite, with a g-C3N, to NIPAM-DADMAC mass ratio of 1:
0.1, achieved 98.15% degradation in 120 min at 25 °C. It
exhibited excellent stability and retained 77.92% efficiency after
eight cycles. The composite demonstrated broad applicability in
degrading various pollutants, including rhodamine B,
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tetracycline hydrochloride, and Congo red. Active species trap-
ping experiments indicated that ‘O,” were the primary active
radicals responsible for the photocatalytic degradation process.
This work establishes that strategic integration of thermo-
sensitive polymers with semiconductor photocatalysts effec-
tively reconciles the traditional trade-off between high catalytic
activity and practical recoverability. The demonstrated synergy
of electrostatic assembly and LCST-mediated recovery presents
aviable design strategy for next-generation smart photocatalytic
systems in sustainable water remediation.
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