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A B S T R A C T

Graphitic carbon nitride (g-C3N4) is a promising photocatalyst for solar-driven degradation of contaminants of 
emerging concern (CECs). However, its powdered form complicates recovery for large-scale applications in water 
treatment. In this study, we developed potassium-doped g-C3N4 (KCN) supported on expanded perlite (EP), a 
non-toxic volcanic glass, to address these recovery challenges. KCN was synthesized in situ by adding varying 
amounts of KOH to urea and EP, followed by calcination. The EP/KCN composites were characterized and tested 
for the degradation of 1,3-diphenyl guanidine (DPG), a tire wear pollutant. SEM images showed that KCN 
coverage increased with higher urea loading on EP, with EP/KCN20 (20:1 urea to EP, 1 wt% KOH) having nearly 
complete surface coverage. FT-IR spectra confirmed stronger C-N and C=N stretching vibrations with increased 
KCN content, confirming the successful incorporation of KCN into the composite. XRD patterns displayed distinct 
KCN peaks at higher loadings, while PL analysis suggested slightly reduced charge recombination in the EP/ 
KCN20 composite, indicating enhanced photocatalytic efficiency. Furthermore, EP/KCN20 achieved 96.1 % 
degradation of DPG under simulated solar exposure in 5 h, with over 80 % efficiency maintained across four 
consecutive cycles. The composite also demonstrated robust performance under more complex conditions, 
including natural solar light and in DPG-spiked secondary municipal wastewater, with a cost of 5.57 USD/m3. 
These findings highlight the potential of the EP/KCN composite as a scalable, cost-effective solution for the 
removal of CECs from wastewater, driven by renewable solar energy.

1. Introduction

Advanced oxidation processes (AOPs) are promising, efficient, and 
eco-friendly technologies that utilize strong oxidizing species for the 
rapid and effective degradation of organic pollutants from water and 
wastewater [1,2]. Photocatalysis, a widely recognized AOP, has proven 
highly effective for this purpose [3,4]. Among various photocatalysts, 
graphitic carbon nitride (CN) stands out due to its sustainability, non- 
toxic nature, abundance, and simple synthesis from inexpensive 
nitrogen-rich precursors such as urea and melamine [5–7]. CN is typi-
cally prepared through the pyrolysis of these precursors at high tem-
peratures, either in air or under inert atmospheres. Previous studies have 
shown that using nitrogen gas during pyrolysis offers several advantages 

over air [8,9]. This inert environment during synthesis prevents oxida-
tion and promotes the formation of a more stable and homogeneous CN 
structure [10,11]. It also prevents unwanted side reactions from 
occurring, preserving the integrity of CN [12].

CN has attracted significant attention for its photocatalytic applica-
tions, including the degradation of organic pollutants, hydrogen pro-
duction, and CO2 reduction [13,14]. Its unique two-dimensional layered 
structure, narrow band gap, and tunability make it an ideal candidate for 
efficient photocatalytic reactions [15]. Despite its promising properties, 
bare CN faces several limitations that hinder its photocatalytic effi-
ciency. These include poor electron-hole (e–/h+) separation, low surface 
area, and restricted visible light absorption, all of which contribute to 
reduced performance in photocatalytic reactions [5,16]. Recent efforts 
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to enhance the performance of CN have focused on elemental doping, 
which introduces defects and vacancies that act as active sites for pho-
tocatalytic reactions [17–19]. Potassium (K) doping, in particular, is a 
simple yet highly effective method that significantly improves the 
properties of CN by reducing charge recombination rates and increasing 
reactive oxygen species (ROS) generation, thus enhancing the overall 
photocatalytic activity [20–22]. A previous study by our research group 
extensively examined the impact of K-doping on the degradation of DPG, 
demonstrating significant improvements in photocatalytic efficiency 
compared to bare CN. These enhancements were attributed to better 
charge separation, increased ROS generation, and improved adsorption 
[23]. Building on these findings, this study focuses on the imple-
mentation of K-doped CN on a solid substrate to improve stability and 
enable large-scale application.

In addition to the limited performance of bare CN, the practical 
application of CN and most photocatalysts in real wastewater treatment 
is often constrained by their powder form. The powder form suffers from 
aggregation, as well as difficulties in separation and reuse. To address 
these issues, recent strategies have focused on templating photocatalysts 
onto various substrates, including glass beads, perlite, silica, and bio-
polymers such as chitosan and cellulose. These methods enhance the 
stability of photocatalysts and facilitate their practical application in 
wastewater treatment systems [24–26]. Floating substrates offer 
numerous advantages, including direct exposure to solar irradiation and 
enhanced oxygenation at the air/water interface, which significantly 
improves ROS formation. Most importantly, these substrates are easy to 
recover and reuse after treatment [27–29].

Expanded perlite (EP) is a lightweight volcanic material that expands 
up to 20 times its original volume when heated above 800 ◦C, creating a 
porous structure with low density and buoyancy. Composed of over 70 
% silica, EP is chemically inert, pH-neutral, and fire-resistant, ensuring 
stability under various conditions [30,31]. Its abundance, low cost, and 
ease of separation make it an ideal support material for photocatalytic 
applications, especially in large-scale wastewater treatment [32–34]. 
The porous structure provides active sites for trapping charge carriers, 
reducing e–/h+ recombination, and enhancing photocatalytic efficiency, 
while its buoyancy allows for easy post-reaction separation.

Several research studies have investigated the use of CN supported 
on the EP surface (EP/CN composites) for environmental remediation, 
including the photocatalytic inactivation of Microcystis aeruginosa and 
Escherichia coli and MS2 [35–37]. These composites have also been 
applied in the photocatalytic degradation of common organic contami-
nants. For example, Liu et al. utilized a Z-scheme FeMo3Ox/CN com-
posite on EP to degrade tetracycline via a Fenton-like process [38]. 
Similarly, Hai Bang Truong et al. employed mesoporous EP/KCN in 
combination with hydrogen peroxide for natural organic matter removal 
[36], while Sun et al. investigated the activation of peroxymonosulfate 
using CN/CuFe2O4 supported on EP for the removal of sulfamethazine 
[39]. However, these methods often require additional chemicals and 
specific conditions, such as acidic pH, complicating their practical 
applications.

In contrast, solar-driven catalysis offers a more sustainable approach 
by utilizing renewable solar energy under milder, environmentally 
friendly conditions. Despite its advantages, the application of EP/KCN in 
solar-driven catalysis remains limited, with most research focusing on 
the degradation of simpler pollutants like dyes. For instance, Chen et al. 
[40] and Zhang et al. [41] both studied the use of this composite for the 
degradation of rhodamine B. To date, no studies have investigated the 
application of EP/KCN composites for the degradation of more recalci-
trant contaminants, such as tire wear particles, nor have they explored 
their use in complex real wastewater matrices.

This research addresses this critical gap in wastewater treatment by 
exploring EP/KCN composites for the degradation of 1,3-diphenylguani-
dine (DPG), a tire wear pollutant. Tire wear particles are composed of 
various components, including natural and synthetic rubbers, carbon 
black, plasticizers (e.g., phthalates), vulcanizing agents (e.g., sulfur), 

accelerators (e.g., benzothiazoles and 1,3-diphenylguanidine), and 
heavy metals [42]. These additives and contaminants, many of which 
are toxic and persistent in the environment, pose significant risks to 
aquatic ecosystems and human health. DPG, a vulcanization accelerator 
widely used in tire manufacturing, is particularly concerning due to its 
persistence in the environment and leachability into water bodies, 
contaminating road runoff, rivers, and wastewater [43–45]. Despite its 
frequent detection and toxicological impact, studies on its effective 
removal remain limited [46–48].

This study systematically investigates the degradation of DPG using 
EP/KCN while examining key experimental parameters, including the 
urea-to-EP ratio, catalyst amount, and EP particle size. In addition, a 
simple yet highly effective enhancement method is introduced by 
incorporating an aluminum reflective surface beneath the reactor to 
increase light absorption and improve overall performance. The stability 
and reusability of the most effective composite are also evaluated over 
multiple cycles. Finally, a preliminary assessment of the proposed sys-
tem to treat DPG in real secondary effluent from a municipal wastewater 
treatment plant (WWTP) is discussed. To our best knowledge, this is the 
first study to demonstrate the use of a KCN templated on floating EP 
under natural solar irradiation for the degradation of an emerging 
contaminant in wastewater, providing a solid foundation for future 
research in this area.

2. Experimental

2.1. Materials

Expanded Perlite (EP) was purchased from Miracle-Gro® with a 
density of 50.5 kg/m3. 1,3-diphenylguanidine (DPG) (DPG ((C6H5NH)2C 
= NH, 97.0 %)), urea (99.0 %), potassium hydroxide (KOH,>85.0 %), 
1,4-benzoquinone (BQ), isopropanol (IPA, ≥99.5 %), ammonium oxa-
late monohydrate (AO, ≥99.0 %), methanol (HPLC grade), and aceto-
nitrile (HPLC grade) were purchased from Sigma-Aldrich. 5,5- dimethyl- 
1-pyrrolidine oxide (DMPO) was acquired from ACROS. All chemicals 
were used as received, and all solutions were prepared using ultrapure 
water (Millipore Synergy® UV, ρ ≥ 18.2 MΩ cm). Secondary municipal 
effluent (pH 8.20 and conductivity of 1.60 mS/cm) was collected from a 
local WWTP in Edmonton, Canada.

2.2. Preparation of EP/KCN composites

EP particles were sieved using 10, 18, and 30 mesh screens to obtain 
three different sizes. These particles were cleaned with deionized water, 
soaked overnight to collect only the floating particles, and then dried in 
an oven at 60 ℃. For composite preparation, 1 g of EP was combined 
with varying amounts of urea (5, 10, 20, and 30 g) in 40 mL of deionized 
water. KOH was added at 1 wt% of the urea mass, following the method 
reported in a previous work [23]. The EP and urea mixture were soni-
cated for 1 h to ensure uniform dispersion and then dried completely 
overnight. The dried mixtures were transferred to ceramic crucibles and 
heated in a muffle furnace at 550 ◦C for 2 h, with a ramp rate of 5 ◦C/ 
min. After cooling to room temperature, the composites were thor-
oughly washed and centrifuged multiple times to remove excess KCN 
and impurities. The resulting composites (EP/KCNx) were labeled ac-
cording to their urea-to-EP mass ratios, where x is 5, 10, 20, and 30.

2.3. Characterization techniques

The morphology was examined using Scanning Electron Microscopy 
(SEM) with a Zeiss Sigma 300 VP-FESEM. Crystal structures were 
characterized by powder X-ray diffraction (XRD) with a Bruker D8 
Discover. Fourier-transform infrared (FTIR) spectroscopy was per-
formed with a Nicolet 6700 spectrometer. Elemental composition and 
distribution were analyzed using CHNS, EDX, and elemental mapping. 
CHNS analysis was performed with a Thermo Flash 2000 CHNS-O 
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analyzer, where the C, H, N, and S content were determined by com-
busting the samples in an O-rich environment, with the resulting gases 
being separated and quantified. Calibration was performed with an 
organic analytical standard (OAS), ensuring an R2 ≥ 0.999, with accu-
racy verified every four runs (±0.3 % deviation). Chemical states were 
analyzed using X-ray Photoelectron Spectroscopy (XPS) on a Kratos 
AXIS Ultra. The specific surface area was determined by Brunauer- 
Emmett-Teller (BET) using N2 adsorption–desorption isotherms on an 
Autosorb-iQ. Photoluminescence (PL) spectra were recorded at 355 nm 
excitation using Cary Eclipse, Varian spectrofluorometer. The bandgap 
energy was derived from Diffuse Reflectance Spectroscopy (DRS) using 
an Agilent Cary 5000 UV–VIS–NIR spectrometer. The bandgap energies 
of the composites were determined using UV–Vis DRS and analyzed with 
the Tauc plot method, as described by the following equation: 

(αhv)
1
γ = B(hv − Eg)

where α is the adsorption coefficient to the photon, h is Planck’s con-
stant, v is the frequency of light, B is a constant, Eg is the bandgap, and γ 
is a constant that depends on the nature of the electron transition (1/2 or 
2 for the direct and indirect transition bandgaps, respectively). For CN- 
based materials, γ is usually reported as 2 [49].

2.4. Analytical methods

The Quantitative analysis of DPG (1 mg/L) was conducted using 
Agilent 1260 Infinity II high-performance liquid chromatography with 
diode array detection (HPLC-DAD), as reported in a previous study [50]. 
DPG peak was recorded at 254 nm. For lower concentrations of DPG 
(100 µg/L) in spiked secondary effluent, ultrahigh-performance liquid 
chromatography coupled with triple quadrupole mass spectrometry 
(UHPLC/QqQ-MS) was used [4].

To identify intermediate compounds produced during the photo-
catalytic degradation of DPG, ultra-performance liquid chromatography 
coupled with time-of-flight mass spectrometry (UPLC-TOFMS) using a 
Synapt G2 system (Waters) was employed. Chromatographic separation 
followed the method described in previous studies [51,52]. TOFMS 
operated in positive electrospray ionization (ESI +) mode, conducting 
MS scans from 50 to 500 (m/z) in high-resolution mode. MassLynx 
software managed data acquisition, and spectral data was processed 
using TargetLynx.

ROS were detected using scavenger tests and electron paramagnetic 
resonance (EPR). AO, BQ, and IPA were used as scavengers for holes 
(h+), superoxide radicals (O2

•–), and hydroxyl radicals (•OH), respec-
tively. EPR spectra were recorded using a Bruker A300-10/12 EPR 
spectrometer with 1 mL of 50 mM DMPO in water and methanol for 
spin-trapping of •OH and O2

•–, respectively.

2.5. Photocatalytic experiments

The prepared composites were tested for the photocatalytic degra-
dation of DPG using a solar simulator (SS200AAA, Photon Emission 
Tech, USA) equipped with a 1000 W arc lamp and a fixed irradiance of 
100 mW/cm2, controlled by SolarSimulator.vi software. A specific 
amount of EP/KCN (0.02, 0.06, and 0.1 g) was added to a crystallizing 
dish (60 mm diameter × 35 mm height) containing 50 mL of DPG so-
lution (1 mg/L) prepared with ultrapure water (pH ~ 7). The solvent 
height was approximately 1.8 cm. The mass used is equivalent to a small 
number of perlites (Fig. S1), occupying only a limited area of the surface 
to facilitate effective contaminant-catalyst interaction. To enhance light 
reflection and maximize catalyst exposure, aluminum foil was placed 
beneath the dish. The solution was stirred continuously at a low speed 
(100 rpm) in the dark for 1 h to establish adsorption/desorption equi-
librium before switching on the solar simulator, ensuring consistent 
contaminant-catalyst contact. Samples were collected at fixed time in-
tervals and filtered through a 0.2 μm nylon membrane filter before 

analysis. The system was also tested using secondary effluent from a 
municipal WWTP spiked with DPG (100 µg/L) and natural solar irra-
diation. The experiment was conducted outdoors on a clear, sunny day 
from 12:00 pm to 17:00 local time with 5.06 kWh/m2 [53] (Edmonton, 
Canada – 53.5268◦ N, 113.5291◦ W).

3. Results and discussion

3.1. Characterization of composite photocatalysts

SEM images of bare EP (Fig. 1a) reveal a porous, rough surface with 
an average particle size of approximately 1.3 mm, offering sufficient 
surface area for deposition. Upon the deposition of KCN, the pores on the 
EP surface are gradually filled, increasing the surface coverage (Fig. 1b). 
The EP/KCN5 shows limited KCN deposition, whereas EP/KCN20 and 
EP/KCN30 composites display nearly complete surface coverage, 
resulting in a more uniform and dense coating (Fig. S2). Higher KCN 
loading not only improves surface coverage but also increases the 
exposure of KCN to the contaminant solution, which could enhance the 
photocatalytic activity of the composite.

Elemental CHNS analysis was used to estimate the surface coverage 
of KCN on the EP surface in EP/KCN, as perlite is primarily inorganic. 
The theoretical KCN loadings for EP/KCN5, EP/KCN10, EP/KCN20, and 
EP/KCN30 were calculated to be 6.9 %, 14.2 %, 22.6 %, and 25.0 %, 
respectively (Table 1). The actual KCN deposition on each composite 
was determined by measuring the total weight of EP/KCN, subtracting 
the weight of bare EP (adjusted for thermal treatment losses), and ac-
counting for any excess KCN that did not adhere to the EP. The actual 
KCN coverage closely matched the theoretical values, with a deviation of 
approximately 4.0 %.

To further validate these results, EDX analysis was conducted to 
confirm the presence of key elements (Figs. S3 and S4), while elemental 
mapping was employed to assess the spatial distribution of KCN on the 
EP surface (Fig. 1c). The mapping results confirmed the successful 
deposition of KCN onto the EP, with KCN clusters primarily composed of 
C and N, while the EP support showed a high concentration of Al, Si, and 
O. K was detected throughout the surface, reflecting its dual presence as 
an oxide in EP and as a dopant in KCN. EDX analysis supported these 
observations, revealing that the EP surface is mainly composed of Si 
(31.4 %), Al (5.5 %), and O (42.6 %), along with some K (5.8 %) 
(Fig. S3). These results align with the known composition of perlite, 
which is typically rich in silica, alumina, and other metal oxides [54]. 
The KCN clusters were predominantly composed of C (31.5 %) and N 
(52.9 %), with some K (7.1 %) (Fig. S4).

FT-IR spectroscopy was employed to characterize the surface func-
tional groups of bare EP (Fig. S5) and EP/KCN composites (Fig. 2a). The 
spectra of all EP/KCN composites displayed characteristic vibrational 
peaks associated with EP, including the Si-O-Si stretching band at 
800–1100 cm− 1 (the yellow strip in Fig. 2a) and the Si-O stretching band 
of the Si-O-Al bond at around 780 cm− 1 [55]. The intensity of these 
peaks decreased with increasing KCN loading, with EP/KCN5 showing 
the highest intensity. The presence of KCN in the composites is 
confirmed by distinctive peaks related to melem units, including C-N 
stretching vibrations at 1249, 1360, and 1465 cm− 1, as well as C=N 
stretching peaks at 1565 and 1630 cm− 1 (gray strip in Fig. 2a) [56]. 
These peaks were more pronounced with increasing KCN content, with 
the most significant peaks observed in EP/KCN30.

The crystalline structures were analyzed using XRD patterns. As 
shown in Fig. S6, EP exhibits a broad amorphous aluminosilicate gel 
phase between 2θ = 20◦ and 35◦ [57], with a peak around 26.5◦, likely 
corresponding to quartz. KCN displayed characteristic CN peaks at 2θ ≈
13.4◦ and 27.6◦, attributed to in-plane structural packing and interlayer 
stacking (Fig. 2b) [58]. In EP/KCN composites, these CN peaks were less 
pronounced, with the peak at 13◦ almost invisible, likely due to over-
lapping with the broad amorphous signal of EP or reduced crystalline 
order in CN. As KCN content increased from EP/KCN5 to EP/KCN30, 
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peak intensity slightly increased but remained weak, suggesting lower 
crystallinity or reduced CN content in the composites.

The optical properties were studied using UV-DRS absorbance 
measurements. As shown in Fig. 2c, both the EP/KCN composites and 
bare KCN exhibit a similar absorption edge around 400 nm, indicating 
comparable light absorption behavior in this region. Beyond this point, a 
gradual decrease in absorbance is observed with increasing KCN con-
tent. Since EP itself does not have significant absorbance in this region 
(Fig. S7), the observed decrease is likely attributed to interactions be-
tween EP and KCN. These interactions may lead to increased light 
scattering due to irregular stacking of KCN or partial coverage of KCN by 
EP, both of which can affect light transmission through the composite 
[59].

The bandgap values of the EP/KCN composites were analyzed using 

the Tauc plot, to better understand the effect of EP on the optical 
properties (Fig. S8). The bandgap of the EP/KCN composites ranged 
from 2.46 eV to 2.56 eV, which is very close to the bandgap of bare KCN 
(2.50 eV). This suggests that while EP might affect the light absorption 
behavior of the composites slightly, it does not significantly alter the 
electronic structure of KCN, implying that the bandgap remains largely 
unaffected by the presence of EP in the composites [60].

The charge carrier recombination behavior of EP/KCN composites 
was investigated using PL spectroscopy (Fig. 2d). All composites 
revealed a peak around 460 nm, with a slight redshift from the peak of 
pure KCN at 445 nm, likely due to interactions between EP and KCN. The 
PL intensity followed the trend EP/KCN5 > EP/KCN10 > EP/KCN30 >
EP/KCN20, indicating that higher KCN content generally reduced the PL 
intensity, except EP/KCN20, which showed the lowest PL intensity. This 
low intensity, possibly suggests increased charge carrier separation and 
decreased recombination rates of e–/h+ pairs. A similar trend has been 
reported by other researchers, indicating that increasing the photo-
catalyst to EP weight ratio reduces charge recombination and enhances 
photocatalytic performance, though only up to an optimal ratio [61]. 
This phenomenon may be attributed to excessive catalyst loading, 
leading to aggregation or limited charge separation [62].

The BET surface area of the composites was analyzed and presented 
in Table 1. The specific surface area of bare EP was measured at 1.647 
m2/g. As KCN was loaded onto EP increased, the specific surface area of 
the composites progressively increased, with EP/KCN30 showing the 
highest surface area of 4.756 m2/g. This increase likely resulted from the 
formation of porous KCN layers on the EP surface, contributing to higher 
surface area without fully blocking the underlying EP pores. These 
findings are consistent with previous studies that investigated the 

Fig. 1. SEM images of (a) bare EP, (b) EP/KCN20 with an inset magnified at KCN, and (c) elemental mapping of EP/KCN20 showing the elements present.

Table 1 
Properties of different prepared composites.

Sample Weight ratio of 
urea to EP

% 
KCN

Bandgap 
(eV)

Surface Area 
(m2/g)

R2

EP 0 0.0 − 1.647 0.994
EP/ 

KCN5
5 6.9 2.46 3.070 0.995

EP/ 
KCN10

10 14.2 2.56 3.885 0.997

EP/ 
KCN20

20 22.6 2.49 4.739 0.981

EP/ 
KCN30

30 25.0 2.54 4.756 0.999

KCN 0 100 2.50 4.644 0.999
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influence of precursor-to-support ratios on surface area [40].
XPS analysis was conducted to examine the chemical composition of 

the EP/KCN20 composite (Fig. S9). The elemental composition 
confirmed the presence of C, N, O, Si, K, and Al with concentrations of 
36.41 %, 23.22 %, 20.39 %, 9.41 %, 9.17 %, and 1.39 %, respectively, 
suggesting the successful incorporation of all elements from both KCN 
and EP. The C 1 s spectrum displayed core-level peaks at 284.6 eV, 
286.3 eV, and 288.0 eV, corresponding to sp2-hybridized carbon atoms 
(C–C), C–O, and N–C=N bonds within nitrogen-containing aromatic 
rings [63]. The N 1 s showed peaks at 398.5 eV for sp2-bonded nitrogen 
(N–C=N) and 400.4 eV for N–C3 bonds [64]. Successful K-doping was 
confirmed by the K 2p spectrum, which showed characteristic peaks for 
K 2p3/2 at 293.2 eV and K 2p1/2 at 295.9 eV, indicating the formation of 
K–N and K–C bonds [65].

3.2. Photocatalytic degradation performance of EP/KCN

3.2.1. Effects of light reflection on photocatalytic activity
The influence of light reflection on the catalytic performance of the 

composite was investigated by placing aluminum foil beneath the 
reactor, as shown in Fig. S1. In the experiment, 0.06 g of EP/KCN10 was 
added to 50 mL of DPG solution (1 mg/L). The glass reactor was tested 

under two conditions: one with aluminum foil at the bottom and one 
without it. As anticipated, the presence of aluminum foil significantly 
enhanced photocatalytic degradation performance. The foil improved 
solar irradiation absorption and promoted a uniform light distribution 
across the composite surface, thereby increasing photocatalytic effi-
ciency [66]. As illustrated in Fig. 3a, the degradation of DPG (1 mg/L) 
increased by 20.0 % in the presence of aluminum foil. The degradation 
rate constant, k, increased from 0.238 h− 1 to 0.473 h− 1 (Fig. 3b). This 
enhancement is largely attributed to the elevated production of O2

•–, 
which plays a crucial role in boosting photocatalytic activity. The 
scavenger test results with and without aluminum and using BQ further 
confirm this (Fig. S10).

3.2.2. Effect of composite amount on photocatalytic activity
The influence of composite dose on photocatalytic performance was 

systematically evaluated by varying the amount of EP/KCN10 added to 
the DPG solution (0.02, 0.06, and 0.10 g). Increasing the dose enhanced 
the number of active sites, leading to more efficient DPG degradation 
(Fig. 3c). The k values were 0.247, 0.473, and 0.698 h− 1 for the 0.02 g, 
0.06 g, and 0.10 g doses, respectively (Fig. 3d). While the 0.10 g dose 
achieved complete removal of DPG within 3 h, this was mainly attrib-
uted to adsorption rather than photocatalytic degradation. This 

Fig. 2. (a) FTIR spectra, (b) XRD patterns, (c) UV–vis diffuse reflectance spectra, and (d) PL spectra (excitation at 355 nm) of EP and EP/KCN composites.
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phenomenon aligns with previous reports indicating that higher pho-
tocatalyst dose increase both adsorption capacity and overall removal 
efficiency [67,68]. Under dark conditions, using 0.10 g EP/KCN20 
achieved 70.0 % removal, compared to approximately 15.0 % for the 
lower doses, confirming that adsorption was the dominant mechanism at 
this concentration. Consequently, a dose of 0.06 g was selected for 
subsequent experiments, providing an optimal balance between 
adsorption and photocatalytic degradation.

3.2.3. Impact of KCN loading on photocatalytic performance
The effect of varying the urea to EP ratio on the photocatalytic 

performance was thoroughly investigated. At low KCN loadings such as 
in EP/KCN5, the composite displayed the lowest photocatalytic perfor-
mance (Fig. 3e). This is likely due to insufficient CN coverage on the EP 
surface, limiting the number of active sites available for degradation. As 
the KCN content increases, a significant enhancement in photocatalytic 
performance is observed (Fig. 3f), with EP/KCN20 achieving the highest 
degradation rate and fastest reaction kinetics (0.640 h− 1). This is 

consistent with our previous work, which highlighted the role of K- 
doping in improving photocatalytic efficiency [23]. However, at higher 
KCN loadings, such as EP/KCN30, performance declined, likely due to 
excessive KCN, which led to particle agglomeration and increased light 
scattering, as reported in several studies [69,70].

3.2.4. Influence of EP particle size on photocatalytic efficiency
The size of EP particles is another critical factor that influences both 

the performance and stability of the composite. Larger EP particles (>2 
mm) showed lower photocatalytic efficiency (Fig. 4a) with a k value of 
0.0109 h− 1 using EP/KCN20 (Fig. 4b), likely due to their reduced sur-
face area and less effective interaction with DPG. Conversely, smaller EP 
particles (0.60–1 mm) achieved nearly complete removal of DPG within 
3 h under simulated solar irradiation and a rate constant of 0.0517 h− 1. 
However, these smaller particles faced challenges in floatability due to 
reduced pore size and KCN leaching, limiting their recyclability. More-
over, EP is usually supplied in larger particle sizes, with smaller sizes 
becoming less available as sieving progresses. Therefore, EP particles 

Fig. 3. Photocatalytic degradation curves of DPG under simulated solar irradiation and their corresponding degradation rate constants. (a, b) Effect of light reflection 
using EP/KCN10 (0.06 g), (c, d) Effect of composite dose with EP/KCN10, and (e, f) Effect of varying urea to EP ratio (0.06 g). Conditions: [DPG] = 1 mg/L, 
irradiation time = 5h, EP size = 1–2 mm.
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sized 1–2 mm were selected for subsequent experiments as they offered 
an optimal balance of floatability, stability, and performance.

3.3. Identification of ROS in EP/KCN composites

Scavenger tests and EPR were performed to identify the main ROS 
involved in the photocatalytic degradation of DPG. Fig. 4c shows that 
the performance of EP/KCN20 (96.1 %) decreased by 80.0 % and the 
degradation rate slowed by a factor of 15 (Fig. 4d) with the addition of 
BQ, indicating that O2

•– is the primary ROS responsible for DPG degra-
dation. The efficiency was also slightly reduced with the addition of IPA, 
suggesting a minor role of •OH. The addition of AO had the least impact 
on the scavengers tested, implying that h+ plays a minimal role in the 
degradation process [71,72].

EPR measurements were also conducted to identify the radicals 
generated by the activation of the composite under irradiation. As 

shown in Fig. 4e, the EPR spectrum of the DMPO aqueous solution with 
EP/KCN20 under light illumination exhibited a 1:2:2:1 pattern, char-
acteristic of the DMPO-•OH adduct [66]. However, the presence of these 
spin adduct signals does not definitively indicate that EP/KCN20 
directly generates •OH. This observation may be attributed to the low 
stability of O2

•– in water, potentially leading to the formation of •OH 
species, which produces the detected pattern. To specifically assess the 
generation of O2

•–, DMPO was also utilized in methanol. The EPR spec-
trum showed significantly higher intensity compared to the blank 
DMPO, indicating the generation of O2

•– upon light irradiation (Fig. 4f).

3.4. Stability and recycling ability of EP/KCN composites

The durability of the EP/KCN20 composite was assessed across four 
consecutive cycles. After each 5-hour cycle, the composite was separated 
from the solution using a sieve, washed with ultrapure water, and dried 

Fig. 4. (a) Photocatalytic degradation curves of DPG under simulated solar irradiation with varying perlite particle sizes, and (b) corresponding rate constants. (c) 
Scavenger tests using EP/KCN20 and (d) the corresponding rate constants. Conditions: [DPG] = 1 mg/L, irradiation time = 5h, composite dose = 0.06 g. (e, f) EPR 
tests for EP/KCN20 using DMPO in (e) water and (f) methanol.
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in an oven to prepare for reuse. During the initial cycle, EP/KCN20 
demonstrated excellent photocatalytic performance, achieving a DPG 
degradation efficiency of over 96.0 %. By the fourth cycle, the degra-
dation efficiency was maintained at 84.3 % (Fig. S11), indicating that 
the composite remains effective for multiple uses. This slight reduction 
in performance is likely due to the occupation of active sites by 
byproducts, which may hinder access to the catalytic sites without 
significantly affecting overall efficiency.

To gain further insights into the structural changes in the material 
after repeated use, EP/KCN20 was characterized post-recycling using 
FTIR and SEM. The FTIR spectra (Fig. S12) showed minimal variation, 
with a slight reduction in the intensity of the Si-O-Si stretching band 
between 800–1100 cm− 1, indicating minimal structural changes. SEM 
images (Fig. S13) also revealed a minor decrease in the surface coverage 
of KCN on the EP particles, suggesting a minimal loss of the active 
material after multiple cycles. Furthermore, the mass of EP/KCN20 was 
measured before and after each cycle, confirming nearly consistent 
weight across all cycles and indicating negligible material loss due to 
leaching.

3.5. Transformation products of DPG degradation

The transformation products formed during the degradation of DPG 
by EP/KCN20 were identified using mass formulas derived from TOF-MS 
(Figs. S14-S17). After 8 h of simulated solar irradiation, three main 
peaks with mass-to-charge ratios (m/z) of 136.084, 119.0609, and 
210.1031 were detected, alongside the small DPG peak with m/z of 
212.116 (Fig. 5). The molecular structures are compiled in Table S1. 
These findings align with previous studies [50,73,74], suggesting that 
the photocatalytic degradation of DPG by EP/KCN20 likely follows 
oxidative pathways under solar irradiation, leading to bond cleavage 
and the formation of smaller organic intermediates.

3.6. Performance in municipal wastewater and under natural solar light

Tire wear pollutants have been identified as a significant source of 
DPG contamination in aquatic environments, with concentrations typi-
cally ranging from hundreds of ng/L to a few µg/L [75,76]. To evaluate 
the effectiveness of the EP/KCN20 photocatalytic system in mitigating 
this environmental issue, the composite was tested in a secondary 
effluent from a municipal wastewater treatment plant, spiked with 100 
μg/L DPG (black curve in Fig. 6), simulating a challenging contamina-
tion level similar to those found in real environmental matrices. Under 

these conditions, EP/KCN20 achieved 85.6 % degradation of DPG 
within 5 h of simulated solar irradiation, slightly lower than in ultrapure 
water with 1 mg/L DPG. This lower efficiency is likely due to the pres-
ence of organic and inorganic constituents in the secondary effluent that 
can compete with DPG and consume ROS, thereby reducing the overall 
degradation efficiency. Nonetheless, the system demonstrates strong 
photocatalytic performance even under complex water matrices.

To better simulate practical wastewater treatment conditions, the 
system was tested at a slightly larger scale, with the volume increased 
tenfold while maintaining a DPG concentration of 100 µg/L (red curve in 
Fig. 6). Additionally, to enhance the sustainability of the treatment, 
natural solar irradiation was used instead of simulated solar light, and 
the matrix was left unstirred to minimize additional energy inputs 
(Fig. S18). Under these conditions, DPG degradation in the 500 mL 
working volume reached 60.6 %, a promising outcome considering the 
scale-up and real-environmental conditions. The efficiency reduction 
compared to 85.6 % in lab-scale tests may be attributed to environ-
mental variability, weather fluctuations, and the larger solution volume, 
which likely exacerbates mass transfer limitations [77]. To minimize 
these effects, the EP/KCN20 system would be best suited for application 
in shallow water bodies.

3.7. Comparison of EP/KCN with conventional supports

In contrast to powdered CN, which requires complex recovery pro-
cesses such as filtration, the floatable EP/KCN20 composite allows for 
easy separation and reuse, making it particularly suitable for large-scale 
wastewater treatment [78,79]. Compared to conventional supports like 
melamine sponges [80,81], cellulose foams [82], or hydrogels [83], EP 
stands out due to its sustainability, as well as its chemical and thermal 
stability even under harsh conditions. Dispersed EP particles, unlike 
bulk supports, offer a greater surface area, enhancing photocatalyst 
deposition and increasing the exposure of active sites. This improvement 
in surface area contributes to better mass transfer and light penetration, 
thereby enhancing the interaction between the photocatalyst and 
contaminants.

Table S2 compares various floating supports for CN, highlighting the 
distinct advantages of EP. While other supports have shown effective 
photocatalytic degradation of contaminants in simple ultrapure water 
matrices, EP has demonstrated superior performance in complex, real 
wastewater conditions. EP’s high efficiency, coupled with its environ-
mental benefits and cost-effectiveness, positions it as an attractive 
choice for large-scale wastewater treatment. The next section will focus 

Fig. 5. Photocatalytic degradation of DPG using EP/KCN20 and the possible transformation products.
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on evaluating the economic benefits of using EP in these applications.

3.8. Techno-economic analysis of EP/KCN system

The economic feasibility of the EP/KCN20 for wastewater treatment 
was evaluated using techno-economic analysis (TEA) that focuses on 
both capital expenditures (CAPEX) and operational expenditures 
(OPEX). The analysis was based on treating 100 m3 of wastewater per 
day, using the best experimental conditions from batch experiments: a 
dose of 1.2 g/L, a minimum of four cycles, each with a reaction time of 5 
h. The system operates 8 h per day under natural solar irradiation, 5 days 
a week, for 300 days per year.

CAPEX is estimated at 40,000 USD, covering the muffle furnace for 
large-scale catalyst production and the reactor setup (including pipes, 
tanks, and other essential equipment). OPEX amounts to 163,505 USD/ 
year, with raw materials (EP, urea, and KOH) accounting for 67.2 % of 
costs, labor 31.6 %, and electricity just 0.1 % due to minimal furnace 
usage and the absence of energy-intensive components such as artificial 
UV lamps or continuous stirring. Other operational costs include repair 
and maintenance, as well as water for catalyst washing and other gen-
eral uses. Considering the amortized CAPEX, the total annualized cost 
for the system is approximately 167,356 USD/year, resulting in a 
treatment cost of 5.57 USD/m3. Reusing the catalyst for four cycles re-
duces operational costs by up to 30.0 %, primarily due to the reduced 
need for raw materials and lower waste disposal costs. Detailed break-
downs and formal calculations for the TEA are provided in Text S1 and 
Table S3.

In contrast to traditional photocatalytic systems that often rely on UV 
lamps, stirring, or separation units, the EP/KCN20, coupled with natural 
solar irradiation, presents a more environmentally friendly alternative. 
Its cost is competitive, with most new technologies typically ranging 
from 2.60 to 30 USD/m3 in developing countries [84]. Recent studies 
have examined the economic feasibility of various photocatalytic sys-
tems. For instance, Demarema et al. [85] estimated the cost of using ZnO 
photocatalysts for wastewater treatment at 7.34 USD/m3, while Gar 
Alalm et al. [86] reported a cost of 9.71 USD/m3 for treating pesticide- 

laden wastewater with TiO2 photocatalysts. Not only is the EP/KCN20 
system more cost-effective, but its floatability also simplifies recovery 
and reuse, unlike these conventional powdered photocatalysts. 
Furthermore, being composed of abundant materials and relying solely 
on solar energy positions EP/KCN20 as a superior eco-friendly option.

Despite these advantages, reducing operational costs remains a key 
challenge, particularly due to low urea yields. Sourcing urea from 
renewable feedstocks, such as agricultural waste or urine, could signif-
icantly reduce these costs [87–89]. Additionally, optimizing catalyst 
performance through material modifications, co-catalyst integration, or 
improved experimental conditions may reduce urea requirements, 
further enhancing economic viability.

4. Conclusion

This study demonstrated the enhanced photocatalytic performance 
of EP/KCN composites for the degradation of DPG under simulated solar 
irradiation. The incorporation of aluminum foil beneath the reactor 
increased the degradation efficiency by 20.0 %, with nearly double the 
reaction rate constant. The KCN loading significantly influenced pho-
tocatalytic efficiency, with EP/KCN20 (20:1 urea to perlite) exhibiting 
the highest degradation rate (k = 0.640 h− 1), while excessive KCN 
loading in EP/KCN30 led to performance decline due to agglomeration 
and increased light scattering. Particle size also played a crucial role, 
where EP particles in the range of 1–2 mm provided an optimal balance 
of surface area, floatability, and photocatalytic performance. EPR and 
scavenger tests confirmed that O2

•– was the dominant species responsible 
for DPG degradation. The stability and reusability of EP/KCN20 were 
assessed over four cycles, showing a slight decline in efficiency from 
96.1 % in the first cycle to 84.3 % in the fourth. Structural character-
ization post-recycling indicated minimal loss of active material, with 
negligible weight loss and minor changes in FTIR and SEM analysis. 
More importantly, EP/KCN20 established high efficiency in treating real 
secondary effluent from municipal WWTP spiked with DPG under nat-
ural solar irradiation. The economic analysis revealed a competitive 
treatment cost of 5.57 USD/m3 of wastewater, further supporting the 

Fig. 6. Photocatalytic degradation curves of spiked DPG in secondary effluent under simulated solar irradiation (black curve) and natural solar irradiation (red 
curve) using EP/KCN20. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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feasibility of EP/KCN20 in large-scale applications. This study provides 
a solid approach to the application of a stable floatable photocatalyst for 
the sustainable treatment of municipal wastewater containing organic 
contaminants.
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