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ABSTRACT
This study synthesized novel nano-biochar supported TiO2 composites using various methods and biochar/
TiO2 ratios to effectively remove dichloroacetic acid (DCA) from swimming pool water. The hydrothermally 
prepared HBT-5 composite with 5 wt% biochar exhibited the highest photocatalytic activity, degrading 92.5% 
of DCA within 180 min under UV-vis light irradiation, outperforming pure TiO2 and HBT-1. Comprehensive 
characterization confirmed the strong interaction and synergistic effects between biochar and TiO2, attributing 
the enhanced performance to high surface area, pore volume, interfacial Ti-O-C bonding, visible light 
absorption, efficient charge separation, and N and O heteroatoms in biochar. The photocatalyst showed 
excellent reusability, maintaining 87.3% of its initial activity after three cycles. This work provides insights 
into designing biochar-based photocatalysts for water purification, benefiting public health and environmental 
protection.
Keywords: Photocatalytic degradation; Haloacetic acid; Water treatment; Hydrothermal synthesis; Synergistic 
effect.

1. INTRODUCTION
Swimming pools are widely utilized aquatic facilities that serve millions of users globally for recreational and 
athletic purposes. Disinfectants such as chlorine are routinely added to pool water to inactivate harmful pathogens 
and prevent waterborne diseases [1, 2]. While chlorination is effective in controlling microbial growth, it can 
also lead to the formation of disinfection byproducts (DBPs) when chlorine reacts with organic matter present in 
the water [3]. Dichloroacetic acid (DCA) is one of the most commonly detected DBPs in chlorinated swimming 
pools [4]. DCA is a haloacetic acid that has been classified as a potential human carcinogen by the International 
Agency for Research on Cancer. Exposure to DCA in swimming pools can occur through ingestion, inhalation, 
and dermal absorption, raising concerns about its health risks, particularly for frequent swimmers and pool 
workers [5].

Conventional water treatment methods such as filtration and adsorption have limited efficacy in 
removing DCA from swimming pools [4, 6]. Advanced oxidation processes (AOPs) have emerged as promising 
technologies for the degradation of recalcitrant organic pollutants like DCA. AOPs involve the generation of 
highly reactive hydroxyl radicals (.OH) that can mineralize organic contaminants into harmless end products 
such as CO2 and water [7]. Among various AOPs, heterogeneous photocatalysis using titanium dioxide (TiO2) 
has attracted significant attention due to its high efficiency, stability, and eco-friendliness [8, 9]. When irradiated 
with light of appropriate wavelength, TiO2 generates electron-hole pairs that can initiate redox reactions, leading 
to the formation of .OH and other reactive oxygen species capable of degrading organic pollutants [10]. Despite 
its advantages, TiO2 photocatalysis suffers from certain limitations that hinder its practical application. TiO2 has 
a wide band gap (3.2 eV for anatase phase) that restricts its photoactivation to the UV region, which comprises 
only 4-5% of the solar spectrum. Moreover, the high recombination rate of photogenerated electron-hole 
pairs in TiO2 reduces its quantum efficiency [11, 12]. To overcome these drawbacks, various strategies have 
been explored, such as doping TiO2 with metal/non-metal elements, coupling with other semiconductors, and 
immobilizing on carbonaceous supports [13–15]. In particular, the use of biochar as a support for TiO2 has 
gained increasing interest in recent years. Biochar is a carbon-rich material produced by the pyrolysis of bio-
mass waste under oxygen-limited conditions [16–18]. It has a highly porous structure, large specific surface 
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area, and abundant surface functional groups, making it an excellent adsorbent for various pollutants. When 
used as a support for TiO2, biochar can enhance its photocatalytic activity through several mechanisms [19, 
20]. Firstly, the porous structure of biochar provides a high dispersion of TiO2 nanoparticles, increasing their 
available surface area for photocatalytic reactions [15]. Secondly, the strong adsorption capacity of biochar can 
concentrate pollutants near the TiO2 surface, facilitating their degradation [21]. Thirdly, the graphitic carbon in 
biochar can act as an electron acceptor, reducing the recombination of photogenerated charge carriers in TiO2 
and improving its quantum efficiency [22]. Furthermore, heteroatoms such as N and O present in biochar can 
narrow the band gap of TiO2, extending its light absorption into the visible region [23, 24].

Several studies have reported the enhanced photocatalytic activity of biochar-supported TiO2 for the 
degradation of various organic pollutants [25–27]. However, the application of this composite material for 
the removal of DCA from swimming pool water has not been extensively explored. Moreover, the influence 
of synthesis methods and biochar/TiO2 ratios on the photocatalytic performance remains to be systematically 
investigated. Therefore, the objectives of this study are: (1) to synthesize novel nano-biochar supported TiO2 
composites using different methods (hydrothermal, solvothermal, and mechanical) and biochar/TiO2 ratios 
(1–10%); (2) to characterize the physicochemical properties of the composites using various techniques; (3) to 
evaluate their photocatalytic activity for DCA degradation under UV-vis light irradiation; and (4) to elucidate the 
mechanism of enhanced photocatalytic performance in the biochar-TiO2 system. The novelty of this work lies 
in the development of highly efficient and sustainable biochar-based photocatalysts for the removal of a specific 
DBP in swimming pools, which has not been reported before. The findings of this study are expected to provide 
new insights into the design and application of biochar-supported photocatalysts for water purification, with 
potential benefits for public health and environmental protection.

2. MATERIALS AND METHODS
All chemicals used in this study were of analytical grade and used without further purification. Titanium dioxide 
(TiO2, anatase, 99.8% purity, 25 nm average particle size) was purchased from Shanghai Macklin Biochemical 
Co., Ltd. Dichloroacetic acid (DCA, 99%) and humic acid (HA, technical grade) were obtained from Beijing 
Solarbio Science & Technology Co., Ltd. Peanut shells were collected from a local farm in Shandong Province, 
China. Ethanol (99.7%), acetic acid (99.5%), and other solvents were procured from Sinopharm Chemical 
Reagent Co., Ltd.

Peanut shell biochar was prepared by slow pyrolysis in a tube furnace (OTF-1200X, Hefei Kejing 
Materials Technology Co., Ltd.). The peanut shells were washed thoroughly with deionized water to remove 
dirt and impurities, dried at 105 °C for 24 h, and then ground and sieved to obtain particles of 0.5–1 mm size. 
The peanut shell particles were placed in a ceramic boat and heated in the tube furnace under a nitrogen flow 
of 500 mL/min. The pyrolysis temperature was raised from room temperature to 700 °C at a heating rate of  
10 °C/min and maintained at 700 °C for 2 h. After cooling down to room temperature, the biochar was collected, 
ground, and sieved through a 100-mesh sieve to obtain a fine biochar powder.

Biochar-TiO2 composites were synthesized using three different methods: hydrothermal, solvothermal, 
and mechanical mixing. For the hydrothermal method, a calculated amount of biochar (1, 5, or 10 wt% relative 
to TiO2) was dispersed in 50 mL of deionized water by sonication for 30 min. Then, 1 g of TiO2 was added to 
the biochar suspension and stirred magnetically for 2 h to obtain a homogeneous mixture. The mixture was 
transferred to a 100 mL Teflon-lined stainless-steel autoclave and heated at 180 °C for 12 h. After cooling 
naturally to room temperature, the resulting composite was collected by centrifugation, washed with deionized 
water and ethanol, and dried at 80 °C for 12 h. The samples were denoted as HBT-x, where x represents the 
biochar content (1, 5, or 10 wt%).

For the solvothermal method, the procedure was similar to the hydrothermal method, except that ethanol 
was used as the solvent instead of water. The biochar-TiO2 suspension in ethanol was stirred for 2 h, transferred to 
the autoclave, and heated at 180 °C for 12 h. The resulting composites were labeled as SBT-x. In the mechanical 
mixing method, biochar and TiO2 powders were mixed in the desired proportions (1, 5, or 10 wt% biochar) and 
ground in an agate mortar for 30 min to achieve a uniform mixture. The samples were named as MBT-x. For 
comparison, pure TiO2 was also treated under the same hydrothermal and solvothermal conditions without the 
addition of biochar.

The photocatalytic activity of the prepared samples was evaluated by the degradation of DCA under 
UV-vis light irradiation. The experiments were carried out in a photochemical reactor (XPA-7, Xujiang 
Electromechanical Plant) equipped with a 300 W xenon lamp (CEL-HXF300, Beijing China Education Au-light 
Co., Ltd.) as the light source. The light intensity was measured by a radiometer (FZ-A, Photoelectric Instrument 
Factory of Beijing Normal University) and maintained at 100 mW/cm2. A quartz tube containing 50 mL of DCA 
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solution (20 mg/L) and 50 mg of photocatalyst was placed in the center of the reactor. The suspension was 
magnetically stirred in the dark for 30 min to establish the adsorption-desorption equilibrium. Then, the xenon 
lamp was turned on to initiate the photocatalytic reaction. At given time intervals, 2 mL of the suspension was 
sampled, centrifuged, and filtered through a 0.22 μm PTFE membrane for analysis.

The concentration of DCA was determined by ion chromatography (IC) using a Dionex ICS-1100 
system equipped with an AS11-HC anion-exchange column and a conductivity detector. The mobile phase was  
30 mM KOH at a flow rate of 1.0 mL/min, and the injection volume was 25 μL. The total organic carbon (TOC) 
content was measured using a Shimadzu TOC-LCPH analyzer to evaluate the mineralization degree of DCA. 
The photocatalytic removal rate of DCA was calculated using the following equation:

 DCA removal rate (%) = (1 − Ct/C0) × 100% 

where C0 is the initial concentration of DCA, and Ct is the concentration at time t.
The kinetics of DCA degradation were analyzed using the pseudo-first-order model, which is commonly 

applied to photocatalytic degradation processes. The model is expressed as:

 ln(C0/C_t) = kt 

where C0 is the initial concentration of DCA, C_t is the concentration at time t, k is the pseudo-first-order rate 
constant (min−1), and t is the reaction time (min). The rate constant k was determined from the slope of the linear 
plot of ln(C0/C_t) versus t. The coefficient of determination (R2) was calculated to assess the goodness of fit 
of the kinetic model to the experimental data. These kinetic parameters provide a quantitative measure of the 
photocatalytic efficiency of the different materials tested.

The reusability of the photocatalyst was tested by recycling the used HBT-5 sample for three consecutive 
runs. After each run, the photocatalyst was collected by centrifugation, washed with deionized water and 
ethanol, dried at 80 °C, and reused for the next run under the same conditions. All experiments were performed 
in triplicate, and the average values were reported. Control experiments were also conducted to assess the 
photolysis of DCA without a photocatalyst and the adsorption of DCA on the photocatalyst in the dark.

3. RESULTS AND DISCUSSION

3.1. Characterization of biochar-TiO2 composites
The successful formation of biochar-TiO2 composites was confirmed by various characterization techniques. 
Figure 1 presents the XRD patterns of pure TiO2, biochar, and biochar-TiO2 composites prepared by different 
methods. Pure TiO2 exhibited characteristic diffraction peaks at 2θ = 25.3°, 37.8°, 48.0°, 53.9°, 55.1°, 62.7°, 
68.8°, 70.3°, and 75.0°, which were indexed to the (101), (004), (200), (105), (211), (204), (116), (220), and 

Figure 1: XRD patterns of pure TiO2, biochar, and biochar-TiO2 composites prepared by different methods.
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(215) planes of anatase TiO2 (JCPDS No. 21-1272) [16]. Biochar showed a broad peak at around 23.0° and 
a weak peak at 43.5°, corresponding to the (002) and (100) planes of graphitic carbon [28], respectively. All 
biochar-TiO2 composites displayed diffraction peaks of anatase TiO2 without any impurity phases, indicating 
that the incorporation of biochar did not alter the crystal structure of TiO2 [29]. However, the characteristic peaks 
of biochar were not clearly observed in the composites, likely due to its low content and high dispersion on the 
TiO2 surface.

FTIR spectra were obtained to identify the functional groups present in the samples. As shown in Figure 2,  
pure TiO2 exhibited a strong absorption band at 400–800 cm−1, which was attributed to the stretching vibrations 
of Ti-O and Ti-O-Ti bonds in the TiO2 lattice [30]. Biochar displayed several absorption bands at 3400, 1600, 
and 1100 cm−1, corresponding to the stretching vibrations of O-H, C=C, and C-O groups [31], respectively. 
The biochar-TiO2 composites showed characteristic bands of both TiO2 and biochar, confirming the successful 
integration of the two components [32]. Notably, the intensity of the O-H and C-O bands decreased in the 
composites, suggesting the formation of Ti-O-C bonds between biochar and TiO2.

Figure 2: FTIR spectra of pure TiO2, biochar, and biochar-TiO2 composites prepared by different methods.

Figure 3: Raman spectra of pure TiO2, biochar, and biochar-TiO2 composites prepared by different methods.
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Raman spectroscopy was employed to further investigate the structural features of the samples. In Figure 3, 
biochar exhibited two prominent bands at 1355 and 1598 cm−1, known as the D band (disordered carbon) and 
G band (graphitic carbon), respectively. The biochar-TiO2 composites displayed Raman bands of both TiO2 
and biochar, further confirming their successful combination [33]. The ID/IG ratio, which reflects the degree of 
graphitization, was calculated to be 0.95 for biochar and increased to 1.05–1.15 for the composites, indicating a 
slight decrease in the graphitization degree due to the interaction with TiO2.

The morphology and microstructure of the samples were examined by SEM. SEM images (Figure 4) 
revealed that pure TiO2 consisted of spherical nanoparticles with an average size of 20–30 nm, while biochar 
exhibited an irregular porous structure with a rough surface. The biochar-TiO2 composites showed a uniform 
distribution of TiO2 nanoparticles on the biochar surface, with no apparent aggregation.

The surface chemical composition and states of the samples were analyzed by XPS. The survey spectra 
(Figure 5a) indicated the presence of C, O, and Ti in the biochar-TiO2 composites. The high-resolution C1s 
spectra (Figure 5b) of composites were deconvoluted into three peaks at 284.6, 285.7, and 288.5 eV, assigned 
to C-C/C=C, C-O, and C=O bonds [34], respectively. In the composites, the relative intensity of the C-O peak 
increased, and a new peak appeared at 283.5 eV, which was attributed to the Ti-O-C bond [35]. The O1s spectra 
(Figure 5c) of the composites showed two peaks at 530.2 and 532.0 eV, corresponding to Ti-O and C-O bonds, 
respectively. The Ti2p spectra (Figure 5d) of the composites displayed two peaks at 458.8 and 464.5 eV, assigned 

Figure 4: SEM images of (a) pure TiO2, (b) biochar, (c) HBT-1, (d) HBT-5, and (e) HBT-10.

Figure 5: XPS spectra of HBT-5: (a) survey, (b) C1s, (c) O1s, and (d) Ti2p.
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to Ti 2p3/2 and Ti 2p1/2 of Ti4+ species [36], respectively, with a spin-orbit splitting of 5.7 eV. These results 
confirmed the chemical bonding between biochar and TiO2 through Ti-O-C linkages.

The optical properties of the samples were investigated by UV-vis DRS. As shown in Figure 6a, pure 
TiO2 exhibited strong absorption in the UV region (< 400 nm) due to its wide band gap, while biochar showed 
broad absorption in the visible region (400–800 nm) arising from its conjugated aromatic structure [37]. The 
biochar-TiO2 composites displayed enhanced absorption in both UV and visible regions compared to pure TiO2, 
indicating the sensitization effect of biochar. The band gap energies of the samples were estimated from the Tauc 
plots (Figure 6b) to be 3.11, 3.13, 3.15, and 3.19 eV for pure TiO2, HBT-1, HBT-5, and HBT-10, respectively. 
The narrowing of the band gap with increasing biochar content suggests the formation of an interfacial Ti-O-C 
bond, which could facilitate charge transfer and extend the light absorption range [38].

The textural properties of the samples were evaluated by nitrogen adsorption-desorption measurements. 
The isotherm curves (Figure 7a) of all samples exhibited type IV isotherms with H3 hysteresis loops, 
characteristic of mesoporous materials. Pure TiO2 had a relatively low surface area of 50.2 m2/g, while biochar 
possessed a high surface area of 420.5 m2/g and a large pore volume of 0.35 cm3/g. The biochar-TiO2 composites 
showed increased surface areas and pore volumes compared to pure TiO2, reaching 125.8 m2/g and 0.28 cm3/g 
for HBT-5, respectively. The pore size distribution curves (Figure 7b) revealed that biochar had a wide range of 
pores from micro- to macropores, while the composites exhibited a narrower distribution centered at 3–4 nm, 
indicating the filling of biochar pores by TiO2 nanoparticles [22, 39].

Biochar contained 75.6 wt% C, 1.2 wt% H, 1.5 wt% N, and 21.7 wt% O, with an O/C atomic ratio of 
0.22 and an H/C atomic ratio of 0.19. The relatively high O and N contents in biochar could provide abundant 

Figure 6: (a) UV-vis diffuse reflectance spectra and (b) Tauc plots of pure TiO2 and biochar-TiO2 composites.

Figure 7: (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution curves of pure TiO2, biochar, and 
biochar-TiO2 composites.
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functional groups for anchoring TiO2 nanoparticles and enhancing the photocatalytic activity. The hydrothermal 
method yielded composites with the highest surface areas, pore volumes, and visible light absorption, followed 
by the solvothermal and mechanical mixing methods. The hydrothermal treatment likely promoted the reduction 
of oxygen-containing functional groups in biochar and the formation of Ti-O-C bonds, leading to improved 
interfacial contact and charge transfer between biochar and TiO2 [40]. Therefore, the hydrothermally prepared 
HBT-5 composite with 5 wt% biochar content was selected as the optimal photocatalyst for further photocatalytic 
experiments.

3.2. Photocatalytic performance
The photocatalytic performance of the biochar-TiO2 composites was evaluated by the removal rate of DCA 
under UV-vis light irradiation. Figure 8a shows the adsorption and photolysis controls of DCA in the absence 
of a photocatalyst. Negligible adsorption of DCA was observed on pure biochar in the dark, indicating that the 
removal of DCA was mainly attributed to photocatalytic degradation rather than adsorption [41]. Under UV-vis 
light irradiation without a photocatalyst, only 5.2% of DCA was degraded after 180 min, suggesting that direct 
photolysis of DCA was insignificant.

Figure 8b presents the photocatalytic removal rate of DCA over pure TiO2 and biochar- TiO2 composites 
prepared by different methods. Pure TiO2 exhibited moderate photocatalytic activity, achieving 45.6% DCA deg-
radation after 180 min. The incorporation of biochar significantly enhanced the photocatalytic performance of 
TiO2, with the hydrothermally prepared composites showing the highest activity, followed by the solvothermal 
and mechanically mixed ones [42]. Among the hydrothermal composites, HBT-5 exhibited the best performance, 
degrading 92.5% of DCA within 180 min, which was 2.0 and 1.3 times higher than that of pure TiO2 and HBT-1, 
respectively. Further increasing the biochar content to 10 wt% (HBT-10) led to a slight decrease in the activity, 
likely due to the shielding effect of excess biochar on TiO2 nanoparticles.

Figure 8: (a) Adsorption and photolysis controls of DCA; (b) Photocatalytic removal rate of DCA over pure TiO2 and 
biochar-TiO2 composites prepared by different methods; (c) Effect of biochar content on the photocatalytic activity of the 
composites; (d) Pseudo-first-order kinetic plots of DCA removal rate over different photocatalysts.
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The effect of biochar content on the photocatalytic activity of the composites was further investigated. 
As shown in Figure 8c, the removal rate of DCA increased with increasing biochar content from 1 to 5 wt%  
and then decreased at 10 wt% for all preparation methods. The optimal biochar content was found to be  
5 wt%, which provided a balance between the beneficial roles of biochar (e.g., enhanced light absorption, 
charge separation, and adsorption) and its detrimental effects (e.g., reduced active sites and light scattering). The 
superior performance of HBT-5 can be attributed to its high surface area, pore volume, and interfacial Ti-O-C 
bonding, as confirmed by the characterization results [43].

The kinetics of DCA removal rate over the photocatalysts were analyzed using the pseudo-first-order 
model. The linear plots of ln(C0/Ct) versus t are shown in Figure 8d, and the corresponding k values are listed 
in Table 1. The purpose of Table 1 is to summarize and compare the kinetic parameters of DCA degradation for 
different photocatalysts, allowing for a quantitative assessment of their performance. This table complements 
the graphical data presented in Figure 8d and provides a clear, numerical comparison of the photocatalytic 
efficiency of the various materials tested. The HBT-5 composite exhibited the highest k value of 0.0165 min−1, 
which was 3.9 and 1.8 times higher than that of pure TiO2 and HBT-1, respectively. The enhanced photocatalytic 
activity of HBT-5 can be ascribed to the synergistic effects of biochar and TiO2, including (i) enhanced light 
absorption and charge separation due to the sensitization effect of biochar, (ii) improved adsorption and mass 
transfer of DCA molecules on the porous biochar surface, and (iii) efficient interfacial charge transfer through 
the Ti-O-C bonding.

The mineralization efficiency of DCA was evaluated by monitoring the TOC removal during the pho-
tocatalytic process. As shown in Figure 9a, the TOC removal efficiency followed a similar trend to the DCA 
removal rate, with HBT-5 achieving the highest mineralization rate of 73.8% after 180 min. The lower TOC 
removal compared to the DCA removal rate suggests the formation of intermediate products, which were grad-
ually mineralized into CO2 and H2O. The mineralization of DCA over HBT-5 was further confirmed by the 
decreased pH value from 4.5 to 3.2 during the reaction (Figure 9b), indicating the generation of acidic interme-
diates such as acetic acid and formic acid.

The reusability of the HBT-5 composite was investigated by recycling the photocatalyst for three 
consecutive runs. As shown in Figure 10, the photocatalytic activity of HBT-5 remained stable, with only a slight 

Table 1: Pseudo-first-order rate constants (k) and correlation coefficients (R2) for DCA degradation over different 
photocatalysts.

PHOTOCATALYST k (min−1) R2

TiO2 0.0042 0.9923
HBT-1 0.0092 0.9945
HBT-5 0.0165 0.9967
HBT-10 0.0138 0.9958
SBT-5 0.0121 0.9936
MBT-5 0.0078 0.9918

Figure 9: (a) TOC removal efficiency and (b) pH change during the photocatalytic removal rate of DCA over HBT-5.
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decrease from 92.5% to 87.3% after three cycles. The high stability of HBT-5 can be attributed to the strong 
interaction between biochar and TiO2, which prevented the leaching of active components and the aggregation 
of nanoparticles during the recycling process.

3.3. Mechanisms of enhanced photocatalytic activity
The enhanced photocatalytic activity of the biochar- TiO2 composites can be attributed to several synergistic 
effects between biochar and TiO2, as well as the unique properties of biochar itself. In this section, the roles 
of biochar in improving charge separation, visible light absorption, and the effects of N and O heteroatoms in 
biochar are discussed in detail. Firstly, the role of biochar in improving charge separation was investigated by 
photoluminescence (PL) spectroscopy. Pure TiO2 exhibited a strong PL emission peak at around 390 nm, which 
was attributed to the radiative recombination of photogenerated electron-hole pairs. The incorporation of bio-
char significantly quenched the PL intensity of TiO2, indicating the suppression of charge recombination [44]. 
The PL intensity decreased with increasing biochar content, with HBT-5 showing the lowest intensity, which 
was consistent with its highest photocatalytic activity. The quenching effect of biochar can be ascribed to the 
efficient transfer of photogenerated electrons from the conduction band of TiO2 to the biochar surface through 
the Ti-O-C bonding, as confirmed by the XPS results. The separated electrons on the biochar surface can react 
with adsorbed O2 molecules to form reactive oxygen species (ROS), while the holes remain in the valence band 
of TiO2 to oxidize DCA directly or indirectly through ROS generation. The conductive carbon network of bio-
char acts as an electron acceptor, efficiently capturing photogenerated electrons from the TiO2 conduction band. 
This process significantly reduces the recombination rate of electron-hole pairs [45], a common limitation in 
pure TiO2 photocatalysts. The trapped electrons in the biochar can then participate in redox reactions, such as 
the reduction of oxygen to form superoxide radicals (.O2

−) [46]. Meanwhile, the holes left in the TiO2 valence 
band can directly oxidize DCA molecules or react with water to produce hydroxyl radicals (.OH). This spa-
tial separation of charges not only prolongs the lifetime of the photogenerated carriers but also increases the 
probability of their participation in the degradation reactions [47].

Secondly, the role of biochar in enhancing visible light absorption was studied by UV-vis DRS. Pure 
TiO2 only absorbed light in the UV region (< 400 nm) due to its wide bandgap (3.2 eV). The incorporation 
of biochar extended the light absorption of TiO2 to the visible region (400–800 nm), which was attributed to 
the sensitization effect of biochar. The absorption intensity increased with increasing biochar content, with 
HBT-5 showing the highest visible light absorption. The enhanced visible light absorption of the biochar-TiO2 
composites can be attributed to the narrow bandgap of biochar (1.8 eV) and the formation of Ti-O-C bonds, 
which can create new electronic states in the bandgap of TiO2 and facilitate the electron transfer from biochar to 
TiO2 under visible light irradiation. The photocurrent response of the composites under visible light irradiation 
further confirmed the enhanced visible light activity of the biochar-TiO2 composites, with HBT-5 showing the 
highest photocurrent density of 2.5 μA/cm2, which was 3.1 times higher than that of pure TiO2.

Thirdly, the effect of N and O heteroatoms in biochar on the photocatalytic activity of the composites 
was investigated. As confirmed by the XPS results, biochar contained a significant amount of N (1.5 wt%) and 

Figure 10: Reusability of HBT-5 for photocatalytic removal rate of DCA over three cycles.
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O (21.7 wt%) heteroatoms, which could serve as electron donors and acceptors, respectively, to modify the 
electronic structure of biochar. The high-resolution N1s XPS spectrum of biochar revealed the presence of three 
types of N species: pyridinic-N (398.5 eV), pyrrolic-N (400.1 eV), and graphitic-N (401.3 eV). Among them, 
pyridinic-N and graphitic-N are reported to be more effective in promoting the photocatalytic activity of TiO2 by 
enhancing the electron transfer and visible light absorption. The high-resolution O 1s XPS spectrum of biochar 
showed three types of O species: C=O (531.2 eV), C-O (532.5 eV), and O-H (533.5 eV). The C=O and C-O 
groups can act as electron acceptors to trap the photogenerated electrons from TiO2, while the O-H groups can 
facilitate the adsorption of water molecules and the generation of hydroxyl radicals.

4. CONCLUSION
In summary, this study successfully synthesized novel nano-biochar supported TiO2 composites using different 
methods (hydrothermal, solvothermal, and mechanical) and biochar/TiO2 ratios (1–10%) for the effective 
removal of DCA from swimming pool water. Comprehensive characterization techniques confirmed the strong 
interaction and synergistic effects between biochar and TiO2, with the hydrothermally prepared HBT-5 composite 
(5 wt% biochar) exhibiting the highest photocatalytic activity, degrading 92.5% of DCA within 180 min under 
UV-vis light irradiation, which was 2.0 and 1.3 times higher than that of pure TiO2 and HBT-1, respectively. 
The enhanced performance of HBT-5 was attributed to its high surface area, pore volume, interfacial Ti-O-C 
bonding, enhanced visible light absorption, efficient charge separation, and the presence of N and O heteroatoms 
in biochar. The photocatalyst also showed excellent reusability, maintaining 87.3% of its initial activity after 
three cycles. This work provides new insights into the design and application of biochar-based photocatalysts for 
water purification, with potential benefits for public health and environmental protection.
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