
A Study on the Adsorption Performance of
Potassium Bicarbonate-Modified Biochar towards
Benzo[a]pyrene in Aquatic Environments
Qian Liu 

Huazhong Agricultural University
Yun Yang 

Huazhong Agricultural University
Yang Yin 

Huazhong Agricultural University
QingLing Fu 

Huazhong Agricultural University
Jun Zhu 

Huazhong Agricultural University
YongHong Liu 

Huazhong Agricultural University
HongQing Hu 

Huazhong Agricultural University

Research Article

Keywords: benzo[a]pyrene, porous biochar, polycyclic aromatic hydrocarbon contamination, adsorption,
potassium bicarbonate modification

Posted Date: November 12th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-11107605/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-11107605/v1
https://doi.org/10.21203/rs.3.rs-11107605/v1
https://doi.org/10.21203/rs.3.rs-11107605/v1
https://creativecommons.org/licenses/by/4.0/


A Study on the Adsorption Performance of Potassium Bicarbonate-Modified 1 

Biochar towards Benzo[a]pyrene in Aquatic Environments 2 

Qian Liu, Yun Yang, Yang Yin, QingLing Fu, Jun Zhu, YongHong Liu & HongQing Hu()  3 

Abstract: Benzo[a]pyrene (BaP) is a highly carcinogenic and highly mobile polycyclic aromatic 4 

hydrocarbon, and there is an urgent need to develop remediation technologies for water bodies 5 

contaminated with it. In this study, porous biochar (PBC) was prepared from rice straw using co-pyrolysis 6 

with KHCO3 as an activation agent, and its adsorption characteristics and mechanism of action towards 7 

BaP in water were investigated. High-temperature etching with KHCO3 creates a rich microporous 8 

structure and enhances the aromaticity of the carbon framework; PBC800, prepared at 800℃, exhibits a 9 

saturated adsorption capacity of up to 55.41 mg/g; compared with the adsorption capacity of 25.47 mg/g 10 

for the original biochar, this represents an increase of 217.55%. Adsorption followed quasi-second-order 11 

kinetics and the Langmuir model. The adsorption process is predominantly characterised by spontaneous 12 

endothermic physical adsorption, accompanied by weak π-π and electron donor-acceptor interactions, 13 

with microporous filling and π-π interactions being the primary mechanisms. Response surface analysis 14 

indicated that the factors influencing performance, in order of significance, were: biochar dosage> 15 

temperature> initial BaP concentration. Under optimal conditions, the theoretical removal rate was 16 
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94.08%. The coexistence of carbonates was found to inhibit BaP adsorption; In practical applications 17 

involving water bodies, attention must be paid to the concentration of carbonate ions.. This potassium 18 

bicarbonate modified biochar provides a theoretical reference for the remediation of BaP pollution in 19 

water bodies. 20 

Keywords: benzo[a]pyrene; porous biochar; polycyclic aromatic hydrocarbon contamination; 21 

adsorption; potassium bicarbonate modification 22 

1 Introduction 23 

Polycyclic aromatic hydrocarbons(PAHs), as a typical group of hydrophobic organic pollutants 24 

(HOPs) (Lin et al., 2023), originate primarily from natural combustion and anthropogenic emissions 25 

(Zhou et al., 2023). These pollutants tend to accumulate in aquatic sediments, where their total 26 

concentrations can range from 0.159 to 33090 ng/g (Du and Jing, 2018). Existing research (Sun et al., 27 

2021) has indicated that the ecological risks posed by these substances to aquatic organisms in urban 28 

rivers and lakes may be higher than those posed by chlorinated hydrocarbon pollutants (Van Metre and 29 

Mahler, 2005), and they have been detected in various ecosystems (Zhang et al., 2021). PAHs are potent 30 

carcinogens; both short-term and long-term exposure to them can pose health risks to humans, causing 31 

damage to the immune, reproductive, haematopoietic and nervous systems(Premnath et al., 2021; Wu et 32 

al., 2011), thereby threatening overall human health. The US Environmental Protection Agency (USEPA) 33 

has included 16 PAHs on its list of priority toxic organic pollutants (Ghosal et al., 2016). Among these, 34 

benzo[a]pyrene (BaP), due to its tendency to bioaccumulate and its widespread contamination, is often 35 

regarded as representative of PAH pollution and its carcinogenic effects (Cai et al., 2019; Revitt et al., 36 

2014); consequently, effective methods for the removal of BaP are attracting increasing attention (Li et 37 

al., 2024). 38 



Due to its large surface area and abundant surface functional groups (Chen et al., 2018), biochar has 39 

attracted widespread attention in the field of organic pollution treatment in water bodies (Cai et al., 2021; 40 

Tian et al., 2020); for example, Yuan et al., (2025) demonstrated that a polishing column constructed 41 

using biochar and granular activated carbon(GAC) could effectively adsorb and remove 98.2% and 99.8% 42 

of dissolved PAHs from rainwater. However, commercial activated carbon is predominantly produced 43 

from raw materials such as coal and wood, and suffers from drawbacks including high costs and limited 44 

applications (Bai et al., 2023). Consequently, the development of low-cost adsorbents to replace activated 45 

carbon has become a key focus of current research (Bagheri and Abedi, 2009). In recent years, rice straw, 46 

owing to its abundant supply and low cost, has emerged as an excellent option for the resource recovery 47 

of solid waste (Yang et al., 2021) and is frequently used to produce biochar; however, raw rice straw 48 

biochar suffers from issues such as limited adsorption capacity, insufficient active sites and a lack of 49 

selectivity towards specific pollutants (Chai et al., 2025) 50 

Researchers have developed various modification strategies to enhance its application efficacy (Cha 51 

et al., 2021; Wang et al., 2025), and existing studies have shown that activated biochar, with its porous 52 

structure and high specific surface area, can address the above issues and facilitate the adsorption and 53 

removal of BaP from the environment (Wang et al., 2023). Existing research primarily classifies biochar 54 

activation methods into three categories: physical activation, chemical activation and combined physical-55 

chemical activation (Ge et al., 2023). Physical activation typically involves treatment with steam or CO2, 56 

whilst common activators used in chemical activation include KOH, KHCO3 and H3PO4 (Gao et al., 57 

2020). Compared with physical activation methods, activated biochar prepared through modification 58 

with chemical reagents typically exhibits superior activation performance (Fu et al., 2019). Chemical 59 

activation has attracted widespread research attention due to its advantages, such as a short reaction cycle 60 



and the ability to create a high specific surface area and a well-developed pore structure (Ding et al., 61 

2023). Among these, potassium hydrogen carbonate (KHCO3) is an ideal natural activator (Wang et al., 62 

2022); through gas escape and volatilisation, it etches the carbon framework to create pores, thereby 63 

significantly increasing the specific surface area and micropore volume of biochar, and providing 64 

abundant adsorption sites for compounds such as BaP (Guo et al., 2023; Zhang et al., 2024). Furthermore, 65 

compared with strongly basic activators, the KHCO3 reaction is milder, less corrosive and safer to operate, 66 

and is more in line with the principles of green chemistry (Wu et al., 2024). In addition, KHCO3 promotes 67 

the aromatisation of the carbon framework, enhancing π-π electron donor–acceptor(EDA) interactions, 68 

thereby increasing the adsorption affinity for BaP (Qiu et al., 2022). Previous studies have reported that 69 

potassium bicarbonate-modified biochar can be used for the adsorption and removal of methylene 70 

blue(Ying et al., 2021), BaP in soil(Wang et al., 2023), and tetracycline in water(Zhang et al., 2026); 71 

however, there is still relatively little research on the effect of pyrolysis temperature on the adsorption of 72 

BaP by KHCO3-modified biochar and in aquatic environments. 73 

Pyrolysis temperature is a key factor in regulating the physicochemical properties of biochar, 74 

directly influencing its yield and material characteristics (Ding et al., 2016) Previous studies have shown 75 

that increasing the temperature reduces biochar yield and decreases the number of surface oxygen-76 

containing functional groups with negative charge; the removal of hydrogen and oxygen elements can 77 

promote the development of pore structures (Keiluweit et al., 2010). Low-temperature pyrolysis biochar 78 

has a lower specific surface area but is rich in oxygen-containing functional groups. At present, further 79 

research is required to investigate the effect of different pyrolysis temperatures on the adsorption 80 

properties of potassium bicarbonate-modified biochar. 81 

In this study, rice straw was selected as the feedstock to prepare raw biochar via a co-pyrolysis 82 



process; KHCO3 was used as a modifying agent to optimise the biochar’s adsorption capacity for BaP. 83 

The study systematically investigated the application potential of KHCO3-modified biochar in removing 84 

BaP from water at different pyrolysis temperatures. Batch adsorption experiments combined with the 85 

response surface method(RSM) were employed to clarify the influence of environmental factors on the 86 

adsorption process; differences in the physicochemical characterisation of the biochar before and after 87 

modification were compared to elucidate the adsorption mechanism of BaP by the material. The results 88 

indicate that rice straw biochar modified with KHCO3 at high temperatures can effectively adsorb BaP 89 

from water, providing a theoretical basis for the development of remediation technologies for polycyclic 90 

aromatic hydrocarbon pollution in aquatic environments. 91 

2 Materials and Methods 92 

2.1 Reagents and Materials 93 

Hydrochloric acid (HCl, 36%) and potassium bicarbonate (KHCO3, 99.5%) were purchased from 94 

Sinopharm Chemical Reagents Co., Ltd.; 3,4-benzopyrene (C20H12, 96%) was purchased from McLean 95 

Biotechnology; acetonitrile (C2H3N, 99.95%) was purchased from Thermo Fisher Scientific; Rice straw. 96 

Deionised water was used in all experiments. 97 

2.2 Biochar Production 98 

Preparation of biochar from rice straw: Straw powder sieved through a 100-mesh sieve was placed 99 

in a covered ceramic crucible and pyrolysed in a muffle furnace at a heating rate of 5 ℃/min up to 800℃ 100 

for 1 hour; after cooling, the black product was washed with 0.1 mol/L HCl and rinsed with water until 101 

neutral, then dried in an oven at 80℃ for 24 hours and ground to a fineness of 100 mesh to obtain BC. 102 

Co-pyrolysis modification was carried out by mixing straw powder with KHCO3 in a 1:1 mass ratio and 103 



grinding for 30 minutes. A feed rate of 10 g was used, and pyrolysis was conducted for 1 hour at 700, 104 

800 and 900℃, respectively, at the same heating rate. The subsequent acid washing, water washing, 105 

drying and sieving steps were identical to those in the BC preparation process; the resulting modified 106 

biochar were named PBC700, PBC800 and PBC900 respectively. 107 

2.3 Adsorption experiments 108 

Weigh out BaP powder and dissolve it in acetonitrile to prepare BaP stock solutions of varying 109 

concentrations; then prepare the BaP solutions required for the test using a mixture of acetonitrile and 110 

water in a ratio of 10:90. 111 

Weigh out 10.0 mg of each of the four types of biochar and place them separately into 50 mL brown 112 

centrifuge tubes. Add 30 mL of a BaP solution with a concentration of 20 mg/L and pH 7.0, and placed 113 

in a constant-temperature shaker at 25℃ and 180 r/min for 72 hours. Samples of 1 mL were taken at 114 

regular intervals, mixed thoroughly with 4 mL of acetonitrile, and filtered through a 0.22 μm nylon filter 115 

membrane; At the same time, the additional loss of BaP is corrected by setting adsorbent blanks and 116 

solvent blanks. The filtrate was transferred to a 2 mL chromatography vial and analysed by HPLC 117 

(Agilent 1260). For details on adsorption kinetics (Text S1), adsorption isotherms (Text S2) and 118 

adsorption thermodynamics (Text S3), see the supplementary information. 119 

2.4 Methods for the detection of BaP 120 

The method for the determination of BaP is based on ‘High-Performance Liquid Chromatography 121 

for the Determination of Benzo[a]pyrene in Soil’ (DB53/T 704-2015). The specific analytical conditions 122 

are as follows: The chromatographic column is a C18 column (250 mm × 4.6 mm) with a particle size of 123 

5 µm. The mobile phase consists of acetonitrile:water (V/V) = 75 : 25, with a flow rate of 1.0 mL/min. 124 



The column temperature is 30 ± 1 °C, the detection wavelength is 430 nm, the excitation wavelength is 125 

290 nm, and the injection volume is 10 µL. 126 

2.5 Material characterisation 127 

The infrared spectra of four types of biochar in the range of 400-4000 cm-1 were recorded using a 128 

Fourier transform infrared spectrometer (FTIR) (Bruker, Germany, VERTEX 70), with 64 scans over a 129 

period of 42 s.; surface morphology data were obtained using a scanning electron microscope (SEM) 130 

from China Chuangpu (SU8600); The samples were degassed under vacuum at 120℃ for 8 hours; the 131 

adsorption-desorption curves were then measured at 77 K using high-purity nitrogen as the adsorbent to 132 

calculate the specific surface area (Brunauer-Emmett-Teller method), total pore volume and mean pore 133 

diameter (Barrett-Joyner-Halenda method), and micropore volume (t-Plot method). X-ray diffraction 134 

(XRD) was used to determine the composition of the biochar within a scanning range of 5°to 85°,Scan 135 

speed: 10 °/min, step size: 0.02°(Bruker Corporation, USA, D8 ADVANCE). 136 

2.6 Data Analysis 137 

The experimental data were processed and plotted using Excel 2019 and Origin 2024 statistical 138 

analysis software. Data processing and tests for significance were carried out using SPSS 26; Box-139 

Behnken design and response surface analysis were performed using Design-Expert 13. 140 



 141 

Fig.1 Scanning electron microscope images of biochar: (a) BC, (b) PBC700, (c) PBC800, (d) 142 

PBC900 143 

3 Results and discussion  144 

3.1 Characterization of the biochars 145 

An analysis of the microscopic surface topography of the four materials revealed that the smooth 146 

surface of BC was significantly etched following modification with KHCO3 (Fig. 1), with the appearance 147 

of numerous irregular pits and fissures and the initial development of pores. As the pyrolysis temperature 148 

increased, the activating effect of KHCO3 intensified, leading to an increase in the number of surface 149 

pores and more regular pore channels. This is because the gases generated by the pyrolysis of KHCO3 150 

continuously impacted the biochar surface, exacerbating the surface roughness of the material; The 151 

K2CO3 generated during pyrolysis penetrates the cellulose component of the biomass, weakening the 152 

intermolecular hydrogen bonds within the rice straw and disrupting the original structure of the biomass, 153 



thereby promoting the development of micropores. When the pyrolysis temperature reaches 700-800℃, 154 

potassium reacts with carbon to form metallic potassium, which further etches the carbon matrix (Obanla 155 

et al., 2023). Metallic potassium vapour becomes embedded between the carbon layers, driving the 156 

activation process and ultimately forming a coral-like, spherical, three-dimensional, multi-level pore 157 

structure, which significantly enhances the pore structure of the biochar (Huang et al., 2018). The N2 158 

adsorption capacities of the four biochar samples followed the order PBC900> PBC800> PBC700> BC 159 

(Fig. S1). Following KHCO3 modification, the N2 adsorption-desorption isotherms shifted from Type III 160 

to a composite of Type I and Type IV characteristics, with increased adsorption in the low-pressure region, 161 

a mesoporous peak appeared in the BJH pore size distribution. As the pyrolysis temperature was 162 

increased, both the isotherm adsorption capacity and the peak value of the BJH mesoporous distribution 163 

for the biochar further increased. This indicates that high-temperature pyrolysis activation followed by 164 

KHCO3 modification can increase the specific surface area and total pore volume of the biochar, forming 165 

a greater number of micropores and reducing the average pore diameter (Gan et al., 2021) (Table S1). 166 

This is consistent with the studies by Wei et al., (2023) and Zhang et al., (2022), thereby providing more 167 

active sites for pollutant removal. 168 

FTIR analysis revealed absorption peaks at 1568.8 cm-1 (aromatic C=C), 1096.0 cm-1 (C-O-C, C-169 

O), 798.9 cm-1 (C-H) and 473.1 cm-1 (O-Si-O) (Fig. 2a). This indicates that KHCO3 modification at high 170 

temperatures promotes the evolution of the carbon skeleton towards a more aromatic structure (Deng et 171 

al., 2024), with the surface tending towards a more hydrophobic and more aromatic carbon structure. 172 

This is consistent with the findings of Ding et al., who concluded that adsorption parameters exhibit a 173 

linear relationship with the aromaticity and total surface area of the adsorbent, and increase with rising 174 

pyrolysis temperature (Ding et al., 2018). XRD analysis revealed two broad diffraction peaks at 22.3° 175 



and 43.8° in the biochar (Fig. 2b), corresponding to amorphous carbon (002) and crystalline/ graphitic 176 

carbon (101). At high temperatures, KHCO3 modification causes a slight shift or broadening of the 177 

graphitic orientation and microcrystalline size, enhancing the reorganisation of the carbon structure, 178 

shifting it towards an amorphous state and thereby strengthening the biochar’s affinity for pollutants 179 

(Jiang et al., 2022). 180 

 181 

Fig. 2 Infrared spectra (a) and X-ray diffraction patterns (b) of the four types of biochar 182 

3.2 Adsorption of BaP by modified biochar 183 

The adsorption of BaP by the four types of biochar is shown in (Fig. 3a). The removal efficiencies 184 

of BaP by PBC900, PBC800, PBC700 and BC were 81.59%, 79.30%, 55.69% and 42.74%, respectively. 185 

In comparison, modification with KHCO3 enhanced the adsorption of BaP by biochar; this enhancement 186 

effect increased progressively with rising pyrolysis temperature, although the difference in modification 187 

efficacy between the 800℃ and 900℃ conditions was limited. Taking into account both energy 188 

consumption and activation efficacy, 800℃ is a relatively economical and suitable pyrolysis temperature. 189 

Using the established method described in Text S4, the adsorption kinetics curves of the four 190 

biochars were fitted; Table 1 shows that PBC exhibited the highest goodness of fit with the pseudo-191 



second-order model, This indicates that modified biochar exhibits a certain degree of chemical adsorption. 192 

The adsorption of BaP involves chemical mechanisms such as electron exchange and complexation (Lu 193 

et al., 2025), whilst BC showed the best fit with the pseudo-first-order model, indicating that the 194 

adsorption of BaP by BC is primarily due to simple diffusion, which is consistent with the findings of 195 

Barman et al., (2021). Furthermore, the goodness of fit increases with rising pyrolysis temperature, 196 

suggesting that the adsorption mechanism of biochar evolves from a partitioning advantage at low 197 

pyrolysis temperatures to an adsorption advantage at high pyrolysis temperatures. 198 

Table 1 Fitting parameters of adsorption kinetic models for BaP by biochars 199 

Kinetics models  Parameters BC PBC700 PBC800 PBC900 

Pseudo-first-

order kinetic 

model 

Qe 24.59 31.49 46.24 47.49 

K1 0.00228 0.00253 0.00928 0.00945 

R2 0.9981 0.9838 0.9276 0.9269 

Pseudo-Second-

Order Kinetic 

Model 

Qe 27.54 35.06 48.01 49.41 

K1 0.096 0.102 0.361 0.353 

R2 0.9964 0.9978 0.9996 0.9997 

Elovich Model 

Qe 0.118 0.200 3.257 3.434 

K1 0.161 0.136 0.147 0.143 

R2 0.9692 0.9861 0.9307 0.9348 

Judging from the fitting results, PBC800 exhibited the highest adsorption rate constant K2 (Fig. 3b, 200 

0.361 mg/mg/min), whilst PBC900 was second only to PBC800 at 0.353 mg/mg/min; The A values for 201 

PBC900 and PBC800 in the Elovich model were significantly higher than those for PBC700 and BC, 202 

indicating that high-temperature KHCO3 modification can enhance the affinity of biochar for BaP, 203 

consistent with the findings of Wang et al., (2023); As the pyrolysis temperature increased, the 204 

equilibrium adsorption capacity of biochar for BaP increases accordingly, suggesting that KHCO3 205 

modification enhances the specific surface area of biochar and alters its surface functional groups, 206 

thereby improving its adsorption performance (Qiu et al., 2009). 207 

As shown in Fig. S2, the intraparticle diffusion model divides the adsorption process into three 208 

stages (Kleemann et al., 2025). Adsorption onto surface vacancies within the 0-4 hours is the most 209 



efficient stage; during this period, the K1 values for PBC900 and PBC800 are positive, whilst those for 210 

PBC700 and BC are negative. This indicates that high-temperature modification has enriched the active 211 

sites on the biochar surface, thereby enhancing its adsorption capacity for BaP. The period from 4 to 24 212 

h constitutes the second stage, during which BaP overcomes the energy barrier to diffuse into internal 213 

sites within the pores and interlayer spaces. After 24 h, the system enters the third stage of adsorption 214 

saturation. In this stage, the slope is greater than 0, indicating stable adsorption; no desorption occurs 215 

after equilibrium is reached. The curve fitted by this model does not pass through the origin, suggesting 216 

that the BaP adsorption rate is jointly governed by the dual mechanisms of surface adsorption and 217 

intraparticle diffusion. 218 

Table 2 Fitting parameters of the intraparticle diffusion model for BaP by biochars 219 

Parameters BC PBC700 PBC800 PBC900 

KP1 0.740 1.174 1.911 1.956 

C1 -2.11 -2.64 5.98 6.34 

R12 0.9658 0.9383 0.9295 0.9387 

KP2 0.295 0.416 0.075 0.090 

C2 11.22 12.18 43.83 44.56 

R22 0.9064 0.9804 0.8453 0.8050 

KP3 0.020 0.007 0.022 0.017 

C3 23.52 32.26 45.83 47.52 

R32 0.9440 0.9448 0.9999 0.9932 

The isotherm adsorption curves were fitted using the Langmuir, Freundlich, Temkin and D-R 220 

models; the fitting methods are detailed in Text S5. All models provided a good fit to the experimental 221 

data (Table 2), with the Langmuir model yielding the highest R2 value, indicating that the adsorption 222 

process is monolayer adsorption (Yu et al., 2009). The equilibrium adsorption capacities of BaP for all 223 

four biochar types showed a trend of initially rapid increase followed by approaching saturation (Fig. 3c), 224 

with the increase being more pronounced for the high-temperature-modified biochar. The Qm values for 225 

BaP for the four biochar types were PBC900 (54.70 mg/g), PBC800 (55.41 mg/g), PBC700 (38.70 mg/g) 226 

and BC (25.47 mg/g), which are close to the measured equilibrium adsorption capacities. The PBC900 227 



has a higher BET specific surface area and a higher BaP adsorption capacity; however, high-temperature 228 

activation produces a large amount of N2, which occupies micropores that are difficult for BaP to 229 

penetrate, resulting in fewer effective adsorption sites. Consequently, the resulting Qm value is lower than 230 

that of the PBC800. 231 

PBC800 exhibited a significantly higher adsorption capacity for BaP than BC. The non-linear 232 

coefficient N in the Freundlich model ranged from 0.30 to 0.45, all of which were less than 1, indicating 233 

that the adsorption isotherms followed an L-type profile and that the adsorption processes proceeded 234 

spontaneously. As the pyrolysis temperature increased, the value of N decreased, suggesting that higher 235 

pyrolysis temperatures enhanced the affinity of PBC for BaP (Zhu et al., 2018), thereby increasing the 236 

adsorption capacity; Meanwhile, the fitting results from the Temkin and D-R models show that as 237 

modification and pyrolysis temperature increase, the value of b gradually decreases, whilst the QS value 238 

gradually increases, indicating that high-temperature modification can enhance the adsorption of BaP by 239 

biochar and the maximum micropore filling capacity of the biochar. The E values of all four biochars are 240 

less than 8 kJ/mol, suggesting that the adsorption of BaP by biochar is dominated by physical interactions 241 

(Simsek et al., 2022), involving strong physical binding mechanisms such as π-π interactions and 242 

hydrophobic adsorption. 243 



 244 

Fig.3 Experiments on the adsorption of BaP from water by biochar: (a) Adsorption of BaP by different 245 

types of biochar; (b) Pseudo-second-order kinetic model; (c) Langmuir isotherm model; (d) Langmuir 246 

model fit for BaP adsorption by PBC800 at different temperatures 247 

Adsorption thermodynamic experiments were conducted on four types of biochar at 15, 25 and 35℃ 248 

(Fig. 3d). As the temperature increased, the equilibrium adsorption capacity of the biochar for BaP 249 

increased, indicating that the process is an endothermic reaction. This positive temperature effect stems 250 

from the endothermic nature of BaP desolvation and the activation diffusion within the micropores. 251 

Increased temperature reduces solution viscosity and intensifies molecular thermal motion, which 252 

facilitates the disruption of hydration structures and the overcoming of diffusion energy barriers, whilst 253 

simultaneously exposing hydrophobic sites on the biochar and enhancing π-π stacking interactions. This 254 



results in a synergistic thermodynamic and kinetic increase in BaP adsorption capacity (Kronberg, 2016). 255 

The equilibrium constant KL and 1/T obtained from the Langmuir model fit were linearly fitted using the 256 

van’t Hoff equation (Text S6); the fitted curve showed an R2> 0.85, indicating a good linear relationship 257 

(Fig. S3). For all four biochar types, ΔG was negative and ΔH was positive at different temperatures 258 

(Table S2), indicating that the adsorption process is an endothermic reaction and that spontaneous 259 

adsorption occurs (Gupta and Singh, 2018). Consistent with the adsorption thermodynamic experiments, 260 

as KHCO3 modification and pyrolysis temperature increased, the absolute values of ΔG, ΔH and ΔS 261 

increased in that order (BC< PBC700< PBC800< PBC900). This suggests that modification and high-262 

temperature pyrolysis synergistically enhance the adsorption affinity of biochar for BaP; this trend is 263 

consistent with the changes in specific surface area and micropore volume. Whilst a well-developed 264 

micropore structure enhances adsorption capacity, it also requires the overcoming of a higher energy 265 

barrier for adsorption. 266 

3.3 The Effect of Operating Parameters on the Adsorption of BaP from Water by PBC800 267 

As shown in Fig. 4a, within the experimental pH range, the adsorption capacity increases as the pH 268 

decreases (Gupta and Singh, 2018), this may be attributed to the increased protonation of oxygen-269 

containing functional groups (such as carboxyl and phenolic hydroxyl groups) on the surface of PBC800 270 

under low pH conditions (Jang and Kan, 2019), which enhances the surface positive charge whilst 271 

reducing the competitive adsorption of water molecules, thereby strengthening the π-π stacking and 272 

hydrophobic interactions between the aromatic structures of the biochar and BaP. 273 



 274 

Fig. 4 Effect of operational parameters on the adsorption of BaP from water by PBC800: (a) initial 275 

reaction pH (temperature=35°C, PBC800=1 g/L, BaP=20 mg/L); (b) PBC800 dosage 276 

(temperature=35°C, pH=5, BaP=20 mg/L); (c) BaP concentration (temperature=35°C, PBC800=1 g/L, 277 

pH=5); (d) ions in the aqueous solution (temperature=35°C, PBC800=1 g/L, BaP=20 mg/L, pH=5) 278 

The dosage of PBC800 had a significant effect on BaP adsorption (Fig. 4b); as the dosage increased 279 

from 0.25 g/L to 1.0 g/L, both the adsorption rate and the equilibrium removal efficiency increased 280 

significantly. This is because a higher dosage of biochar provides more adsorption sites and a larger 281 

specific surface area, thereby enhancing the opportunities for BaP to come into contact with the biochar 282 

surface (Liu et al., 2024). However, the adsorption capacity per unit of adsorbent showed a decreasing 283 

trend as the dosage increased. This is attributed to adsorbent agglomeration at high dosages, reduced 284 



utilisation of effective specific surface area, and relatively insufficient adsorbate concentration (Ilyas et 285 

al., 2021). Taking into account both removal efficiency and the cost-effectiveness of the adsorbent, 0.75 286 

g/L is the optimal dosage. 287 

PBC800 exhibits some variation in adsorption behaviour at different initial BaP concentrations (Fig. 288 

4c). As the BaP concentration decreases, the removal efficiency increases; at low concentrations, there 289 

are ample adsorption sites on the biochar, enabling efficient capture of BaP. As the initial concentration 290 

rises, the active sites tend to become saturated, leading to a decrease in the removal rate (Minkina et al., 291 

2022). It takes longer to reach equilibrium in high-concentration systems, reflecting the effects of 292 

concentration-gradient-driven mass transfer and site competition (Sambo et al., 2024). This result is 293 

consistent with the characteristics of monolayer adsorption and limited sites described by the Langmuir 294 

isotherm model, further confirming that the adsorption of BaP by PBC800 is dominated by the number 295 

of active sites on the surface (Li et al., 2022). 296 

The presence of different ions exerted an inhibitory effect on the adsorption of BaP by PBC800 (Fig. 297 

4d). We first investigated the influence of different cations on BaP adsorption and found that Mg2+ 298 

exhibited the most pronounced inhibitory effect, followed by Ca2+ and K+, whilst Na+ had the weakest 299 

inhibitory effect. Specifically, divalent cations exerted a greater inhibitory effect on adsorption than 300 

monovalent cations; Among the anions, CO3
2- and HCO3

- exhibited the most significant inhibitory effects, 301 

with removal efficiencies decreasing from 87.96% to 72.73% and 74.92% respectively, whilst the 302 

reduction in removal efficiency for NO3
- and SO4

2- was relatively minor. Overall, the inhibitory effect 303 

increases with rising concentration; High concentration ions compete with BaP for adsorption sites, 304 

whilst cations have a lesser impact; in actual aquatic environments, greater attention should be paid to 305 

the influence of carbonate anions. The overall removal rate remained at a high level, indicating that 306 



KHCO3-modified biochar can adapt to complex aquatic environments; this is primarily attributed to pore 307 

filling and π-π electron donor-acceptor (EDA) interactions being the main mechanisms of BaP adsorption 308 

(Wang et al., 2023). 309 

3.4 Response surface analysis of BaP adsorption by PBC800 in aqueous solutions 310 

The results of the Box-Behnken Design (BBD) are presented in Table S3. The probability plot of 311 

residuals (Fig. S4a) shows that the model residuals follow a normal distribution; the statistical 312 

assumptions for the constructed Box-Behnken response surface model are satisfied, and the model is 313 

reliable. The scatter plot of measured and predicted values lies closely along the line y=x (Fig. S4b), 314 

indicating that the model fits the data well. The analysis of variance in Tables S4 and S5 indicates that 315 

the quadratic response surface model is highly significant (p< 0.01), with R2=0.9664; the difference 316 

between the adjusted coefficient of determination and R2 is less than 0.2, suggesting that the model 317 

effectively explains the interactions between factors and that the variables were selected appropriately. 318 

The test for non-conformity to the model showed no significant deviation (p> 0.05); the coefficient of 319 

variation (CV) was 2.75%, and the signal-to-noise ratio was 14.97, which is well above the reasonable 320 

threshold. This demonstrates good experimental precision and model reliability; the response surface 321 

model exhibits excellent fitting and predictive performance and can accurately characterise the 322 

interactions between environmental factors and the adsorption of BaP by biochar. The initial 323 

concentration of BaP, the amount of biochar added and the temperature all significantly influenced the 324 

adsorption efficiency (p< 0.05), consistent with the conclusions of the single-factor experiments, 325 

indicating that this model can identify the optimal parameters for the adsorption of BaP from water by 326 

PBC800. Based on this, a functional relationship between the environmental factors and the response 327 



variable was established using a multiple quadratic regression equation (Text S7). 328 

The response surface results (Fig. S5) show that the steepness of the response surface provides an 329 

intuitive indication of the strength of the influence of each factor on BaP removal efficiency: the steeper 330 

the surface gradient, the more significant the fluctuations in degradation efficiency caused by changes in 331 

that factor, i.e. the greater the influence of that factor (Tangsiri and Nezamzadeh-Ejhieh, 2020)Contour 332 

plots can be used to determine the significance level of interactions between factors; if the contours are 333 

elliptical, this indicates a significant interaction between the two factors; if the contours approach a 334 

circular shape, the interaction is weaker (Puri et al., 2021). Reducing the initial BaP concentration and 335 

increasing the PBC dosage are conducive to improving the removal rate, with the effect of PBC dosage 336 

being greater than that of the initial concentration; both increasing the temperature and the PBC dosage 337 

can increase the removal rate, but the rate of increase slows at high dosages, and the effect of PBC dosage 338 

is stronger than that of temperature. The interaction between the initial BaP concentration and 339 

temperature is weak, with linear main effects predominating; the removal rate decreases as the initial 340 

concentration rises and increases as the temperature rises, with temperature having a greater influence 341 

than the initial concentration. The optimal conditions are a low pollutant concentration and a relatively 342 

high temperature. Based on the characteristics of the surface gradient, the order of factor influence from 343 

strongest to weakest is PBC dosage> temperature> initial BaP concentration, which is consistent with 344 

the pattern obtained from the F-value of the analysis of variance. Substituting the boundary conditions 345 

(initial BaP concentration of 10 mg/L, PBC dosage of 15 mg, and temperature of 35℃) into the quadratic 346 

regression model yields a predicted BaP removal rate of 94.08% under these conditions. As the 347 

theoretical extreme point of the model exceeds the upper limit of the experimental temperature range, 348 

these conditions represent the optimal predicted operating conditions within the range defined for this 349 



experiment. 350 

3.5 Adsorption Mechanism of BaP by Modified Biochar 351 

A comparison of the infrared spectra and pore structure parameters of PBC800 before and after BaP 352 

adsorption reveals that the characteristic aromatic peaks at 1577 cm-1 and 804 cm-1 shifted to the blue 353 

after adsorption (Fig. 5a). This may be due to the close stacking of BaP with the aromatic layer of the 354 

biochar, which restricts the out-of-plane vibration of the C-H bonds (Ahmed et al., 2018; Chen et al., 355 

2025), resulting in an increase in frequency, or because BaP forms π-π stacking with the biochar’s 356 

aromatic structure (Wang et al., 2023), altering the electron cloud distribution and bonding interactions 357 

within the aromatic rings; The red shift of the characteristic peak at 470 cm-1 may be attributed to 358 

increased rigidity in the aromatic stacking system, leading to a decrease in vibrational frequency. 359 

Following adsorption, the specific surface area of PBC800 decreased from 549.44 m2/g to 304.54 360 

m2/g, a reduction of 44.6%; the total pore volume decreased from 0.38 cm3/g to 0.26 cm3/g, a reduction 361 

of 31.6 % (Fig. 5b). This indicates that BaP was successfully adsorbed within the pore network of the 362 

biochar, preventing nitrogen gas from entering the filled pores. Meanwhile, the average pore diameter 363 

increased from 2.76 to 3.4 nm, a rise of 23.2%, suggesting that BaP filled and blocked the micropores, 364 

resulting in an overall overestimation of the pore diameter. The evolution of the pore structure before and 365 

after adsorption indicates that BaP preferentially fills the micropores of the biochar rather than adsorbing 366 

onto its external surface, confirming that pore filling is a key adsorption mechanism (Cheng et al., 2020; 367 

Quach An and Kajitvichyanukul, 2019). PBC800, obtained by pyrolysis at 800℃ following KHCO3 368 

modification, is rich in micropores and can effectively capture BaP, whilst retaining a large number of 369 

active adsorption sites after adsorption. 370 



 371 

Fig. 5 Infrared spectra of PBC800 before and after BaP adsorption (a) and changes in specific surface 372 

area and porosity (b) 373 

4 Conclusion 374 

This study utilised rice straw as raw material to prepare biochar through co-pyrolysis with KHCO3, 375 

for use in the adsorption and remediation of BaP in water bodies. High-temperature etching with KHCO3 376 

enriches the material’s microporous structure and enhances its degree of aromatisation. PBC800, 377 

prepared via KHCO3 modification at 800℃, exhibited the best overall performance, showing the closest 378 

fit to the pseudo-second-order kinetics and the Langmuir model, with a saturation adsorption capacity of 379 

55.41 mg/g. Response surface analysis indicates that the factors influence the process in the following 380 

order of strength: biochar dosage> temperature> initial BaP concentration. Under optimal conditions, the 381 

theoretical removal rate is 94.08%; however, the interference of carbonate ions should be taken into 382 

account during the actual adsorption process. The adsorption process is predominantly spontaneous, 383 

endothermic physical adsorption, accompanied by a composite adsorption process involving weak π-π 384 

electron donor-acceptor interactions, with microporous filling and π-π stacking as the core mechanisms. 385 
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