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A B S T R A C T

The adsorption of modified biochar can effectively solve antibiotic contamination in water. Nevertheless, few 
studies have been reported on quantitatively resolving the contribution of each functional group to the 
adsorption of antibiotics on biochar at the microscopic level, and most modification methods are costly and 
complex to implement. Therefore, this study successfully synthesized H3PO4-modified biochar (PCH) through a 
one-step process for the removal of ciprofloxacin (CIP) from water. After H3PO4 activation, The specific surface 
area of the PCH rised to 316.1 m2/g, the pore volume reached 0.45 cm3/g The Langmuir isothermal model was 
used to obtain a better match for the adsorption data, the maximum adsorption capacity of biochar at 25◦C was 
572.8 mg/g, and the adsorption was a self-initiated process of heat absorption. Cotton husk biochar has a higher 
adsorption capacity compared to commercial activated carbon and biochar prepared from other agricultural 
precursors, and cost analysis shows that PCH (3.98 $/ kg) is much less expensive than commercial activated 
carbon (259.5 $/kg). Furthermore, the main mechanisms of CIP adsorption on PCH are pore filling, electrostatic 
forces, hydrogen bonding and π-π conjugation. Importantly, DFT calculations showed that O-P groups rather than 
C-P-O groups could serve as the main sites for CIP adsorption. In conclusion, this study provides new insights into 
the adsorption of antibiotics on phosphoric acid-modified biochar, and it promotes the application of biochar in 
the remediation of antibiotic wastewater.

1. Introduction

In recent years, pollution of water resources by antibiotic drugs has 
caused many serious environmental problems. Antibiotics are frequently 
used in the healthcare and livestock industries (Septian, Shin, 2020). 
Due to the low level of its utilization by humans and animals, antibiotics 
have often been discovered in different environmental media, as in 
sewage, sludge, groundwater, and surface water (Qiao et al., 2018). 
Ciprofloxacin (CIP) is a third-generation fluoroquinolone antibiotic that 
is a wide- spectrum antibiotic used to protect against a variety of bac
terial infections (Shen et al., 2019). Residual CIP in aquatic environ
ments can be toxic to aquatic plants and animals, even at low 
concentrations, and the research has found that a concentration range of 
50–500 µg/L inhibited DNA topoisomerase (Migliore et al., 2000). 
Multiple health problems can be induced by CIP in water, including 
enhanced bacterial resistance, reduced white blood cells, and diarrhea 
(Shen et al., 2019). Even at low concentrations, CIP may impair 

lymphocytes, lower sperm counts, and increase the risk of prostate and 
breast cancer (Lapworth et al., 2012). Studies have shown that CIP 
concentrations in wastewater from pharmaceutical plants in India have 
been found to be as high as 31 mg/L (Gani et al., 2017). Thus, it is 
essential to identify an efficient solution for removing CIP from water to 
ensure environmental health.

Adsorption (Bello et al., 2019, Khanday et al., 2019), Fenton 
response (Jiang et al., 2022), oxidation by ozone (Lu et al., 2020), bio
film process (Zhang et al., 2022), photocatalytic degradation (Akter 
et al., 2022) are common methods in removing CIP. Adsorption is a 
widely utilized and economically effective technique for removing 
non-degradable organics from water without generating toxic de
rivatives (Cheng et al., 2022, Wang et al., 2017). However, other 
methods can remove CIP to some extent; they have many drawbacks, 
such as high cost, difficulty in completely eliminating antibiotics, and 
the possible generation of toxic by-products. Currently, biochar (Khan 
et al., 2023, Deng et al., 2023), clay minerals (Septian, Shin, 2020), 
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carbon nanotubes (Oliveira et al., 2023) are frequently used adsorbents 
for the treatment of antibiotic wastewater. Among these materials, 
biochar is an economical and eco-friendly option because of its 
oxygen-containing functional groups resulting from pyrolysis under 
oxygen-limiting conditions, which can efficiently adsorb pollutants in 
water (Azzam et al., 2022).

In recent years, China’s annual cotton production has surpassed 4 
million tons, resulting in a substantial amount of agricultural waste in 
the form of cotton husk (Wang et al., 2016). Traditional methods of 
disposing of cotton husks include returning them to the fields or burning 
them. However, the former method can lead to pest and disease out
breaks in the future because of the high lignin content and dense 
structure of cotton husks (Zhou et al., 2024). In addition, incineration 
produces toxic gases that pollute air. Traditional methods of cotton husk 
disposal not only waste resources but are also harmful to the environ
ment. In cotton production areas, cotton husks are more available 
compared to biomass feedstocks such as rice straw and straw (Islam 
et al., 2021, Kwak et al., 2019), which helps to reduce the burden of local 
agricultural waste. In addition, cotton husk has a higher cellulose con
tent than other agricultural wastes, which is conducive to the prepara
tion of biochar with better physicochemical properties (Kang et al., 
2012). Cotton husk accounts for about 27 % of the same plant, and its 
composition includes 50–72 % cellulose and hemicellulose, which is 
suitable for the preparation of porous carbon materials (Chen et al., 
2022). Unfortunately, to date, studies on the adsorption capacity of 
biochar extracted from cotton husks for quinolones, such as CIP in water 
have not been reported.

Many reports have demonstrated that biochar derived from un
treated biomass has certain drawbacks. For example, small specific 
surface area and few numbers and variety of functional groups, which 
must be addressed to enhance their adsorption properties further. For 
example, biochar produced using ZnCl2-activated algae has great po
tential for CIP removal from water (Li et al., 2018). In a sample exper
iment, the removal rate of 97.92 % was achieved in 120 min using 
biochar obtained by pyrolysis of N2 activated bagasse feedstock for 
adsorption of 30 mg/L CIP (Che et al., 2023). However, these methods 
are either costly or highly corrosive to containers. Compared with other 
activators, H3PO4 is a green and low-cost chemical activator that can 
increase the diversity of pore structures during biomass activation 
(Zhang et al., 2023). Additionally, the introduction of heterogeneous 
atoms into biochar has an essential effect on the adsorption process, 
which may disrupt the organized structure of the SP2 carbon network 
(Ding et al., 2020a). Although previous studies have noted the presence 
of phosphorus-containing functional groups and confirmed their 
involvement in the adsorption process, the interactions between func
tional groups of different configurations and pollutants have not been 
systematically explored, and the specific contribution of different 
functional groups to the adsorption of CIP molecules remains unclear 
(Jiang et al., 2023, Nguyen et al., 2023). Therefore, there is an urgent 
need to analyze the adsorption behavior of H3PO4-modified biochar on 
CIP from a microscopic perspective and explore the potential effects of P 
introduction on biochar-pollutant interactions.

In this study, H3PO4-modified biochar (PCH) was synthesized from 
cotton husk by a simple method. The adsorption performance of PCH on 
CIP was investigated in batch experiments. The main adsorption 
mechanisms of CIP on PCH were analyzed using adsorption kinetics, 
isotherms and thermodynamic methods. Additionally, the adaptability 
of PCH to different conditions and real wastewater was investigated. The 
present study innovatively introduces DFT calculations based on eluci
dating the interaction mechanisms of different groups in PCH with CIP 
molecules through Mulliken charges and indication of surface electro
static potential (ESP)Furthermore, the economic feasibility of PCH for 
production applications was evaluated. The results of this study provide 
a feasible way for the resource utilization of cotton husk in China, and 
provide a theoretical reference and engineering guidance for the effi
cient removal of CIP in wastewater.

2. Materials and methods

2.1. Materials

CIP and phosphoric acid (purity ≥99 %) used in this research were 
purchased from Shanghai MacLin Reagent Company, China. All other 
chemicals were analytical purity and not processed. Cotton husks were 
gathered from Xinjiang, China, washed with purified water and dried in 
a chamber at 60◦C. The dried cotton husks were then crushed and passed 
through an 80-mesh sieve. Deionized water was used to prepare all the 
solutions.

2.2. Synthesis of adsorbents

In this study, cotton husk powder (10 g) was immersed in 15 mL of 
10 %, 20 %, 30 %, and 40 % H3PO4 solution, stirred for 15 min, and then 
pyrolyzed in a tube furnace for 120 min at 300 ◦C, 400 ◦C, 500 ◦C, 600 
◦C, and 700 ◦C, respectively. The heating rate of the tube furnace was 
5 ◦C/min, and the N2 rate was 0.1 L/min. The obtained biochar was then 
washed several times with deionized water to neutralize and remove 
excess H3PO4. Finally, the material was dried at 80 ◦C and pulverized to 
a diameter of less than 0.2 mm, and was labeled as PCH. Biochar that 
was not activated by H3PO4 was obtained by the pyrolysis of 10 g of 
cotton husk powder by depositing it in a tubular furnace at 600 ◦C for 
120 min. The material was then cleaned, dried, and pulverized using the 
same methods and labeled as CH.

2.3. Characterization of materials

The materials were characterized using a variety of techniques. The 
crystal structure of biochar was characterized by X-ray diffractometer 
(XRD, Shimadzu XRD 7000). The microscopic topography of the mate
rials was obtained by scanning electron microscopy (SEM, Sirion 200). 
The surface functional groups of the biochar were determined by FTIR 
(Fourier Transform Infrared Spectrometer, ThermoNicolet Nexus 470) 
scanning in the wavelength range of 4000–440 cm− 1. The pore struc
tures of the materials were characterized using N2 adsorption- 
desorption isotherms on a specific surface area analyzer (Micro
meritics), and the specific surface areas of the materials were obtained 
using the BET model. The chemical elemental composition and chemical 
state of the biochar were analyzed using X-ray photoelectron spectros
copy (XPS, Thermo-VG Scientific)). The pH of nine sets of 100 mL of 
0.1 mol/L NaCl sets was regulated from 2 to 10 using 0.01 M HCl and 
0.01 M NaOH solutions, and 0.1 g of PCH was added to each set. The 
final pH was determined after stirring for 24 h, and the zero-charge point 
of PCH was obtained as the difference between the final pH and the 
initial pH (pHpzc = final pH - initial pH).

2.4. Adsorption experiments

Batch adsorption experiments of CIP on PCH were performed in 
200 mL tapered flasks. The kinetics of the experimental data were ob
tained by adding 10 mg of PCH to 100 mL of CIP solution at various 
initial concentrations (30 mg/L, 60 mg/L, 120 mg/L, pH=6), shaken at 
120 rpm in a thermostatic shaker, and sampled at different time in
tervals from 5 to 720 min. Isothermal adsorption experiments were 
performed by placing 100 mL CIP solution (initial concentrations ranged 
from 20 to 160 mg/L, pH = 6) containing 10 mg/L PCH at 15 ◦C, 25 ◦C, 
and 35◦C with shaking for 12 h. The influence of pH on CIP adsorption 
by PCH was analyzed by adjusting the pH in the range of 2–10. The 
adsorption behavior of PCH containing 25 mM, 50 mM, and 100 mM of 
coexisting ions was tested at the same CIP concentration, respectively. 
At the time of sampling, 2 mL of the mixture was drawn and centrifuged 
at 3000 rpm to separate the adsorbent from the liquid, which was then 
filtered through a 0.45 µm filter membrane. The concentration of re
sidual CIP in the filtrate was detected using a UV-Vis spectrophotometer 
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(Cary 4000, Agilent, USA) at a maximum absorption wavelength of 
277 nm. Each set of experiments was repeated thrice, and the mean 
values were calculated. All the models and equations used in this study 
are available in the Table S1. The molecular structure optimization and 
wave function analysis of CIP and PCH were calculated by Gaussian 16 
program with B3LYP/6–31 G* , and the interactions could be corrected 
by B3LYP-D3 (Ding et al., 2020b).

3. Results and discussions

3.1. Optimization of biochar preparation

The synthesis conditions of biochar are crucial factors that influence 
its adsorption performance. In this study, biochar synthesized using 
different volume fractions of H3PO4 impregnation and different 
carbonization temperatures were screened, and the optimal conditions 
were selected for subsequent experiments, and the results are shown in 
Fig. 1. At all carbonization temperatures, the adsorption capacity of 
PCHs for CIP almost always showed an increasing and then decreasing 
trend with the increase of H3PO4 volume fraction. This is due to the fact 
that sufficient amount of H3PO4 interacts with the lignin in the biomass 
and breaks the low energy base bonds (e.g., α-O-4). The breaking of 
these bonds generates small molecules which gradually volatilize at high 
temperatures, thus providing more adsorption sites for the char mate
rial. However, an excessively high concentration of H3PO4 can lead to 
pore structure fragmentation. In addition, the carbonization tempera
ture had a significant effect on the adsorption performance of the ma
terial. PCH showed better adsorption effect at 600℃. With the 
carbonization temperature increased, the pore structure inside the bio
char was expanded. However, when the temperature was further 
increased, the functional groups might disappear due to the increase of 
graphitization, which weakened its adsorption capacity (Angin, 2013). 
Based on the preliminary screening and study results, PCH with the 
volume concentration of 30 % and the carbonization temperature of 
600℃ was selected as the best adsorbent for further studies.

3.2. Characterization of materials

In Fig. 2a and b, SEM images show the microscopic morphology of 
the biochar before and after modification. Compared with CH, the 
particle distribution on the surface of PCH was more homogenized, 
implying that the pores of the H3PO4-activated biochar were well 
developed. Fig. 2c shows the XRD patterns of CH and PCH. The low 

degree of crystallization of the virgin biochar indicates the ease of the 
modification reactions. The peaks observed at approximately 2θ= 26◦

and 44◦for both biochar corresponded to the (002) and (101) facets, 
suggesting that pyrolysis and acid activation processes promote the 
formation of graphitic structures (Wang et al., 2017). Apparently, 
H3PO4-activation significantly enhanced the graphitization of PCH, and 
ensured a high π-electron cloud density that facilitates π-π interactions 
with CIP.

The FTIR spectra of PCH and CH in the Wavelength band of 
4000–440 cm− 1 were used to study the surface functional groups of the 
materials (Fig. 2d). The wide absorption peak of both materials found at 
3430 cm− 1 is ascribed to the O-H stretching vibrations of lignin and 
cellulose (Qu et al., 2020). Furthermore, the peak at around 1580 cm− 1 

is responsible for the C––C stretching of aldehydes, ketones, or esters in 
both materials suggests the formation of aromatic structures in the 
biochar (Zhang et al., 2023). This improvement in aromaticity was 
beneficial for enhancing the hydrophobicity of the materials and further 
increasing their adsorption of antibiotics. H3PO4-activated biochar 
eliminated the vibration peaks associated with -CH2 stretching (Li et al., 
2019). However, the pyrolysis of PCH generated new peaks at 
1164 cm− 1 and 493 cm− 1 corresponding to the O-P and C-P-O groups, 
respectively, proving that the phosphate group was successfully grafted 
onto the surface of the biochar (Liu et al., 2021).

The adsorption-desorption curves and pore size distributions of the 
prepared cotton husk biochar are shown in Fig. 3a and b. It can be 
observed that within the relative pressure range of 0.45–0.9, CH 
exhibited type II isotherms and H3 hysteresis loops, while PCH 
demonstrated type IV isotherms and H4 hysteresis loops. The pore-size 
distribution curves showed that PCH and CH were characterized by 
typical mesoporous structures (2–50 nm). In Table S2, PCH exhibited a 
higher specific surface area (316.1 m2/g) than CH, which is favorable 
for the elimination of pollutants. The total pore volume of PCH was 
enhanced from 0.19 cm3/g to 0.45 cm3/g compared to CH, which may 
be attributed to the inhibition of carbon skeleton collapse and frag
mentation by H3PO4 during pyrolysis, thus enhancing the pore volume 
of the biochar (Liu et al., 2021). The numbers of Smic and Smes nearly 
doubled, indicating the presence of a distinct hierarchical pore struc
ture. These results suggest that H3PO4 activation is conducive to 
improving the pore volume and specific surface area of biochar.

The XPS spectra of C1s, O1s, and P2p for biochar before and after 
modification were deconvoluted and fitted using Advantage software 
(Fig. 3c). In Fig. 3d, the deconvolutional peaks of CH at 284.8 eV, 
286.5 eV, 288.7 eV, and PCH at 284.8 eV, 286.2 eV and 290.1 eV were 
attributed to C-C, C-O, O––C/C-P bonds (Akhavan, 2015), respectively. 
After modification, the proportions of C-O and O––C/C-P significantly 
increased (Fig. 3d), which is consistent with the literature (Peng et al., 
2017). The proportion of C-C(59.4 %) bonds is relatively high, indi
cating a high degree of graphitization in the sample. In Fig. 3e, the two 
peaks 531.4 eV and 533.2 eV of the O1s spectrum of CH are attributed to 
-OH and O-N. Whereas the peaks of the O1s spectrum of PCH located at 
533.1 eV, 531.3 eV, and 536.7 eV are related to O-P, C-O, and chem
isorbed O, respectively. This result indicates that H3PO4 activation 
changed the chemical valence of oxygen. The P2p peaks were observed 
in the full spectrograms, and the sites with binding energies of 133.6 eV 
and 133.2 eV after peak splitting were attributed to the O-P and C-P-O 
groups (Fig. 3f), respectively (Guo and Rockstraw, 2007). As a result, 
phosphorus forms phosphoric acid functional groups on the PCH surface 
in a phosphate-like structure, which are strongly polarized and readily 
combine with the carboxylic acid groups on the CIP molecule through 
hydrogen bonding.

Based on the above characterization results, the improved adsorption 
performance of PCH can be mainly attributed to the significant devel
opmental grading of the pores and the increase of phosphate functional 
groups. Phosphoric acid activation facilitated the formation of micro- 
and mesoporous structures during the pyrolysis of cotton husks, which 
in turn improved the specific surface area of the adsorbent and 

Fig. 1. Adsorption performance of the biochar produced under different 
preparation conditions.
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generated additional active sites for CIP removal. The increase in the 
phosphorus-oxygen functional groups enhanced the polarity of PCH, 
thereby promoting its binding to the polar molecule CIP. The following 
experimental results verified these inferences.

3.3. Adsorption performance

3.3.1. Contact time and adsorption kinetics
The variation in the CIP removal rate with contact time (5–720 min) 

at different primary concentrations is shown in Fig. 4a, the CIP 
adsorption amount rise rapidly in the first hour, and as time went by, the 
rate of CIP adsorption decreases gradually due to mutual repulsion of 
CIP molecules adsorbed on the surface of the adsorbent and CIP mole
cules in solution as well as saturation of the active sites (Fries et al., 
2016). It can be found that adsorption balance was reached in about 4 h 
regardless of the initial concentration of CIP.

In this research, the adsorption kinetics of CIP on PCH at various 
initial concentrations were studied by using the proposed first-order and 
second-order models. As shown in Table 1, the results of the experi
mental data were more consistent with the pseudo-second-order model. 
(R2=0.997–0.999). Moreover, the adsorption capacities computed by 
the pseudo second-order model for CIP with preliminary concentrations 
of 30 mg/L, 60 mg/L and 120 mg/L are 279.2 mg/g, 407.2 mg/g and 
592.2 mg/g, which are closer to the experimental results (281.4 mg/g, 
410.4 mg/g, 599.8 mg/g). These results indicated that the chemical 
behavior was the main factor controlling CIP sorption on PCH (Fries 
et al., 2016). Hence, the ideal adsorption capacity and short adsorption 
cycle of PCH can effectively reduce the investment costs in practical 
applications.

To further explore the adsorption mechanisms, the experimental 
results were fitted segmentally by intra-particle diffusion model. As 

shown in Fig. 4b and Table 2, the high R2 values of the fitted curve 
indicate high credibility of the fitting. The adsorption behavior of PCH 
on CIP was separated into three main phases: film diffusion, inter- 
particular diffusion, and solute adsorption. The adsorption rate 
decreased sequentially in all three phases, which implies a gradual in
crease of the diffusion layer thickness and diffusion resistance as the 
sorption sites on the PCH surface are filled with CIP molecules (Zhang 
et al., 2021). Moreover, the fitted curves did not cross the point of origin, 
indicating that inter-particle diffusion was not the exclusive controlling 
factor in the sorption of CIP by PCH, and was also affected by film 
diffusion.

3.3.2. Influence of initial pH
The initial pH of the solution is considered to be a critical influence 

on the apparent properties of the adsorbent and the form in which the 
adsorbate dissociates (Li et al., 2014). Fig. 4c shows the change in the 
adsorption capacity at pH values in the range of 2–11, with a gradual 
increase in the adsorption capacity of CIP onto PCH as the pH increased 
from 3 to 6. The maximum adsorption capacity reaches 295.2 mg/g at 
pH 6. As the pH increases from 8 to 11, the adsorption capacity of PCH 
rapidly decreased. Similar trends have also been reported in the litera
ture (Septian, Shin, 2020). The pKa1 and pKa2 of CIP are 6.25 and 8.78, 
respectively. CIP hydrolyzes to a cation when pH < 6.05 but to an anion 
at pH > 8.78 and is electro-neutral in the range of pH 6.25–8.78 (Sun 
et al., 2016). Moreover, the pHpzc of PCH was 2.57 (Fig. 4c), indicating 
the presence of strongly acidic groups. When pH＞pHpzc，the PCH was 
negatively charged, whereas it was positively charged when pH＜pHpzc 
(Gadekar et al., 2020). Consequently, at a low pH, the adsorption ca
pacity of PCH is reduced owing to CIP protonation in acidic solutions, 
where excess H+ competes with CIP for adsorption sites. However, when 
the solution pH exceeded 2.57, PCH was negatively charged and 

Fig. 2. SEM images of (a) CH and (b) PCH, (c) XRD patterns of PCH and CH, (d) FTIR spectra of PCH and CH.
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exhibited a strong electrostatic adsorption effect on CIP in its cationic 
form. Under alkaline conditions, the abundant OH- in the solution hin
dered the sorption of CIP onto the adversely charged PCH surface.

3.3.3. Influence of coexisting ions
Fig. 4d shows that CIP adsorption was affected by different ionic 

intensities. The presence of Na+, K+, NO3-, and SO4
2- had negligible ef

fects on the CIP adsorption. However, a slight decrease of CIP adsorption 
concentration might be attributed to the “squeezing out” effect when 
these ions concentrations were rising (Carabineiro et al., 2011). In 
addition, the existence of Ca2+ and Mg2+ had a hindering impact on CIP 
adsorption, and the adsorption amount was reduced by approximately 
12 % compared with that of the control group with pure water as the 
background solution. The inhibitory influence was more significant 
when the concentration of Mg2+ and Ca2+ was higher because of the 
larger hydration radius of divalent cations, which exhibited stronger 
competitiveness in adsorption sites compared to CIP on the surface of 
biochar (Alver et al., 2020). It could be seen that CO3

2- had a notable 
inhibitory impact on the adsorption of CIP, and the adsorption amount 
of PCH was reduced by 17.8 %, 22.7 %, 25.9 % in the existence of three 
various concentrations of CO3

2-, respectively. This phenomenon was 
caused by the squeezing action of CO3

2- on the biochar, causing the ag
gregation of biochar particles, thereby reducing the number of available 
sites. In addition, the extrusion effect leads to disruption and clogging of 
the pore structure of biochar. These results indicate that PCH can also 
exhibit favorable adsorption characteristics in the presence of compet
itive ions.

3.3.4. Influence of adsorbent dose
The use of optimum dosage of carbon material is required for cost- 

effective removal of CIP from water. As shown in Fig. 5a, the removal 
of CIP was significantly increased to 94.17 % when the PCH dosage was 
increased from 0.05 g/L to 0.1 g/L at an initial concentration of 30 mg/ 
L. At similar concentrations previously reported, other literature re
ported only 85.30 % and 89.94 % CIP removal (Xue et al., 2022, Ham
adeen and Elkhatib, 2022). This is attributed to the increased number of 
active sites and surface area (316.7 m2/g) provided by the PCH material, 
as well as the driving force generated by the antibiotic concentration 
gradient between the adsorbent and the solution (Roy et al., 2022a). In 
addition, CIP was able to form hydrogen bonds with the abundant 
phosphorus-oxygen functional groups on the PCH surface, which is 
consistent with the XPS characterization results. When the PCH dosage 
was further increased from 0.1 g/L to 0.2 g/L, the removal rate only 
increased by about 5.4 %. Meanwhile, the equilibrium adsorption ca
pacity decreased rapidly from 282 mg/g to 149 mg/g. Therefore, the 
highest removal rate and adsorption capacity were achieved when the 
PCH dosage was 0.1 g/L.

3.3.5. Influence of adsorption temperature
The effects of solution temperature (288 K, 298 K, 308 K) on the 

adsorption experiments are shown in Fig. 4b. When the initial concen
tration of CIP was greater than 30 mg/L, the equilibrium adsorption of 
PCH at the same initial concentration increased significantly with 
increasing temperature, which may be caused by the enhancement of 
the number of adsorption sites and diffusive mobility owing to the in
crease in temperature (Ghasemi, Asadpour, 2007). It indicates that 
higher temperature facilitates adsorption,and the adsorption process is a 
heat-absorbing reaction.

The adsorption isotherms were derived by fitting the experimental 
results using the Langmuir, Freundlich, and Temkin equations (Fig. 5c- 

Fig. 3. (a) Nitrogen adsorption–desorption isotherms of CH and PCH, (b) pore size distribution curves of CH and PCH, (c) Full-scale XPS spectrum of CH and PCH, (d) 
C1s pectrum of CH and PCH, (e) O1s pectrum of CH and PCH, and (f) P2p spectrum of PCH.
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e), this was performed to investigate how the solute was distributed on 
the surface of PCH in the solution when adsorption equilibrium was 
reached. Table 3 shows that the Langmuir model achieves the best fit to 
the experimental data, and the theoretical adsorption capacities 
computed using the Langmuir model were more similar to the experi
mental results. This implies that the adsorption of CIP on PCH was 
monolayer adsorption associated with chemisorption (Kunwar et al., 
2015). The Freundlich model also fit the data well, with 1/n values less 
than 1, indicating multilayer adsorption and affinity adsorption for PCH 
in the CIP adsorption process. The Temkin model had a good linear 
relationship (R2＞0.977), which also indicates that the adsorption 

process involving chemisorption and adsorption decreased linearly with 
surface coverage (Zhou et al., 2018). Table 4 shows the CIP adsorption 
amount of PCH compared with those of previously reported adsorbents, 
indicating the excellent adsorption performance of PCH.

3.3.6. Adsorption thermodynamics
The thermodynamic data are summarized in Table S3. The results 

showed that ΔG < 0 at various temperatures, implying that the 
adsorption of CIP on PCH was spontaneous. As the temperature in
creases, a more negative ΔG value is observed, indicating that adsorp
tion is more likely to occur. The results of ΔH > 0 means that the 
adsorption involves a heat-absorbing reaction (Yahiat et al., 2011). The 
positive value of ΔS implies that the adsorption course is unreversible 
and that the solid-liquid interface is very irregular (Wei et al., 2013).

3.4. Economic assessment

The economic assessment of PCH is crucial in specific applications. 
The cost of treating wastewater by PCH depends mainly on the con
sumption of materials, energy and labor. Detailed information on 
treatment costs is shown in Table S4. Nevertheless, the preparation cost 

Fig. 4. (a) Adsorption kinetics of CIP onto PCH by pseudo-first-order and pseudo-second-order models, (b) Intra-particle diffusion model, (c) The influence of pH on 
CIP adsorption and pHpzc of PCH, (d) Influence of coexisting ions (C0=30–120 mg/L,adsorbent dosage =0.1 g/L, the reaction time =6 h, pH=6, at 15, 25, 35℃).

Table 1 
The kinetic datas for CIP adsorption onto PCH.

C0 Pseudo- first-order model Pseudo- second-order model Qexp
m 

(mg/g)
(mg/ 
L)

k1 (1/ 
min)

Qtheo
m 

(mg/g)
R2 k2 (1/ 

min)
Qtheo

m 
(mg/g)

R2

30 0.1222 267.1 0.970 0.00085 279.2 0.997 281.4
60 0.1492 392.4 0.979 0.00079 407.2 0.998 410.4
120 0.2040 583.9 0.901 0.00073 592.2 0.999 599.8

Table 2 
The intraparticle diffusion kinetic datas for CIP adsorption on PCH.

C0 film diffusion inter-particular diffusion solute adsorption

(mg/L) k1 C1 R2 k2 C2 R2 k3 C3 R2

30 11.4 172.7 0.978 2.1 243.4 0.971 0.7 265.5 0.990
60 15.6 273.8 0.976 3.3 355.6 0.975 0.4 400.8 0.997
120 20.6 427.9 0.979 2.4 546.8 0.994 1.2 564.8 0.996
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of biochar synthesized from activated sludge was 19 $/kg 
(Martínez-Alvarenga et al., 2024).The cost of activated carbon prepared 
from soybean hulls was 42.5 $/kg (Ng et al., 2003).PCH is cheaper 

compared to commercial activated charcoal (259.5 $) (Bello et al., 
2019). In addition, the level of adsorption of CIP by the biochar prepared 
in this study (572.8 mg/g) was higher than that of other recorded ad
sorbents. Therefore, the expected cost of treating 1 kg of CIP is 7.64 $, 
while other activated carbons for CIP removal would be more expensive. 
This indicates that cotton husk feedstock has the potential to be utilized 
in large-scale production.

3.5. Adsorption mechanisms

The fluorine atom attached to the benzene ring in the CIP molecule 
exhibited intense electron-withdrawing ability, resulting in the electron- 
deficient benzene ring being equivalent to a π-electron recipient. 
Concurrently, the -OH units on the surface of the adsorbent can function 
as a π-electron donor, enabling the formation of π–π EDA interactions 
between them (Alver et al., 2020). This interaction can account for the 
sorption of CIP by PCH. Furthermore, -NH group in the CIP molecule 
could interact with the abundant -OH and -COOH groups on the PCH 
surface through H-bonding. Under the experimental pH conditions, CIP 
existed mainly as a cation, whereas at pH > pHpzc (2.57), PCH became 
negatively charged (Che et al., 2023). Thus, electrostatic interactions 
also have a prominent effect in the adsorption course. The BET results 
(Table S2 and Fig. 6a and b) showed that H3PO4 activation introduced 
abundant microporous and mesoporous structures to the biochar, indi
cating that the pore formation was graded with an average pore size of 
8.2 nm, which allows for the easy migration of CIP molecules 

Fig. 5. (a) Influence of adsorbent dose, (b) Influence of adsorption temperature, Adsorption isotherms simulated with (c) Langmuir, (d) Freundlich and (e) Temkin 
models.(C0=30–120 mg/L, adsorbent dosage =0.1 g/L, the reaction time =6 h, pH=6, at 15, 25, 35℃).

Table 3 
The isotherm datas for CIP adsorption on biochar.

T * (K) Qexp
m (mg/g) Langmuir Freundlich Temkin

Qtheo
m (mg/g) KL 

(L/mg)
R2 KF 

(mg/g)
1/n R2 KT 

(L/g)
bT (J/mol) R2

288 524.1 496.4 0.43 0.973 234.7 0.17 0.918 19.4 35.1 0.969
298 572.8 523.0 0.58 0.957 257.7 0.14 0.928 24.4 33.8 0.979
308 621.4 572.8 0.61 0.982 301.7 0.14 0.900 62.6 38.1 0.950

Table 4 
Comparison of adsorption amounts of various carbon-based adsorbents for CIP 
reported in the previous publications.

Material SBET (m2/ 
g)

T 
(℃)

Qe (mg/ 
g)

Refs.

Biochar (Chitin) 1199 50 245.1 (Khanday et al., 2019)
Commercial activated 

carbon
644 30 13.6 (Penafiel et al., 2021)

Biochar (Used tea 
leaves)

8.06 40 238.1 (Li et al., 2018)

Biochar (Camphor 
leaves)

915 40 449 (Hu et al., 2019)

Biochar (Sewage 
sludge)

47.5 35 62.4 (Li et al., 2022)

Biochar (Sugarcane 
bagasse)

1712.2 30 212 (Che et al., 2023)

Biochar (brown algal) 1326 35 434.8 (Nguyen et al., 2022)
Biochar (banana peel) 456.04 30 41.66 (Azzam et al., 2022)
Biochar (grapefruit 

peel)
/ 20 154.89 (Afzal et al., 2019)

Biochar (pomegranate 
peel)

1149.62 25 142.86 (Hamadeen and 
Elkhatib, 2022)

Biochar (Cotton husk) 316.1 25 572.8 This work
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(0.8–1.22 nm in diameter) into the interior of the adsorbent through 
pore filling. According to the XPS spectroscopic detection (Fig. 6c), there 
was no significant difference in the C1s spectrum of PCH before and after 
adsorption.Nevertheless, the increase in the area of the C-O and 
C––O/C-P peaks suggests that chemisorption may have occurred be
tween the CIP and the oxygen-containing groups on the adsorbent 
(Fig. 6c). In the O1s spectra after adsorption (Fig. 6d), the deconvolution 
peaks located at 531.3 eV, 532.7 eV, and 533.3 eV corresponded to C-O, 
O-P, and O-N, respectively. The O-N peaks were attributed to the 
binding of the -NH bond in CIP to the O-P bond in PCH (Jiang et al., 
2023). Addictionally, the characteristic P2p peak shifted to 132.8 eV 
and 132.2 eV towards a low bingding energy (Fig. 6e), this indicated 
that the strongly polar phosphorus-containing groups may bind to the 
CIP through hydrogen bonding (Liu et al., 2021).

To further elucidate the role of each functional group, the surface 
electrostatic potential (ESP) distributions and Mulliken charges of CIP 
and PCH were analyzed. As shown in Fig. 7, the red and blue regions 
indicated areas of high and low electron density on the surfaces of CIP 
and PCH, respectively.The electronegativities of oxygen, nitrogen, car
bon, and hydrogen are 3.44, 3.04, 2.55, and 2.20 (Cheng et al., 2022), 
respectively. Atoms with higher electronegativity have a greater ability 
to attract electrons (Deng et al., 2023, Roy et al., 2022b). Therefore, the 
oxygen and nitrogen atoms in -OH and -NH groups have stronger 
electron-withdrawing abilities compared to the adjacent carbon atoms. 
This enhances the partial positive charge on the hydrogen atoms in -OH 
and -NH groups, resulting in higher electrostatic potentials on the sur
rounding surfaces. Consequently, these regions become more suscepti
ble to nucleophilic reactions. Obviously, the N-containing functional 
group enriched the electron density of CIP (Fig. 7a), which facilitated 
the complexation of CIP with PCH through the π-bonding of the aromatic 

ring to form a conjugated system. Upon modification of graphite plane, 
PCH with -OH, C––O, O-P and C-P-O groups (Fig. 7b-f), the overall po
tential of the aromatic ring increased. However, the potential at the 
edges of the functional groups decreased significantly, particularly for 
the O-P group. These results suggest that CIP is more likely to interact 
with these functional groups of PCH (Zhang et al., 2022). The Mulliken 
charge values are shown in Table S5. Hydrogen is the least electroneg
ative in the CIP molecule and is more likely to be positively charged in 
the molecule. Therefore, the oxygen atoms from the -OH (O41), C––O 
(O40), O-P (O37), and C-P-O (O39) groups displayed significantly 
stronger binding to the donor (H38) of CIP compared to other hydrogen 
bond acceptors. Similarly, O34 of CIP is capable of binding to the donor 
(H42) of the C-P-O group. The adsorption energy calculations is shown 
in Table S6, revealing the absolute values of the adsorption energies of 
various functional groups to CIP: Ead (O-P) = -1.113 eV > Ead (C-P-O) 
= -0.635 eV > Ead (C––O) = -0.425 eV > Ead (-OH) = -0.327 eV > Ead 
(CH) = -0.261 eV. The ESP and adsorption energy results mutually 
support the conclusion that the O-P structure of PCH may contribute 
most to CIP removal through hydrogen bonding interactions.

3.6. Reusability of PCH for CIP adsorption

The recycling performance of the adsorbents is of great significance 
for practical applications. To evaluate the regeneration ability of PCH, 
EtOH and 2 M HCl, 2 M NaOH were used as desorption agents for bio
char regeneration (Fig. 8a). The findings disclosed that the adsorption 
capacities after three cycles were 150.33 mg/g, 156.49 mg/g, and 
196.96 mg/g, respectively, which accounted for 54.04 %, 56.25 %, and 
70.79 % of the control group’s adsorption capacities. The adsorption 
capacity of PCH significantly decreased after 3 cycles, when 2 M HCl and 

Fig. 6. (a) Nitrogen adsorption isotherms and (b) pore size distributions of PCH before and after adsorption, (c-e) high-resolution XPS spectra of PCH before and after 
CIP adsorption.
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2 M NaOH were added compared to the addition of EtOH. This indicates 
that the desorption effects of HCl and NaOH on CIP are undesirable. 
However, this result indicates that PCH exhibits relatively good 
adsorption stability in acidic and alkaline environments. When EtOH 
was used as the desorption agent, PCH was capable of effectively 
removing CIP in each cycle, and it retained a good adsorption capacity 
after 3-cycles. These results indicate that PCH exhibited excellent 
recyclability.

3.7. Application of PCH in realistic wastewater and other organic 
pollutant

Pharmaceutical wastewater (secondary effluent) was used to esti
mate the performance of PCH in eliminating pollutants from the real 
wastewater. Added 1 g/L of PCH to the wastewater without pH adjust
ment, and the mixture was then stirred at 120 rpm for 2 h. Three- 
dimensional excitation emission matrix fluorescence spectroscopy (3D 
EEMs) showed strong peak (Ex/Em of 220–400 nm/330–520 nm) of the 
original pharmaceutical wastewater indicated the presence of multiple 
pollutants, and the fluorescence intensity disappeared after adsorption 
(Fig. 8b and c), implying that PCH had a significant impact on real 
wastewater. In addition, CODCr (mg/L) was detected to decrease from 
486.45 to 50.14, and TOC (mg/L) was measured to have decreased from 
71.63 to 21.33, which satisfied the emission standards of 120 mg/L and 
30 mg/L (SEPA, 2008), respectively. PCH also reduced the color of the 
effluent, transforming it from brown to transparent (Fig. S1). These 

results further suggest that PCH has great potential for application in 
wastewater purification.

To further test the adsorption performance of PCH, its ability to 
remove other types of contaminants, such as orange-yellow G (OG), 
tetracycline (TC), and acetaminophen (AP), was tested. As shown in 
Fig. 8d-f, for any pollutant with a concentration of less than 40 mg/L, 
the elimination rate will be at least 85 %. The results show that PCH 
exhibits commendable universal performance in practical applications.

4. Conclusion

In this work, PCH was successfully synthesized by activating cotton 
husks with H3PO4 and applied for adsorption of CIP. H3PO4 activation 
improved the pore volume (0.45 cm3/g) and specific surface area 
(316.1 m2/g) of the biochar. The largest adsorption capacity of PCH for 
CIP amounted to 572.8 mg/g at 25℃, which is attributed to the plentiful 
functional groups and ideal pore structure of PCH. The economic 
assessment indicates that the production PCH are highly feasible. DFT 
calculations demonstrates that the O-P group has the highest adsorption 
energy for CIP. Combined with the ESP results, it indicates that the O-P 
structure may significantly contribute to the removal of CIP through 
hydrogen bonding. Moreover, PCH has superior adsorption character
istics for real wastewater and various organic pollutants. Thus, PCH may 
be a prospective material for the elimination of organic contaminants 
from wastewater.

Fig. 7. The surface ESP and Mulliken charge distributions of (a) CIP, (b) CH and (c-f) PCH wtih different oxygen-containing functional groups.
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