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ABSTRACT
The emerging pollutant chloramphenicol (CAP) is highly environmentally persistent and biotoxic, causing extreme environ-
mental harm. This study investigates the removal of CAP from aqueous solutions using biochar derived from pinecones. The
biochars were activated at 800°C using KOH with different mass ratios to the carbonized sample (2:1, 4:1, and 6:1). Among them,
the biochar with a KOH ratio of 4:1 (PCK4‐800) exhibits the highest pore volume (1.8 cm3 g−1) and a specific surface area
(3131.6 m2 g−1). Batch experiments reveal that the CAP adsorption capacity of the biochar is positively correlated with its specific
surface area. At pH 7, PCK4‐800 achieves a removal efficiency of up to 92% for a 100 mg L−1 CAP solution using a dosage of just
0.1 g L−1. This performance surpasses that of recently reported adsorbents. Kinetic and thermodynamic model fitting results
indicate that chemical adsorption within a monomolecular layer dominates physical adsorption. The primary adsorption
mechanisms involve pore filling and π‐π interactions, while secondary mechanisms include electrostatic effects and hydrogen
bonding. Thermodynamic parameters confirm that the adsorption process is endothermic and spontaneous. Moreover, the
removal efficiency of PCK4‐800 remains above 80% after five regeneration cycles. In summary, the high removal efficiency and
excellent regeneration potential of PCK4‐800 demonstrate its suitability as an effective adsorbent for antibiotic removal.

1 | Introduction

Antibiotics are extensively used in both human and veterinary
medicine, playing a crucial role in modern healthcare systems
[1]. However, the increasing use of antibiotics has led to the
discharge of significant amounts of antibiotic‐containing
wastewater into aquatic environments. It has been found that
94 antibiotics have been detected in 25 aquatic environments
across China, including groundwater, tap water, surface water,

and seawater [2]. Many of these antibiotics are resistant to
degradation and are usually discharged directly into water
bodies as undecomposed drugs, causing significant risks to the
ecological environment [3].

As an emerging wide‐spectrum antibiotic, chloramphenicol
(CAP) has been extensively studied due to its potential carci-
nogenicity and toxicity in humans and animals [4, 5]. CAP can
cause aplastic anemia in many animals (e.g., cats, dogs, pigs,

Abbreviations: C0, The initial CAP concentration mg L−1; Ce, The equilibrium concentration of CAP solution mg L−1; Ct, The CAP concentration at a predetermined time t mg L−1; k1, The PFO
kinetic constant min−1; k2, The PSO kinetic constant g (mg min)−1; KD, The adsorption equilibrium constant L g−1; KF, The Freundlich constant L mg−1; KL, The Langmuir constant L mg−1; m, the
mass of the adsorbents g; qe, The adsorption capacities at equilibrium mg g−1; qm, The maximum adsorption capacity of CAP mg g−1; qt, Removal capacity mg g−1; qt, The adsorption capacities at
time t mg g−1; R, The removal rate %; R, The universal gas constant J (mol K)−1; t, A specific contact time s; T, Absolute temperature K; V, The volume of CAP solution L; ΔG0, The Gibbs free energy
kJ mol−1; ΔH0, The enthalpy change kJ mol−1; ΔS0, The entropy change J (mol K)−1; PZC, The point of zero charge /.
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etc.) and humans and is extremely lethal. CAP may inhibit bone
marrow function in humans, and some individuals may vomit
and have intestinal dysbiosis [6]. Its persistence in water bodies
may lead to bioaccumulation and long‐term harm to aquatic
organisms [7]. These unfavorable impacts have led to an explicit
ban on CAP addition to animal feed in many countries,
including Australia, the United States, China, and some Euro-
pean countries [8]. Antibiotic pollution in Japan is primarily
attributed to sources such as pharmaceutical manufacturing,
improper disposal of unused medicines, and agricultural prac-
tices. Studies have detected the presence of antibiotics in rivers,
wastewater, and soils, highlighting their persistence in the
environment. Therefore, Japan enacted special laws and regu-
lations for the environmental management of chemical sub-
stances in the 1960s and 1970s to promote the environmental
risk control of new pollutants [9]. Moreover, studies have shown
that CAP may be present in foodstuffs such as milk and eggs, so
the Japanese government has established strict testing and
regulatory standards for CAP residues in foodstuffs [10].

It is difficult to remove antibiotics completely through conven-
tional wastewater treatment techniques, so developing an effec-
tive and sustainable remediation technique is necessary. Many
studies have reported various techniques for antibiotic removal
from water. The common ones are adsorption [11], advanced
oxidation [12], membrane separation [13], photocatalysis [14]
and biodegradation [15]. Among these, adsorption stands out
among the techniques for removing antibiotics for its low cost,
effectiveness, and accessibility. Additionally, it is effective in
large‐scale wastewater treatment [16]. Biochar is a common
adsorbent for antibiotic removal as its surface has abundant
oxygen‐containing groups. There are abundant biomass raw
materials in nature (e.g., agricultural wastes [17, 18], animal
manure [19], municipal sludge [20]), and converting these wastes
into highly efficient adsorbents is an effective way of resource
utilization.

Pinecone (PC) is a common bio‐waste in Japan. The high carbon
content (42.64%) and low ash content (0.9%) make it particularly
suitable for biochar production [21]. However, pristine biochar
is often limited by its surface chemistry, resulting in relatively
low removal efficiency for antibiotics. Generally, the biochar
activated by chemical reagents was more efficient than physical
methods [22]. Chemical activation can increase biochar's

specific surface area and pore volume and effectively improve
the oxygen‐containing functional groups. Therefore, it is
commonly used to modify biochar to enhance its adsorption
performance [23]. Li et al. [24] reported that H3PO4‐activated
pinecone biochar for Zn2þ removal from wastewater and
showed that the prepared carbon had excellent adsorption ca-
pacity (20 mg L−1) and good regeneration performance. Taheran
[25] improved the adsorption efficiency of biochar by NaOH
treatment and reached the optimum adsorption capacity
(208.3 mg g−1) for chlortetracycline (CTC). Although using
pinecone biochar for removing antibiotics, heavy metal ions,
and dyes has already been reported, no study has been done on
using pinecone carbon adsorbents for CAP removal from water.

In this study, pinecone‐based biochar was prepared using KOH
as a chemical activator at three different activation ratios. Batch
experiments were conducted to examine the effects of initial pH,
dosage, and reaction temperature on the CAP removal process.
In addition, dynamic and isothermal modeling was employed to
evaluate the CAP adsorption behavior onto the activated carbon.
Finally, the interaction mechanism between KOH‐activated
biochar and CAP was elucidated through characterization and
simulation results.

2 | Materials and Methods

2.1 | Chemicals

The raw biomass, pinecones, was easily collected from the seaside
of Fukuoka City, Japan. After that, they were washed, dried,
crushed, and sieved to obtain the precursor samples. HCl
(1 mol L−1), KOH, NaOH, and chloramphenicol (CAP) were
purchased from Sigma Aldrich. The materials and chemicals are
analytically pure and have not been further purified or modified.

2.2 | Synthesis of Pinecone Biochar

The biochar prepared in this work was obtained by chemical
activation. Figure 1 describes the procedure in detail. In a
typical synthesis, pinecones were subjected to pre‐treatments to
obtain precursor powders. The powder samples were pyrolyzed
at 600°C for 1 h (heating rate: 5°C min−1). The biochar was

FIGURE 1 | The synthesis process of the PCKx‐800 biochars from waste pinecone.
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cooled and named PC600. To obtain the activated carbon, 1 g of
biochar was thoroughly mixed with 2, 4, and 6 g of KOH solids,
respectively. Subsequently, the above mixture was activated at
800°C for one hour in a N2 atmosphere. After cooling, the
biochar was ground and sieved (100 mesh).

Finally, the carbons were washed repeatedly with deionized
water and 1 M HCl solution. The washing process involved
soaking the carbon in the acid solution for 4 h with intermittent
stirring 3 times, followed by repeated rinsing with deionized
water until the pH stabilized at neutrality (approximately pH 7),
indicating the complete removal of residual acid and impurities.
It was then dried in a vacuum oven overnight at 80°C to remove
moisture and other volatile materials. The final activated carbon
samples were named PCK2‐800, PCK4‐800, PCK6‐800.

2.3 | Characterization

The yield of the synthesized carbon was calculated by Equa-
tion (1) as follows:

Yield (wt%) =
Mass of sample before treatment

Mass of precursor material
× 100% (1)

N2 adsorption/desorption isotherm was performed at 77K on the
synthesized biochars to obtain the porous properties using a
3FLEX surface analyzer (Micromeritics Instruments, Japan).
The samples were degassed under vacuum for 6 h before the
measurement. A JSM‐7900F scanning electron microscope
(SEM) was employed to observe the microscopic morphology of
the samples up to a magnification of 10,000. The functional
groups were determined by an FT‐IR spectrometer (Nicolet
iN10). The activated carbon's zero charge (pHpzc) was deter-
mined primarily using the salt addition method. 5 mg of PCK4‐
800 and 0.01 M NaCl solution (50 mL) were mixed and stirred at
25°C for one day. The initial pH was adjusted to 2.0–11.0 (using
0.1 mol L−1 HCl or NaOH), and the intersection of the curve
with the x‐axis obtained by recording the change in pH was
considered to be the equipotential charge point of PCK4‐800.

2.4 | Batch Experiments

Three hours of batch experiments were performed to evaluate the
adsorption capacity of different activated carbon samples. The
experiments were conducted with an initial concentration of
100 mg L−1 and a pH value of 6.32 for the CAP solution. One‐way
Analysis of Variance was used to control the dosage (0.05–
0.3 gL−1), initial pH (3–11), and reaction temperature (298–318K)
to investigate the different impact factors on the adsorption
process.

In adsorption kinetics experiments, 5 mg biochar was added to a
solution of 50 mL with 100 mg L−1 CAP amount at 298 K. After
a specific time, the samples were collected until an adsorption
equilibrium was reached. An adsorption isotherm was drawn
according to the dependence of the adsorption capacity on the

equilibrium concentration by changing the CAP initial con-
centration. The adsorption thermodynamics were examined at
298, 308, and 318 K. The experimental data were fitted using
several kinetic and isothermal models.

The solution was taken 2 mL at a time and filtered using a
membrane filter (0.45 μm). Then, they were further analyzed
using a UV‐VIS spectrophotometer. The adsorption capacity and
removal rate were calculated through Equations (2) and (3) to
evaluate the performance of different activated carbon adsor-
bents for CAP removal from aqueous environments.

qt =
V(C0 − Ct)

m
(2)

R (%) =
C0 − Ct

C0
× 100 (3)

2.5 | Adsorption Kinetic

In the kinetic experiment, 5 mg of biochar was added to the
CAP solution of 50 mL at various initial concentrations (50, 100,
200 mg L−1) and shaken at 298 K and 1000 rpm for 180 min. A
certain amount of adsorbent was collected at different intervals
(5, 10, 15, 20, 25, 30, 40, 50, 60, 90, 120, 150, and 180 min) and
tested the residual concentration of CAP. The pseudo‐first‐order
(PFO) and pseudo‐second‐order (PSO) kinetic models were
applied to fit the experimental data, which can evaluate the
adsorption mechanism between CAP molecules and the modi-
fied biochar. The formulas are shown in Equations (4) and (5).

ln(qe − qt) = ln qe − k1t (4)

t
qt
=

1
k2qe2 +

t
qe

(5)

2.6 | Adsorption Isotherm

The adsorption experiments were conducted at various initial
concentrations (30, 50, 80, 100, 150, 200, and 300 mg L−1) and
different temperatures (298, 308, and 318 K). After equilibra-
tion, the remaining CAP solution concentration was deter-
mined. The Langmuir and Freundlich isotherm models were
used to fit the obtained experimental data, and the relevant
parameters were estimated and analyzed by non‐linear regres-
sion to determine the adsorption characteristics. The calculation
equations are represented in Equations (6) and (7).

qe =
KLqmCe

1 + KLCe
(6)

qe = KFCe
1/n (7)

2.7 | Adsorption Thermodynamic

The main objective of the thermodynamic analysis was to eluci-
date the primary mechanism of antibiotic removal by activated
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carbon. The relevant thermodynamic parameters (Equations (8)–
(11)) were estimated using the Van't Hoff equation.

KD =
qe

Ce
(8)

ΔG0 = −RT ln KD (9)

ΔG0 = ΔH0 − TΔS0 (10)

ln KD =
ΔS0

R
−

ΔH0

RT
(11)

2.8 | Regeneration Property

The regenerability of the activated carbon was evaluated by
multiple adsorption‐desorption cycle experiments. The CAP was
desorbed with a mixture of ethanol and 0.1 mol L−1 HCl (vol-
ume ratio 1:1, pH = 1). The used PCK4‐800 was first vacuum
filtered and ultrasonicated in the emulsion solution at 45°C for
30 min, followed by stirring for 24 h. The activated carbon was
then collected by vacuum filtration, rinsed with deionized water
and ethanol, and finally placed in a drying oven at 100°C
overnight. The residual concentration of CAP was determined
when the adsorption process ended, and the removal rate and
adsorption capacity were calculated.

3 | Results and Discussion

3.1 | Characterization of Pinecone Biochar

3.1.1 | SEM

The microstructure of PC600 and PCKx‐800 was characterized by
SEM (Figure 2). It was seen that there is a significant difference
between their morphology and pore structure. Compared to the
smooth and dense surface of PC600, a clear pore structure was
observed on the surface of the KOH‐activated biochar. At high
temperatures, Kþ and OH− produced by the decomposition of
KOH were reacted with carbon atoms. The generated products
(K2CO3 and K2O) caused corrosion and reorganization of the
carbon skeleton, which increased the biochar's specific surface
area and pore size [26]. The potassium metal generated from the
carbon‐reduced potassium compounds effectively inserts into the
carbon matrix, leading to lattice expansion and promoting
further expansion of the pore structure [27]. Therefore, PCKx‐800
(Figure 2b‐d) has a rough surface and a graded porous structure.
In addition, with increased KOH ratio, the surface particles were
almost completely disintegrated, and the pore size increased. For
PCK6‐800 (Figure 2d), the carbon skeleton structure collapsed,
and the grooves on the surface were destroyed due to the exces-
sive amount of activator. This phenomenon illustrates that the
degree of activation greatly influences the pore structure of bio-

FIGURE 2 | The SEM images of carbonized and activated pinecone: (a) PC600; (b) PCK2‐800; (c) PCK4‐800; (d) PCK6‐800.
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char, which is directly related to the activator dosage and acti-
vation time.

3.1.2 | FT‐IR

The FT‐IR spectra of different biochars are shown in Figure 3a.
All samples had a broader weak peak near 3500 cm−1, attributed
to the stretching vibration of ‐OH. This peak gradually weak-
ened as the activation ratio increased, indicating a more com-
plete activation. The multiple peaks in the 1000–1500 cm−1

region may be related to the vibration of C‐O or C‐H bonds. It
noted that certain oxidizing functional groups were introduced
during the activation treatment. The peaks in 1500–1700 cm−1

are associated with the vibration of C=C, suggesting that more
graphitized carbon may be present in the char structure with
increasing activation [28]. As the ratio of KOH increased, the
characteristic absorption peaks appeared in the low‐wave
number region (1000–1500 cm−1) gradually enhanced, indi-
cating that more oxidized groups and defective structures were
introduced. KOH activation effectively improved the oxygen‐
containing functional groups on the carbon material surfaces,
which was conducive to improving their adsorption properties.

The FT‐IR of PCK4‐800 before and after the adsorption of CAP
was also examined as shown in Figure 3b. Compared to pristine
PCK4‐800, PCK4‐800 (CAP) showed new absorption peaks
around 1500–1750 cm−1, which corresponded to the stretching
vibrations of the C=O bond and were related to the amide and
carboxylic acid functional groups of CAP. It indicated the CAP
molecule was bound to PCK4‐800 through specific forces. The
appearance of new absorption peaks near 3500–3900 cm−1

indicated that the O‐H or N‐H groups of CAP still appeared,
confirming that chloramphenicol was successfully adsorbed.
Therefore, the adsorption process primarily depends on the
interaction of the surface of activated carbon with the hydroxyl,
amino, or carbonyl groups of chloramphenicol.

3.1.3 | BET

Figure 4a,b show the N2 adsorption/desorption isotherms and
pore size distribution, respectively. According to IUPAC's defi-
nition of adsorption isotherms, PC600 and PCK2‐800 belong to
type I. PCK4‐800 and PCK6‐800 showed adsorption behaviors
between type I and type IV, with H4 hysteresis loops at relative
pressure P/P0 > 4.5 [29]. It indicated the combined contribution
of micropores and mesopores in the porous structure of the

FIGURE 4 | (a) N2 adsorption and desorption isotherm and (b) pore size distribution.

FIGURE 3 | FT‐IR spectra of (a) synthesized biochars at different activation conditions, (b) PCK4‐800 before and after CAP removal in water.
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adsorbents. Figure 4b also confirmed the presence of mesopores,
which facilitated the adsorption of antibiotic macromolecular
pollutants, illustrating that the prepared KOH‐activated biochar
was a micro mesoporous material.

Table 1 summarizes the calculated SSA, total pore volume, and
activation yield. The SSA of PCK4‐800 at an activation ratio of
4:1 was significantly increased to 3131.60 m2 g−1, which was
much higher than PC600 (595.05 m2 g−1) and PCK2‐800
(2493.86 m2 g−1). Such an increase results from a uniform
pore structure produced by internal etching. The decrease in
SSA of PCK6‐800 may be related to pore collapse and corrosion
caused by over‐activation, which is consistent with the SEM
results [30]. Other studies have reported similar results [31].
Moreover, the pore volume increased to 1.848 cm3 g−1 with the
rise of the activation ratio, while the activation yield became
lower and lower, indicating a more thorough activation. The
results showed that the activation ratio greatly influences the
pore structure of activated carbon. With the well‐developed pore
structure of the prepared KOH‐activated biochar, it is likely that

CAP molecules will be effectively attracted to the biochar's
surface and internal pores via pore filling [32].

3.2 | Impact Factors for CAP Removal

3.2.1 | Effect of KOH Ratio

Most studies have shown that increasing the ratio of KOH to the
material will improve the SSA and increase the adsorption ca-
pacity of antibiotics. Figure 5a demonstrates the effect of the
KOH ratio increase on antibiotic removal from biochar. Overall,
the adsorption of antibiotics on the four biochars was accom-
panied by two phases: a rapid increase of removal within the
initial 30 min and a stabilization process during 30–180 min.
During the initial rapid adsorption stage, abundant adsorption
sites of the biochar surface were available, and CAP was rapidly
adsorbed onto these active sites. After that, a higher concen-
tration gradient increased the mass transfer rate from the

TABLE 1 | Physicochemical properties of the synthesized activated carbons.

Sample Activation ratio Specific surface area SBET (m2 g−1) Total pore volume vp (cm3 g−1) Activation yield (%)
PC600 / 595.05 0.170 /

PCK2‐800 2:1 2493.86 0.887 55.7

PCK4‐800 4:1 3131.60 1.800 52.7

PCK6‐800 6:1 2768.60 1.848 50.3

FIGURE 5 | The impact factors of CAP removal on pinecone biochar: (a) Effect of contact time; (b) Effect of adsorbent dosage; (c) Effect of initial
pH; (d) Effect of temperature.
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solution to the adsorbent surface [33]. Most adsorption sites
were saturated with CAP molecules during the stabilization
period, leading to a stable removal rate. It indicates that the
adsorption can reach equilibrium at 180 min. It can be observed
that the increased activation ratio improved the CAP removal
rate. In particular, the removal rate of PCK4‐800 reached 85%
after 30 min and 91% at equilibrium, which is 1.8 times higher
than the removal efficiency of PC600 (50%). From the economic
and adsorption performance viewpoints, PCK4‐800 was selected
as the best adsorbent to be further explored in subsequent
experiments.

3.2.2 | Effect of Adsorbent Dosage

The effect of adsorbent dosage on CAP removal by PCK4‐800 is
shown in Figure 5b. As the dosage increased to 0.3 g L−1, the
removal efficiency increased largely to 100%. The increase in
adsorbent dose promotes the interaction between CAP mole-
cules and more adsorption sites, contributing to the adsorption
capacity. However, the sorption capacity showed an increasing
and then decreasing trend due to the increased diffusion path of
the adsorbent and the overlapping adsorption sites, and reached
a maximum value (915.74 mg g−1) at the adsorbent dosage of
0.1 g L−1 [34]. Therefore, from an economic and adsorption
effect viewpoint, the optimum adsorbent dosage was 0.1 g L−1,
and the removal efficiency could reach 91.22% under this
condition.

3.2.3 | Effect of Initial pH

The initial pH can affect the surface charge characteristics of the
biochar and the morphology of antibiotics. Figure 6 character-
izes the charge distribution on the biochar surface. The pHPZC of
PCK4‐800 is 5.94, at which point the sample is neutral. When
the pH is lower than 5.94, PCK4‐800 is negatively charged, and
when greater than 5.94, it is positively charged. Besides, re-
searchers reported that CAP has a pKa of 5.5, and when the pH
is higher than 5.5, chloramphenicol deprotonates to become
CAP−. Figure 5c shows how the initial pH affected the CAP

removal process. At pH 3.0, the CAP removal efficiency
decreased sharply to only 21.8% compared with the natural pH
(pH0 = 6.32). However, as the pH increased to 7.0, the CAP
removal rate rapidly increased to a maximum of 92.0%. Inter-
estingly, the adsorption performance of PCK4‐800 for CAP
adsorption did not change remarkably when the pH rose to 11.0.
A higher CAP removal rate was observed for pH values between
6.0 and 11.0, suggesting that the surface of the biochar plays a
positive role in terms of positive charge. Under this condition,
the adsorbent and the pollutant were bound together mainly
through electrostatic interactions and hydrogen bonding,
significantly improving the removal effect. The removal rate
between 5.0 and 6.0 was still high over 90%, which suggested
that except for electrostatic interactions, π‐π interactions or
hydrogen bonding might also exist. Therefore, the biochar
PCK4‐800 synthesized in this study can adapt to a wide pH
range of acidity and alkalinity, and has a broad practical
application value. In the subsequent study, an excellent
adsorption effect can be achieved without pre‐adjusting the pH
of the CAP.

3.2.4 | Effect of Reactive Temperature

Figure 5d described the reaction temperature effect on the CAP
adsorption onto PCK4‐800. Three hours were taken as the
adsorption equilibrium time, and the removal rate was recorded
at more than 90% at all temperatures. The PCK4‐800 adsorption
capacity increased slightly with increasing reaction tempera-
ture, indicating that the sorption was endothermic [35]. How-
ever, there was no significant increase in the removal rate due to
higher reaction temperatures, concordantly with the findings of
Idham et al. [36]. Consequently, the reaction temperature has
little influence on the adsorption process, demonstrating that
the CAP adsorption by PCK4‐800 is mainly dominated by
chemical adsorption. Considering the practical application and
economy, the reaction temperature was chosen to be 298 K (the
adsorption capacity was 912.2 mg g−1).

3.3 | Adsorption Kinetic Analysis

It is beneficial in emphasizing the speed‐limiting step and
revealing the adsorption mechanism by adsorption kinetics. To
characterize the adsorption process, we selected three initial
concentrations of CAP and measured the adsorption volume at
different times. Figure 7 displayed the adsorption kinetic pro-
files of CAP on PCK4‐800 at three different initial concentra-
tions. Overall, the rapid adsorption occurred in the initial
30 min because abundant adsorption sites were available for
CAP binding in the early stage of the reaction. The adsorption
gradually reached equilibrium in the second stage within 30–
180 min. It was easily found that the CAP adsorption capacity
(from 400 to 1400 mg g−1) is proportional to the initial con-
centration. Probably because the concentration difference pro-
vided a larger driving force, the adsorption sites on the biochar
surface were taken by more adsorbate [37]. In addition, the
higher concentration of solute molecules enhanced interaction
with the biochar surface, which in turn increased the adsorption
capacity.FIGURE 6 | The zero electric charge (pHpzc) of PCK4‐800.
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Table 2 shows several parameters of the PFO and PSO kinetic
models fitted to the experimental data. By comparing the R2

(correlation coefficients), the R2 of the PSO model were all more
than 0.99900, which was higher than the PFO model (0.98984–
0.99296). The results indicated that the PSO model described the
adsorption process better, implying a predominance of the
adsorption process by chemical adsorption. In addition, there is
a closer approximation to the experimental data for the
adsorption capacity calculated from the PSO model.

3.4 | Adsorption Isotherm Analysis

Langmuir and Freundlich models simulated adsorption data at
various temperatures, which are shown in Figure 8. Table 3
furnishes the relevant fitting data. Compared to the Freundlich
model, the R2 of the Langmuir model is closer to 1 (R2 > 0.98),

indicating that monolayer adsorption is the primary mecha-
nism. The maximum monolayer adsorption capacity (qmax) of
PCK4‐800 was 1991.19 mg g−1 at 298 K. The significant SSA and
abundant oxygen‐containing functional groups greatly enhance
the removal efficiency, which is competitive with recently re-
ported adsorbents (Table 4). It shows that PCK4‐800 is a low‐
cost and efficient adsorbent.

3.5 | Adsorption Thermodynamic Analysis

The thermodynamic data in Table 5 provide insights into the
removal process of chloramphenicol on activated carbon.
Table 5 listed the calculated thermodynamic parameters at
different temperatures. The negative ∆G0 proved the thermo-
dynamic feasibility and spontaneous proceeding for CAP onto
the activated carbon. And ∆G0 decreased with increasing

FIGURE 7 | The kinetic models were fitted to the experimental data. (a) Pseudo‐first‐order (PFO); (b) Pseudo‐second‐order (PSO).

TABLE 2 | Fitting values of the adsorption kinetic models for CAP by 0.1 g L−1 PCK4‐800.

CAP initial
concentration (mg L−1)

Pseudo‐first‐order Pseudo‐second‐order
qe (mg g−1) k1 (min−1) R2 qe (mg g−1) k2 (g (mg min) −1) R2

50 440.04 0.175 0.98984 460.83 0.000913 0.99981

100 888.74 0.280 0.99312 943.40 0.000845 0.99995

200 1332.21 0.282 0.99296 1369.88 0.000685 0.99996

FIGURE 8 | Adsorption isotherms simulated with (a) Langmuir and (b) Freundlich models.
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temperature, indicating that higher temperature provides a
more significant driving force. In addition, positive values of
∆H0 indicated the adsorption process was endothermic. The
entropy change value ∆S0 was positive, suggesting that the
randomness and disorder at the solid‐liquid interface between
the adsorbent and the adsorbate increased.

3.6 | Effect of Coexisting Ions

Industrial and medical wastewater typically contains a variety of
anions and cations, and these co‐existing ions may affect the
adsorption performance of the activated carbon through mech-
anisms such as competitive adsorption, charge neutralization, or
alteration of the chemical environment in solution. Therefore, it
is important to fully investigate the effect of coexisting ions on
CAP removal by PCK4‐800 in order to optimize the adsorption
conditions. It also provides some theoretical foundations for the
practical application of activated carbon in complex environ-
ments. Figure 9 explored the effect of three cations (Naþ, Ca2þ,
Mg2þ) and three anions (NO3

−, H2PO4
−, Cl−).

Figure 9a showed that Naþ slightly reduced the removal of CAP
with a reduction of 3.97%. On the contrary, the divalent cations
Ca2þ and Mg2þ had stronger inhibitory effects than Naþ, and
the CAP removal efficiency decreased by 9.55% and 5.98% when
the concentration was increased from 0 to 20 mM. The negative
effects of cations on CAP removal by PCK4‐800 were in the
order of Naþ< Mg2þ< Ca2þ. Divalent cations have a higher

charge density and are more likely to interact electrostatically
with negatively charged functional groups (e.g., carboxyl and
hydroxyl) on the biochar surface than monovalent ions, which
occupy the adsorption sites and thus reduce the adsorption of
CAP [44, 45].

Figure 9b depicted that monovalent Cl− hardly affected the
adsorption effect of CAP as the removal efficiency decreased
from 90.2% to 89.1%. Secondly, the removal efficiency decreased
to 86% when the concentration of H2PO4

− ion was increased
from 0 to 20 mM. While NO3

− showed a strong inhibitory effect.
The overall order of negative effects was Cl− < H2PO4

− < NO3
−.

Cl− responded weakly to surface repulsion due to its lower
hydration energy and polarity. H2PO4

− was detected on the
activated carbon surface through the interaction with functional
groups by hydrogen bond formation, which increased the
adsorption tendency. On the other hand, it has been well proved
in the literature that NO3

− significantly reduces the adsorption
capacity of chloramphenicol by altering the polarity of the so-
lution and the adsorption site charge distribution [46].

3.7 | Regeneration Property of Adsorbent

Overall, the recyclability of biochar is more economical in
practical applications. Figure 10 examined the removal effi-
ciency after five cycles using the mixture solution to desorb CAP
from the biochar. The removal rate of biochar gradually
decreased with increasing desorption cycles, attributed to the

TABLE 3 | Adsorption isotherm data was obtained using Langmuir and Freundlich models.

Temperature (K)
Langmuir Freundlich

qm (mg g−1) KL (L mg−1) R2 KF (L mg−1) n R2

298 1991.19 0.0826 0.98593 383.44 2.909 0.96664

308 1994.50 0.0851 0.99246 376.44 2.863 0.97329

318 2218.50 0.0638 0.99906 331.25 2.556 0.96887

TABLE 4 | CAP adsorption performance of various adsorbents.

Adsorbent pH
C0

(mg L−1)
Tem.
(°C)

Dosage
(g L−1)

qm
(mg g−1) Ref.

Peanut shell‐based biochar 7 300 40 1 423.7 [38]

Enteromorpha prolifera ‐based activated carbon — 400–1000 20 0.5 709.2 [39]

Core‐shell surface imprinted polymers based on magnetic chitosan — 32.31 25 0.5 403.92 [40]

Nanoscale zero‐valent iron‐supported biochar 7 150 50 0.02 1563.97 [41]

Hierarchical porous biochar from sodium carboxymethyl cellulose 3 150 45 0.2 879.68 [42]

Shrimp shell‐based hierarchical porous carbons 6.94 200 45 0.3 742.4 [43]

Pinecone‐based activated carbon 6.32 100 25 0.1 1991.19 Present study

TABLE 5 | Thermodynamic data for CAP removal.

Temperature (K) lnKD ∆G0 (kJ mol−1) ∆H0 (kJ mol −1) ∆S0 (J (mol K)−1) R2

298 4.371 −10.94 4.68 52.04 0.996

308 4.426 −11.51

318 4.490 −11.56
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CAP occupying the available active sites of biochar. However,
the adsorption performance of PCK4‐800 remained excellent
after four cycles, with the removal rate and adsorption capacity
of 84.3% and 843.3 mg g−1, respectively. After five elutions, CAP
removal was maintained above 80.35%, with a 10.9% reduction
in adsorption capacity. It confirmed the superior regenerability
of PCK4‐800 after five cycles of regeneration, so the pinecone‐
based activated carbon is an efficient and economic antibiotic
adsorbent.

3.8 | Practical Applicability

To examine the practical application potential of PCK4‐800, the
batch adsorption experiments were conducted by collecting
natural surface water from rivers in Fukuoka City, Japan.
Figure 11 demonstrates the true CAP (20 mg L−1) removal ef-
ficiency of PCK4‐800 at different time intervals and dosages. At
the low dose of 0.1 g L−1, the adsorbent didn't seem to have
favorable results. As the dosage was increased to 0.15 g L−1, the
adsorption effect was significantly enhanced, and more than
80% CAP removal efficiency could be achieved within 24 h.
More interestingly, when the dosage was further increased to
0.2 g L−1, it was feasible to remove almost 100% of CAP from

natural surface water within 24 h. At low doses, the removal
efficiency of CAP is low due to the limited amount of active
adsorption sites on the biochar surface. It is particularly obvious
in complex aqueous environments. Therefore, increasing the
dose can provide more adsorption sites and thus enhance the
removal effect of CAP. The results of this experiment verified
this trend. It proves the feasibility of using PCK4‐800 to remove
CAP in real aqueous environments.

3.9 | Adsorption Mechanisms

Through characterization of the chemical adsorption structure of
the biochar, batch experiments, and model fitting analysis, the
mechanism of CAP adsorption on PCK4‐800 is hypothesized, as
shown in Figure 12. BET and SEM results proved that the surface
of PCK4‐800 became roughened and exhibited extremely high
SSA, which could provide more adsorption active sites for CAP.
Moreover, the adsorption capacity was positively correlated with
the SSA of the biochar, indicating that the pore filling was the
primary adsorption mechanism [47]. The adsorption kinetics
analysis revealed that chemical adsorption played a significant

FIGURE 10 | The stability and recyclability of PCK4‐800 on CAP
adsorption.

FIGURE 11 | The performance of PCK4‐800 in removing CAP from
river water at different time intervals and dosages.

FIGURE 9 | Effect of coexisting ions on the performance of PCK4‐800. (a) Cations, (b) Anions.
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role and was governed by the pore‐filling mechanism as a
consequence of oxygenated functional groups. The FTIR results
indicated that there are C=C functional groups and a π‐electron‐
rich graphitized structure on the biochar surface; it can serve as a
π‐electron donor. Meanwhile, CAP has an aromatic ring and a
strong electron‐absorbing group ‐NO2 [48]. Therefore, the
adsorption of CAP on PCK4‐800 can be realized by a π‐π donor‐
acceptor mechanism. In addition, it was confirmed that electro-
static interaction was also a crucial mechanism since pH strongly
affected removal efficiency. The pHpzc of PCK4‐800 was 5.94, and
the biochar surface was positively charged when pH > 5.94.
When the pH was higher than 5.94, the CAP was negatively
charged and electrostatically interacted with the positively
charged biochar, which enhanced the adsorption of chloram-
phenicol. At pH = 5, the CAP removal rate was still as high as
90%, indicating that except for electrostatic interactions, both π‐π
interaction and hydrogen bonding mechanisms also contributed
to the adsorption process.

In conclusion, the CAP adsorption onto PCK4‐800 is governed
by a combination of the primary mechanism of pore filling and
π‐π interactions and a secondary mechanism such as electro-
static effects and hydrogen bonding. In fact, the adsorption of
antibiotics by biochar is not a homogenous action; the collab-
orative effect of these mechanisms provides this biochar with
excellent adsorption potential.

4 | Conclusions

In this study, high specific surface area pinecone‐based biochar
was successfully prepared using KOH activation, and batch
experiments demonstrated its excellent potential for removing
chloramphenicol (CAP) from aqueous environments. The KOH‐
activated biochar exhibited a highly developed surface area and
pore volume (3131.60 m2 g⁻1 and 1.80 cm³ g⁻1, respectively),

and the FTIR results confirmed the presence of abundant
oxygen‐containing functional groups on its surface. Batch ex-
periments further revealed that PCK4‐800 achieved the highest
CAP removal efficiency and adsorption capacity (91.22% and
912.2 mg g−1), with a positive correlation between adsorption
capacity and the specific surface area. The adsorption process
followed the pseudo‐second‐order kinetic model and Langmuir
isotherm, indicating monolayer and chemical adsorption. The
calorimetric values confirmed that the process was spontaneous
and endothermic. After three desorption cycles using hydro-
chloric acid with ethanol, the biochar retained a removal rate of
80%. The dominant mechanisms for CAP adsorption included
electrostatic interactions, pore filling, hydrogen bonding, and π‐
π interactions.

The results showed that biochar made from pinecone with a
high specific surface area is an efficient and cost‐effective
adsorbent with promising potential for antibiotic removal. In
addition, PCK4‐800 is stable enough to work under a wide pH
range (5–11) and temperature range (298–338 K) and can be
recycled for economic effect. In summary, this study is expected
to provide possible value for future large‐scale wastewater
treatment technologies.
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