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rmance of zero-valent iron-
loaded biochar for tetracycline antibiotics

Xingzhi Yang,†a Xichang Wu,†b Xinyun Liu,*a Yu Wangb and Anping Wang *b

Tetracycline hydrochloride (TCH) and oxytetracycline hydrochloride (OTC) are widely used tetracycline

antibiotics in global livestock production and the medical field. However, due to their strong chemical

stability and resistance to degradation, these antibiotics can cause severe environmental pollution.

Adsorption technology is an effective method for removing these drugs from wastewater. In this study,

hexahydrate ferric chloride (FeCl3$6H2O), 2-methylimidazole (C4H6N2), and potassium hydroxide (KOH)

were used to modify biochar (BC) derived from Camellia seed shells, enhancing its adsorption

performance for the TCH and OTC. The adsorption process primarily involves chemical adsorption and

multilayer adsorption mechanisms. Solution pH significantly affects adsorption efficiency, with an

optimum pH of 3. The maximum adsorption capacity for the TCH is 62.07 mg g−1, while for the OTC it is

41.28 mg g−1. An elevation in the operating temperature leads to a reduction in the adsorption capacity

of TCH, while the adsorption capacity of OTC exhibits an initial decline followed by a subsequent

increase. The adsorption mechanisms include p–p interactions, electrostatic forces, and hydrogen

bonding between the biochar and the antibiotics.
1. Introduction

Following the discovery of penicillin in the 20th century, the
development of antibiotics progressed rapidly. These drugs
have been highly effective in preventing bacterial infections and
protecting human health.1 Tetracycline hydrochloride (TCH)
and oxytetracycline hydrochloride (OTC) are two widely used
tetracycline antibiotics in both the global livestock industry and
the medical eld.2 TCH is resistant to degradation and can
persist in aquatic and terrestrial environments for extended
periods. Studies have shown that TCH may pose health risks,
including joint lesions, endocrine disorders, kidney disease,
and central nervous system defects.3,4 Due to its high environ-
mental mobility, the OTC has been detected in soil at concen-
trations of 300 mg kg−1 and in surface water at 15 mg L−1.5,6 The
stability, toxicity, and bioaccumulation potential of the OTC
classify it as a signicant environmental pollutant.7 Exposure to
the OTC can alter microbial communities, affect gene tran-
scription, and promote the proliferation of antibiotic-resistant
genes, thereby increasing risks to human health.8–10 To miti-
gate environmental pollution, it is imperative to develop effec-
tive methods for removing TCH and OTC from water bodies.
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Various physical and chemical techniques have been
explored for treating wastewater containing tetracyclines (TCs).
These methods include electrocoagulation,11 biodegradation,12

membrane separation,13 photocatalysis,14 photodegradation,15

advanced oxidation processes,16 and adsorption.17 Among these,
adsorption is favored due to its operational simplicity,
sustainability, cost-effectiveness, environmental friendliness,
and the reusability of adsorbents, which reduces overall treat-
ment costs.18 Consequently, adsorption is considered the
preferred method for removing organic pollutants from water.

Zero-valent iron (ZVI) effectively removes various pollutants,
including chlorinated organic compounds,19 heavy metal ions,20

and antibiotics.21–29 However, ZVI's reactivity decreases due to
oxidation and agglomeration, which result from its large
surface area. To address these issues, researchers have utilized
porous materials such as zeolite, montmorillonite, clay, gra-
phene oxide, and biochar (BC) to reduce nanoparticle aggrega-
tion.30 Biochar, a carbon-rich substance produced by pyrolyzing
biomass, is considered an excellent soil conditioner and
a valuable tool for remediating contaminated waterways.31 Its
superior adsorption capabilities enable the effective removal of
both organic and inorganic contaminants from water.32

Tharindu N. et al. reported a composite material combining ZVI
and renewable biomass obtained via pyrolytic reduction, which
outperformed both ZVI nanoparticles and biochar derived from
biomass when used independently as adsorbents.20 Further-
more, the adsorption capacity of biochar can be enhanced
through activation, with potassium hydroxide (KOH) commonly
employed in the synthesis of activated biochar.33
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Camellia oleifera, a species within the genus Camellia of the
family Theaceae, is widely cultivated in China. In 2023, the
cultivated area dedicated Camellia oleifera to cultivating China
encompassed roughly 4.67 covered approximately projections
indicate an expansion estimate this will expand million hect-
ares by the year 2025.34 Processing quantity of Camellia volume
generates substantial shell waste, leading to resource which
contributes and environmental concerns. More importantly
Camellia oleifera shells are rich in lignin and carbon, making
them a valuable feedstock producing carbon-based functional
materials.35,36 Meanwhile, through the pyrolysis of oil tea shells,
the Mn+ bound within is reduced to zero-valent metal, which is
a potential method for preparing zero-valent metal-loaded bi-
ochar for pollutant removal.

Therefore, we investigated the pyrolysis of tea tree shells to
reduce Fe, Zn, and Co metal salts in order to prepare modied
biochar for the removal of TCH and OTC from simulated
wastewater. The adsorption test indicated that BC-600, which
was loaded with zero-valent metal, shows the best adsorption
capacity for TCH and OTC from simulated wastewater. Various
characterization techniques were employed to analyze and
investigate the structural morphology and adsorption mecha-
nisms of BC-600. Adsorption kinetics and isotherm models
were applied to analyze the experimental data and gain a deeper
understanding of the adsorption mechanism. In addition, the
effects of the solution concentration, pH, operating tempera-
ture, and the number of repeated experiments on the adsorp-
tion efficiency were investigated.

2. Materials and methods
2.1 Preparation of biochar

Primitive biochar. Pyrolysis was carried out in a tube oven
using 10 g dried oil tea powder as raw material. Temperatures
increased by 5 °C min−1 to 500 °C and 600 °C, respectively, and
were maintained for 2 h to produce biochar. Throughout the
process, nitrogen gas is continuously supplied to maintain an
anaerobic environment. The resulting biochar is then sieved
through a 0.15 nm mesh.

Modied biochar. To achieve optimal adsorption perfor-
mance of modied biochar for tetracycline antibiotics, we
prepared nine different types of modied biochar. Herein, we
provide the preparation details for zero-valent iron-loaded bi-
ochar, which exhibits the highest capacity for antibiotic
removal. The methods for preparing the other modied bi-
ochars are the same as those used for zero-valent iron-loaded
biochar (Table S2). Briey, 40 g of tea seed shells, 20 m mol of
FeCl3$6H2O, and 80 m mol of 2-methylimidazole (C4H6N2) in
250 mL of deionized water. Stir the mixture for 24 h. Aer
drying, place the mixture in a tube furnace. Heat it in stages (5 °
C min−1) until it reaches 600 °C. Maintain this temperature for
2 h to prepare the biochar. Dissolve the pyrolyzed biochar in
water at a mass ratio of biochar to KOH to water of 1 : 2 : 20.
Thoroughly stir the mixture and transfer it to a magnetic stirrer.
Stir at 500 rpm and 25 °C for 24 h. Aer stirring, the mixture was
vacuum-ltered and dried. Then, the dried biochar was sub-
jected to a second pyrolysis under the same conditions as the
© 2025 The Author(s). Published by the Royal Society of Chemistry
initial process to ensure consistent temperatures and durations
for both steps. The activated biochar was sieved through
a 0.15 nm mesh screen. All modied biochar samples were
labeled BCX-Y, where X represents the type and Y denotes the
pyrolysis temperature.
2.2 Characterization of biochar

Scanning electron microscopy (Apreo 2, Thermo Fisher Scien-
tic, USA) assessed raw and modied biochar morphology.
Nitrogen adsorption–desorption isotherms (Microtrac Blue,
TriStar II Plus, Microtrac, USA) determined surface area and
pore characteristics. Thermogravimetric analysis (SDT Q 600,
TA Instruments, USA) evaluated thermal stability up to 800 °C.
FTIR (Nicolet iS10, Thermo Fisher Scientic, USA) identied
functional group changes. XRD (SmartLab 9, Rigaku, Japan)
analyzed crystalline phases. XPS (Escalab 250 Xi, Thermo Fisher
Scientic, USA) examined elemental composition and oxidation
states.
2.3 Adsorption experiments

First, a specied mass of the TCH and OTC was accurately
weighed, dissolved, and made up to a 300 mg L−1 solution,
followed by adjusting the pH to 4. Subsequently, combine 0.05 g
of BC-600 with 30 mL of each TCH and OTC solution in 50 mL
conical centrifuge tubes. Incubate the mixtures in a thermo-
static water bath shaker at 25 °C for 90 min to facilitate reaction.
Finally, lter out BC from the solutions and determine the
concentrations of the TCH and OTC in the supernatant using
UV-vis spectrophotometry (UV – 5500 PC, Shanghai Yuanxi
Instrument Co., Ltd).

Adsorption kinetics. 0.05 g of BC were mixed with 300
mg L−1 solutions of the TCH and OTC and reacted in a ther-
mostatic water bath shaker at 25 °C, with the solution pH
adjusted to 4. The reaction times ranged from 10 to 360 min,
with periodic measurements of the ltrate concentration.

Adsorption isotherms. Solutions of the TCH and OTC with
concentrations ranging from 50 to 500 mol L−1 were prepared.
Each solution was reacted with 0.05 g of BC at 25 °C for 90 min,
maintaining the solution pH at 4.

Effect of operating temperature. The water bath temperature
of the thermostatic shaker was set to 20, 25, 30, 35, 40, and 45 °
C. Then, 0.05 g of BC was interacted with 300 mg L−1 TCH and
OTC solutions (pH = 4) for 90 min, and the ltrate concentra-
tion was measured.

Effect of reaction temperature. The water bath temperature
of the thermostatic shaker was set to 20, 25, 30, 35, 40, and 45 °
C. Then, 0.05 g of BC was reacted with 300mg L−1 TCH and OTC
solutions (pH= 4) for 90min, and the ltrate concentration was
measured.

Reproducibility experiments. 0.10 g of BC was reacted with
TCH and OTC solutions, followed by ltration and concentra-
tion measurement. The ltered BC was statically adsorbed in
the desorption solution (1 mol L−1 NaOH) for 2 h. Aer ltra-
tion, BC was dried in an oven and re-reacted with TCH and OTC
solutions. This process was repeated ve times.
RSC Adv., 2025, 15, 38624–38635 | 38625
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In each experimental iteration, the antibiotic samples were
concurrently prepared without biochar or antibiotic
compounds. No measurable variation in the antibiotic
concentration was observed during the control trials. All
adsorption experiments were conducted in triplicate.
2.4 Data analysis

The adsorption capacity and removal efficiency were calculated
using eqn (1) and (2):37

Qe ¼ ðC0 � CÞV
m

(1)

R ¼ C0 � C

C0

� 100% (2)

where Qe represents the adsorption capacity (mg g−1); R denotes
the removal rate; C0 signies the initial concentration (mg L−1);
C is the remaining concentration aer biochar adsorption (mg
L−1); V is the solution volume; and m represents the biochar
dosage (g).

The Langmuir (eqn (3)), Freundlich (eqn (4)) adsorption
models were used to t the adsorption isotherm data.

Qe ¼ KLCeqmax

1þ KLCe

(3)

Qe = KFCe
1/n (4)

where Qe represents the adsorption capacity at equilibrium (mg
g−1); Ce denotes the concentration of the adsorbate in the
solution at equilibrium (mg L−1); KL (mg g−1) is the Langmuir
constant; KF (mg g−1) is the Freundlich constant; qmax (mg g−1)
is the sorption capacity; and n signies the adsorption intensity.

The quasi rst-order kinetic model eqn (5) and the quasi
second-order kinetic model eqn (6).
Fig. 1 SEM images of BC (a and b) and BC-600 (c and d).

38626 | RSC Adv., 2025, 15, 38624–38635
Qt = Qe(1 − e−K1t) (5)

t

Qe

¼ 1

K2 �Qe
2
þ t

Qe

(6)

where Qt (mg g−1) represents the adsorption amount at time t
(min); Qe (mg g−1) is the adsorption amount when equilibrium
is reached; K1 (min−1) is the rate constant for the rst-order
kinetics, and K2 (g mg−1 min−1) is the rate constant for the
second-order kinetics.

Thermodynamic analysis can be used to explore the trend of
the biochar adsorption process eqn (7)–(9). The thermodynamic
related formula is as follows.26

DG˚ = −RT ln k0 (7)

DG˚ = DH˚ − TDS˚ (8)

ln k0 ¼ DS�

R
� DH�

RT
(9)

where DG° (kJ mol−1) is the standard Gibbs free energy; DH° (kJ
mol−1) is the standard enthalpy change; DS° (J mol−1 K−1) is the
standard entropy change; R is the gas constant, the value is
8.314 J mol−1 K−1; k0 is the adsorption equilibrium constant
(Qe/Ce).
3. Results and discussion
3.1 Biochar characteristics

SEM was used to analyze the surface morphology of biochar,
allowing for a thorough analysis of structural changes aer
modication. Refer to Fig. 1a and b for the illustration, the
surface of tea husk BC pyrolyzed at 600 °C exhibited a textured
structure devoid of discernible pore structures, accompanied by
surface collapse and the adhesion of irregularly shaped, blocky
structures. Notably, the adsorption test indicates that only the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physical properties of BC and BC-600

Biochar BET (m2 g−1)
Total pore volume
(cm3 g−1)

Mean pore size
(nm)

BC 4.13 0.0016 4.70
BC-600 4.51 0.0063 5.27
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biochar treated with FeCl3$6H2O, C4H6N2, and KOH exhibits
the highest capacity for antibiotic removal. Therefore, only the
BC-600 sample was investigated for its structure and
morphology. As show in Fig. 1c and d, BC-600 showed a complex
morphology, with distinct holes, irregular protrusions and
depressions, and microscopic particles on the surface. It was
particularly characterized by porous, stratied, or grid-like
characteristics. This might be explained by the etching action
of KOH as well as the effective addition of Fe, N, and K to BC,
which stabilized its structure. The structure of the BC-600
adsorbent antibiotic remains unchanged, demonstrating
excellent stability (Fig. S2).

The BET specic surface area and pore size distribution of
BC and BC-600 were characterized via N2 adsorption–desorp-
tion isotherms (Fig. 2). Both materials exhibit IV-type isotherms
with pronounced hysteresis loops, which indicates the presence
of mesoporous structures.38 The surface area, pore volume, and
average pore diameter are presented in Table 1. As shown, the
BET surface areas of BC-600 and BC are 4.51 and 4.13 m2 g−1,
respectively. The total pore volumes were 0.0063 and 0.0016 cm3

g−1, with average pore diameters of 5.27 and 4.70 nm.
Compared with BC, BC-600 exhibits enhanced textural proper-
ties across these parameters.

Fig. 3a illustrates the variation in the mass of BC-600 as the
temperature increases during thermogravimetric analysis.
During the 0 to 150 °C range, the mass decreases by approxi-
mately 5.00%, attributable to the evaporation of residual
moisture and minor volatile compounds within the biochar.
Beyond 150 °C, the mass reduction stabilizes at 90.81%. As
pyrolysis temperature continues to rise, the mass decline
becomes more gradual, with a further reduction of only 5.13%
between 150 °C and 650 °C, primarily due to the thermal
decomposition of hemicellulose and cellulose in the biochar.
From 650 to 800 °C, the rate of mass loss accelerates, culmi-
nating in a residual mass of 80.69% at 800 °C, representing an
overall decrease of 19.31%.

Analysis by FTIR spectroscopy indicates the structure of the
functional groups in biochar (BC-600) prior to the adsorption of
the TCH and OTC (Fig. 3b). The BC sample exhibits –OH
stretching vibration peaks at 3430, 1254, and 570 cm−1,39,40 and
Fig. 2 N2 adsorption–desorption isotherms of BC-600 (a) and BC (b).

© 2025 The Author(s). Published by the Royal Society of Chemistry
C–H stretching vibration peaks are observed at 2917, 876, and
831 cm−1.41–43 Additionally, a C]C stretching vibration peak
was detected at 1579 cm−1.44 The peak near 1100 cm−1 is
attributed to C–O–C vibrations of ether, ester, or acid anhydride
groups.45 Aer modication, the C–H stretching vibration peak
shied from 2917 cm−1 to 2929 cm−1,46,47 and the –OH peak at
1254 cm−1 disappeared. This may be due to a reaction between
the –OH and Fe3+ in the modifying reagent. The other func-
tional groups remained unchanged.

XRD analysis was utilized for the identication of crystalline
phases, relying on the diffraction patterns of X-rays, specically
the position, intensity, and quantity of diffraction lines.48 As
illustrated in Fig. 3c, graphitic carbon was detected in the bi-
ochar BC, pyrolyzed at 600 °C, with a characteristic peak at
26.2°. Following the modication, the BC-600 samples di-
splayed the distinctive peaks of ZVI at 2q= 44.7° and 65.0° (PDF
# 98-000-0259), which suggests the successful reduction of Fe3+

to ZVI under a nitrogen atmosphere.49

Fig. 3d shows the XPS spectra and peak shapes of BC, BC-
600, BC-600-TCH, and BC-600-OTC before and aer adsorp-
tion of the TCH and OTC. Fig. 3d indicates that aer TCH and
OTC adsorption, the BC-600 sample exhibits C 1s, O 1s, N 1s, K
2p, and Fe 2p peaks, a nding conrmed by spectral analysis.
The K 2p peak was not prominent aer TCH and OTC adsorp-
tion, possibly due to coordination interactions between K+ and
antibiotics during adsorption.

Fig. 11 shows that the C 1s peaks at 284.8 eV, 285.9 eV and
288.9 eV correspond to C–C, C–O–C and O–C]O bonds
respectively. The O 1s peaks at 533.2 eV, 530.9 eV, and 531.5 eV
correspond to –COOH, C–OH, and O–H, respectively.50–52 The Fe
2p peaks at 713.2 eV, 710.6 eV and 706.5 eV correspond to Fe3+,
Fe2+ and Fe0, respectively.53,54
RSC Adv., 2025, 15, 38624–38635 | 38627
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Fig. 3 Thermogravimetric analysis of BC-600 (a). FTIR (b) and XRD (c) for BC and BC-600. XPS spectra of BC, BC-600, BC-600-OTC and BC-
600-TCH (d).
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3.2 Adsorption performance of biochar

Fig. 4a and b show the adsorption kinetic curves for the TCH
and OTC, respectively. These gures reveal how these two
antibiotics are adsorbed onto biochar. The TCH initially
exhibits a rapid upward trend (Fig. 4a), followed by a gradual
slowdown in the adsorption rate. This initial rapid adsorption
phenomenon is primarily due to the biochar's abundant
microporous and mesoporous structures, as well as its large
number of surface functional groups during the early adsorp-
tion stage. These surface functional groups provide multiple
active adsorption sites that facilitate the rapid attachment and
enrichment of pollutant molecules or ions through mecha-
nisms such as electrostatic adsorption, hydrogen bonding, and
Fig. 4 Adsorption kinetics of the TCH (a) and OTC (b) by BC-600.

38628 | RSC Adv., 2025, 15, 38624–38635
p–p interactions. As the adsorption process progresses, the
number of available active sites decreases, leading to a decline
in the adsorption rate. At this point, the surface reaches
a saturated state. Additionally, the signicant antibiotic
concentration gradient between the internal pore structure of
the biochar and the surrounding aqueous phase enhances the
driving forces of mass transfer, accelerating the diffusion of
tetracycline molecules and their occupation of adsorption sites.
Fig. 4b shows that the adsorption capacity stabilizes aer
approximately 30 min, with subsequent adsorption quantities
remaining relatively constant. This indicates that adsorption
equilibrium has been established. This steady state indicates
that the rates of adsorption and desorption are equal,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Adsorption kinetic parameters of the TCH and OTC by BC-600

Biochar Adsorbates

Pseudo-rst-order kinetics Pseudo-second-order kinetics

Qe (mg g−1) K1 R2 Qe (mg g−1) K2 R2

BC-600 TCH 24.04 0.119 0.869 24.77 0.010 0.999
OTC 12.53 0.105 0.940 12.76 0.021 0.998
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representing dynamic equilibrium under experimental condi-
tions and the maximum adsorption capacity of biochar for
antibiotics.

As shown in Table 2, the R2 values for the pseudo-rst-order
and the pseudo-second-order kinetic models for the TCH
adsorption are 0.869 and 0.999, respectively. For the OTC
adsorption, the R2 values are 0.940 and 0.998, respectively. The
TCH and OTC adsorption processes by BC-600 can be well
described by the pseudo-second-order kinetic model. This
suggests that the adsorption mechanisms of these two antibi-
otics primarily involve chemical adsorption. The Qe value for
the TCH (24.77 mg g−1) is higher than that for the OTC
(12.76 mg g−1), suggesting that the TCH exhibited a stronger
affinity for BC-600.

This study employed BC-600 biochar as an adsorbent to
investigate the adsorption performance of the TCH and OTC
solutions at varying concentrations. Fig. 5 presents the analyt-
ical results, with the experimental data tted to both the
Langmuir and Freundlich adsorption models. As the equilib-
rium concentration (Ce) of antibiotics increased, the adsorption
capacity of BC-600 for both antibiotics also enhanced, indi-
cating the material's efficacy in adsorbing pollutants across
varying concentrations. The model tting results in Table 3
Fig. 5 Adsorption isotherms of the TCH (a) and OTC (b) by BC-60.

Table 3 Adsorption isotherm parameters of BC-600 for the TCH and O

Biochar Adsorbates

Langmuir model

qmax (mg g−1) KL

BC-600 TCH 38.53 0.007
OTC 17.66 0.011

© 2025 The Author(s). Published by the Royal Society of Chemistry
reveal that, when comparing the Langmuir R2 values (0.926,
0.969) with the Freundlich R2 values (0.990, 0.983), the
Freundlich model better describes the adsorption of the TCH
and OTC onto BC-600. This indicates that BC-600 exhibits
multi-layer, heterogeneous surface adsorption phenomena for
both antibiotics. The n-value represents the adsorption
strength: both the TCH and OTC exhibit n-values greater than 1,
indicating effective adsorption capacity. The 1/n values reect
affinity: those for the TCH and OTC were 0.476 and 0.117
respectively, falling within the 0.1 to 0.5 range, indicating
strong affinity during adsorption. According to the formula RL=

1/(1 + KL × C0), when 0 < RL < 1, the adsorption process is
favorable. For the adsorption experiments of the TCH and OTC,
the RL values were 0.0020 and 0.0018 respectively, indicating
a signicantly advantageous adsorption process.

Fig. 6 shows the adsorption kinetics of the TCH and OTC on
the biochar composite material BC-600. The pH of the solution
was adjusted from 2 to 7 to investigate this phenomenon. The
TCH adsorption efficiency exhibited a biphasic trend: initial
increase, followed by a decrease, then a subsequent increase,
with signicant uctuations between pH 2–3 and 3–4. When the
pHwas between 5 and 7, the adsorption performance stabilized.
The OTC adsorption curve initially increased, then decreased,
TC

Freundlich model

R2 n KF R2 1/n

0.926 2.097 1.704 0.990 0.476
0.969 2.915 1.885 0.983 0.117

RSC Adv., 2025, 15, 38624–38635 | 38629
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Fig. 6 Effect of pH on the adsorption of the TCH andOTC by BC-600.

Table 4 Comparison of the adsorption capacities of the reported
sorbents for the tetracycline antibiotics

Sorbents

Capacities of
antibiotics
(mg g−1)

Ref.TC OTC

ZVI@biochar 52.7 39.1 Hao et al.55

ZVI@ACCS nanocomposites 78.3 66.8 Song et al.56

565RCL-nZVI 72.4 — Ahmed M. et al.57

nZVI-HBC — 196.7 Li et al.58

PnZVI/ESBC 304.6 — Huang et al.59

BC/S/Fe0 505.6 — Yang et al.60

BC 4.9 3.2 This work
BC-600 62.0 41.2 This work
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increased again, and nally decreased. Between pH 2 and 4, its
adsorption behavior resembled that of the TCH: the adsorption
capacity increased from 12.96 mg g−1 to 24.85 mg g−1 and then
decreased to 17.51 mg g−1 when the pH was neutral. Overall, pH
signicantly inuences the adsorption of the TCH and OTC on
BC. The optimum pH is 3, with the TCH exhibiting a maximum
adsorption capacity of 62.07 mg g−1, while the OTC demon-
strates a maximum adsorption capacity of 41.28 mg g−1.

This study examined how adjusting the amount of adsorbent
BC-600 affects the adsorption capacity. As Fig. 7 shows, there is
a clear inverse relationship between adsorption capacity and
dosage of the adsorbent. Active sites are the core elements that
regulate the adsorption mechanism. Specically, increasing the
dosage of the adsorbent can enhance the total number of
effective active sites, thereby improving the overall adsorption
efficiency. However, as the sites become saturated, adsorption
capacity decreases. Under constant antibiotic concentration
conditions, an excess of active sites leads to competition for
adsorption among adsorbate molecules. This reduces the
utilization efficiency of each site, ultimately resulting in
Fig. 7 Effect of the adsorbent dosage.

38630 | RSC Adv., 2025, 15, 38624–38635
a decrease in the adsorption capacity. Furthermore, weakened
concentration gradients and increased steric hindrance hinder
the diffusion of adsorbate molecules, further reducing the
adsorption efficiency. The sorbent's adsorption capacity is
compared to that of the other sorbents in Table 4.

The adsorption capacity of biochar for the TCH and OTC is
inuenced not only by pH and dosage, but also by reaction
temperature. This study systematically analyzes how tempera-
ture changes impact the adsorption of the TCH and OTC in
biochar, using the thermodynamic parameters presented in
Fig. 8 and Table 5. As the temperature rises from 20 °C to 45 °C,
the adsorption capacity decreases sharply, dropping from
26.81 mg g−1 at 20 °C to 12.22 mg g−1 (TCH). Correspondingly,
the removal efficiency drops from 14.00% to 12.85%, a 8.11%
decrease.

According to Table 5, the enthalpy change of the TCH
adsorption reaction (DH° < 0) is negative, indicating that it is
exothermic. However, the Gibbs free energy change is positive
(DG° > 0), meaning that the process is non-spontaneous within
this temperature range. Therefore, an increase in the tempera-
ture inhibits the TCH adsorption. The OTC adsorption process
Fig. 8 Effect of reaction temperature on the adsorption of the TCH
and OTC by BC-600.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Thermodynamic parameters of the TCH and OTC by BC-600

Biochar Adsorbates Temperature (K) k0 DG° (kJ mol−1) DH° (kJ mol−1) DS° (J mol−1 K−1) R2

BC-600 TCH 293 0.105 5.490 −29.871 −121.38 0.769
298 0.095 5.822
303 0.047 7.722
308 0.047 7.850
313 0.044 8.120
318 0.044 8.276

OTC 293 0.055 7.075 −31.108 −130.28 0.954
298 0.047 7.599
303 0.033 8.571
308 0.031 8.919
308 0.031 8.919 38.642 96.98 0.854
313 0.047 7.981
318 0.049 7.959
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can be divided into two stages. In the rst stage (20 to 35 °C), the
adsorption capacity and removal efficiency of BC for the OTC
decreased as the temperature increases: by 6.29 mg g−1 and
3.50%, respectively. Thermodynamic analysis showed that the
DH° value remains negative while the DG° value is positive. This
conrms that the process is a non-spontaneous exothermic
reaction. Thus, an increase in temperature is unfavorable for
the OTC adsorption. In the second stage (35 to 45 °C), the
adsorption capacity and removal efficiency increased by 4.89mg
g−1 and 2.72%, respectively. Thermodynamic data indicate that
both DH° and DG° are positive within this temperature range,
suggesting that the process is a non-spontaneous endothermic
reaction.61 Therefore, elevating the temperature during this
phase can enhance the OTC adsorption, leading to improved
removal efficiency.

Fig. 9 shows that the cyclic adsorption–desorption perfor-
mance of BC-600 for the TCH and OTC exhibited signicant
uctuations during the rst three operational cycles. The
removal efficiencies of the two antibiotics decreased by 6.84%
and 6.80%, respectively, indicating a weakened adsorption
effectiveness in the early stages. However, from the fourth to the
Fig. 9 Reusability performance of BC-600.

© 2025 The Author(s). Published by the Royal Society of Chemistry
h cycle, the adsorption capacity of the TCH and OTC stabi-
lized, approaching equilibrium. This indicates that the adsor-
bent performance partially recovered or stabilized. Aer ve
cycles, the quantitative analysis showed that the adsorption
capacity of the TCH decreased from 16.07 to 7.48 mg g−1 and
the removal rate decreased from 17.85 to 8.31%. Similarly, the
adsorption capacity of the OTC decreased from 11.03 to 3.33 mg
g−1, and the removal efficiency decreased from 12.25 to 3.70%.
This decline in adsorption performance with an increasing
number of cycles is likely due to the gradual depletion of the
surface functional groups and active adsorption sites on the BC
material. This depletion stems from repeated use and regen-
eration processes, thereby reducing the material's overall
pollutant removal efficiency. Aer ve adsorption cycles of the
TCH and OTC, the iron ion leaching rate of BC-600 (Fig. S3) was
signicantly below the EU discharge standard (2 mg L−1).62
3.3 Adsorption mechanism

Fig. 10 displays the FTIR and XRD spectra of BC-600 before and
aer adsorption of the TCH and OTC. As shown in Fig. 10a,
following the TCH adsorption, the C–H stretching vibration
peak at 2917 cm−1 in the BC-600-TCH sample disappears, while
the C–H peak at 831 cm−1 shis to 805 cm−1. Similarly,
following the OTC adsorption, the C–H peak in the BC-600-OTC
sample shied from 831 cm−1 to 803 cm−1, whilst other func-
tional groups remained stable. Following adsorption of the TCH
(3433 cm−1) and OTC (3435 cm−1), the –OH stretching vibration
peak (3427 cm−1) shied and intensied. This indicates
hydrogen bonding interactions between BC-600 and the anti-
biotics.31 As shown in Fig. 10b, the adsorption of antibiotics
caused the ZVI absorption peak to weaken, demonstrating the
involvement of ZVI in the adsorption process.

Fig. 11 shows the XPS spectra of BC-600 absorbing the TCH
and OTC. Following adsorption, shis in the C–H and –OH
peaks indicate the presence of p–p stacking and hydrogen
bonding interactions. The O–C]O bond transforms into a C–C
bond, as evidenced by the marked reduction in the O–C]O
peak area. This suggests that oxygen-containing functional
groups participate in the desorption mechanism via p–p
RSC Adv., 2025, 15, 38624–38635 | 38631
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Fig. 11 XPS peak diagram before and after adsorption of the TCH and OTC by BC-600.

Fig. 10 FTIR (a) and XRD (b) of BC-600 before and after adsorption of the TCH and OTC.
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stacking interactions.63 The decrease in the O–H peak area aer
adsorption indicates that hydrogen bonding plays a signicant
role in the adsorption of the TCH and OTC. The increase in the
C–C and C–OH peak areas may be attributed to BC-600
successfully adsorbing the antibiotics. These ndings are
corroborated by FTIR results. Compared to pre-adsorption, the
Fe0 peak area decreased. ZVI acts as a reducing agent and can be
oxidised by water and dissolved oxygen in solution to form
ferrous and ferric ions. These ions can then form stable
complexes with the phenolic b-diketone structure of the TC
group. Following ZVI corrosion, hydrated iron oxide forms on
its surface. Through surface complexation between this
hydrated iron oxide and the TC groups, the binding sites for
antibiotics become more active.56 Consequently, hydrogen
bonding, p–p stacking and electrostatic interactions are
involved in the adsorption of antibiotics by BC-600.

Two tetracycline antibiotics and pH-dependent charge
regulation on the biochar surface jointly govern electrostatic
interactions during adsorption.64 The zero-charge point (pHZPC)
of BC-600 was determined at pH = 3.17 (Fig. S4), with the zeta
potential exhibiting a negative correlation with pH. Both anti-
biotics exist as cations at pH < 3.3 and as zwitterions at pH 3.3–
38632 | RSC Adv., 2025, 15, 38624–38635
7.68. When pH < 3, both the BC-600 surface and antibiotics
carry strong positive charges, inducing intense electrostatic
repulsion that reduces the adsorption capacity, whereas at pH >
3, the BC-600 surface carries negative charge, causing the zeta
potential to gradually decrease. Antibiotics simultaneously
carry both positive and negative charges, and their charge
distribution alters with pH changes. Initially, electrostatic
repulsion weakens, leading to a corresponding increase in
adsorption capacity, but subsequently strengthens again. Thus,
electrostatic interactions play a crucial role in the adsorption
process.65–68
4. Conclusion

This study successfully loaded ZVI onto BC (BC-600) and
investigated the adsorption performance of BC-600 towards TCs
in aqueous solutions. The effects of pH, initial contaminant
concentration, contact time, and adsorbent dosage on the
removal efficiency of pharmaceutical pollutants were examined.
The synthesised composite material demonstrated favourable
adsorption performance towards TCs. The mechanism govern-
ing BC-600's removal of tetracycline is controlled by
© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrostatic interactions, hydrogen bonding, and p–p interac-
tions between the drug molecules and the adsorbent. Analysis
of the adsorption isotherm and kinetic data indicates that the
adsorption process conforms to the Freundlich model and
pseudo-second-order kinetic model, with corresponding corre-
lation coefficients. Studies on tetracycline removal in aqueous
media indicate a maximum adsorption capacity of 62.07 mg g−1

(TCH) and 41.28 mg g−1 (OTC) at the optimum pH of 3. Diffi-
culties in desorption during cycling resulted in suboptimal
performance. Given its suitable adsorption capacity and envi-
ronmentally benign properties, BC-600 represents an accept-
able and suitable adsorbent for removing pharmaceutical
contaminants from wastewater.
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