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The rise of antibiotic pollutants in water threatens ecosystems and human health.
Iron-modified biochar (BC) exhibits adsorption properties and offers a promising
approach for effective environmental remediation. The current study explored
the potential of iron-loaded biochar synthesized from pine cones for antibiotic
removal from water. In this study, pine cones, a sustainable and renewable
source, were used to produce iron-modified biochar and employed to
remove azithromycin, ciprofloxacin, and their mixture from aqueous solutions.
Biochar was synthesized through pyrolysis and modified by the addition of iron
salts. The analysis of iron-modified biochar by Fourier-transform infrared
spectroscopy (FT-IR), X-ray diffraction (XRD), and scanning electron
microscopy (SEM) suggested a crystalline structure rich in minerals and
functional groups (O–H, C=O, and C≡C) and loaded with iron, having plate-
like roughness and distorted morphology along with sharp edges and corners.
Antibiotic removal was evaluated by changing physical parameters, including
biochar dose, pH, and temperature. The maximum removal percentages of
azithromycin, ciprofloxacin, and their mixture were obtained as 87.8%, 91.3%,
and 84%, respectively, at low pH, a low Fe-modified biochar dose, and higher
temperature. Application of kinetic models suggested that the adsorption of
antibiotics on iron-modified biochar is more inclined toward pseudo-second-
order (R2 > 0.98) kinetics, indicating a chemisorption nature of the adsorption
process. The findings highlight the potential of iron-modified biochar for
removing antibiotics from aqueous solutions.
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1 Introduction

Broad-spectrum antibiotics play a crucial role in combating diverse bacterial infections
in both human and veterinary medicine (Ding and He, 2010). Although they have saved
lives globally, their overuse andmisuse contribute to antibiotic resistance, a serious threat to
public health (Martõ et al., 2001; Kümmerer, 2003, 2009). The release of pharmaceutical
residues into the environment via treated or untreated wastewater exacerbates this issue
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(Osińska et al., 2020). The World Health Organization recognizes
antibiotic resistance as amajor global health challenge (Dorgali et al.,
2020), and the accumulation of antibiotics in the environment may
lead to the development of antibiotic-resistant genes in
microorganisms (Manaia, 2017).

Azithromycin and ciprofloxacin, both common antibiotics, are
found as contaminants in surface water, wastewater, and soil
(Mirzaei et al., 2018). Azithromycin, a macrolide, is the third
most widely consumed group of antibiotics used for respiratory
diseases and sexually transmitted infections, while ciprofloxacin, a
fluoroquinolone, is prescribed for chest and urinary tract infections.
Due to their continuous release into the environment, they are
considered pseudo-persistent pollutants that pose risks to non-
target organisms and impact aquatic ecosystems (Kovalakova
et al., 2020).

Several conventional methods have been developed to
remove antibiotics from wastewater (Sanni et al., 2023);
however, these methods have limitations, such as high energy
consumption, low efficiency, and the production of toxic
byproducts (Phoon et al., 2020). Among various methods,
adsorption for the removal of antibiotics has become an
attractive method because it is cost-effective, efficient, and has
low or no risk of producing toxic byproducts. Table 1 summarizes
the removal of azithromycin and ciprofloxacin using various
adsorbents. In recent years, the interest in utilizing biochar to
eliminate pollutants has been growing. Biochar, a carbon-rich
porous material derived from biomass through pyrolysis, has an
eco-friendly, cost-effective nature owing to its extensive surface
area, porosity, and pore volume (Hafeez et al., 2022). Porous
structure, surface negative charge, and carboxyl and hydroxyl
functional groups play a crucial role in binding and attracting
positively charged antibiotics through hydrogen bonding and
electrostatic interactions (Gasim et al., 2022). However, the
efficacy of biochar as an adsorbent relies on various factors,
including pH and temperature (Aoulad et al., 2023).

Different methods, such as the addition of acid and metal
impregnation, have been utilized to improve biochar adsorption
capabilities by enhancing surface functional groups (Chen et al.,
2021). Chemical activation significantly enhances the porosity of
biochar and influences its surface chemical properties, including
surface functional groups, hydrophobicity, and polarity (Tan et al.,
2017). Loading biochar with iron represents an advanced approach
in removal studies, addressing numerous limitations encountered
when using unmodified biochar. Transition metals (Fe, Co, Ni, etc.)
or their oxides have recently been introduced into biochar matrices
to enhance biochar adsorption capability (Han et al., 2016; Zeng
et al., 2021). In addition, the magnetic separation technique can be
applied to remove iron-modified biochar from aqueous solutions
(Lu et al., 2020). The iron modification of biochar enhances the
contact between biochar and antibiotics, facilitating their effective
adsorption onto the surface of modified biochar (Li et al., 2020).

The synthesis methodology and the type of feedstock material used
play pivotal roles in determining the properties and characteristics of
biochar (Bhandari et al., 2023). Most of the biochar in literature is
obtained from organic waste-based raw materials. Pine cones are the
reproductive structures of pine trees, often consideredwastematerials in
forestry (Sahin and Yalcin, 2017), and are abundant in many regions of
the world, including the northern areas of Pakistan (Hussain et al.,
2019). Pine cones contain a high proportion of carbon, which makes
them a potentially valuable feedstock for Fe-modified biochar
production (Zhao et al., 2020) and an effective, inexpensive, and
environmentally sustainable adsorbent for environmental treatment.

Despite the significant advancements in biochar research, data
on its production from pine cones and iron modification and its
efficiency in azithromycin and ciprofloxacin removal from water
are currently lacking. The current study focused on the
physiochemical characterization of Fe-modified biochar sourced
from pine cones, examining its efficacy in adsorbing and
eliminating antibiotics from aqueous solutions under diverse
conditions and parameters. Additionally, it provides a

TABLE 1 Removal efficiency of various adsorbents for azithromycin and ciprofloxacin.

Antibiotic Adsorbent Removal efficiency Reference

Ciprofloxacin Corn cob 56.3% Peñafiel et al. (2019)

Rice husk 59.7% Peñafiel et al. (2019)

Wheat bran 75% Khokhar et al. (2019)

Acid activated carbon 250 mg/g Chandrasekaran et al. (2020)

MgO nanostructures 528 mg g−1 Sivaselvam et al. (2020)

Porous graphene hydrogel 75% Ma et al. (2015)

Magnetic metal–organic framework 72.15% Yu et al. (2023)

Granular ferric hydroxide 42.31% Asadi-Ghalhari et al. (2022)

Azithromycin Azolla filiculoides-based activated porous carbon 87% Balarak et al. (2021)

Graphene oxide 98.8% Upoma et al. (2022)

Biochar with montmorillonite 44.73 mg g−1 Arif et al. (2023)

Forest soils between 13.25% and 37.27% Cela-Dablanca et al. (2022)

Saponin-modified nanodiatomite 91.7 mg/g Davoodi et al. (2019)
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comprehensive analysis of how various factors influence the
removal rates of antibiotics by Fe-modified biochar, employing
distinct kinetic models to outline these impacts.

2 Materials and methods

2.1 Materials

In this study, pine cones were used as a substrate to prepare
biochar. Pine cones were collected from International Islamic
University in Pakistan. Antibiotics selected for the removal
study were azithromycin (Novartis) and ciprofloxacin (Sami),
purchased from a local drug store in Islamabad. The chemicals
used in the study were purchased from Sigma-Aldrich. Filter
paper, syringe filters, beakers, flasks, a muffle furnace (FNC-BX
1200), a UV-visible spectrophotometer (Agilent 8453), a weighing
balance (WANT, WTB 2002K), a pH meter (PHS-3C), and a
shaker (DRAWELL DW-SI-100B) were the apparatus and
instruments used in the study.

2.2 Preparation of biochar

Biochar was prepared from pine cones by pyrolysis (Sarkar et al.,
2019). Pine cones were collected, washed, and dried in the open air
for 48 h. After that, the cones were crushed into small pieces, packed
into ceramic crucibles, and covered to limit their exposure to
oxygen. These crucibles were then placed into a muffle furnace
(5 kW power output, 280 V) and subjected to pyrolysis at 600°C for
2 h (Sarkar et al., 2019). The produced biochar was ground and
sieved to less than 0.25 mm.

2.3 Iron modification of biochar

Biochar (25 g ± 0.1 g) was added to 250 mL of distilled water.
Ferric chloride salt (9 g ± 0.3 g, solid) was added to 650 mL of
distilled water, and 10 g ± 0.21 g of ferrous sulfate was added to
75 mL of distilled water. Both solutions (FeCl3 + FeSO4) were added
in one flask and stirred at 65°C on the hotplate. The suspension
solutions were diluted to 250 mL with water in which 25 g ±
0.1 g biochar was added and stirred for 30 min. Then, 10 M
NaOH was added until the pH was raised from 10 to 11. After
mixing for 1 h, the mixture was kept for 24 h at room temperature
and then washed with distilled water until a neutral pH was reached.
After that, the Fe-modified biochar (FMBC) was filtered on filter
paper, dried in a desiccator at 37°C, and collected in a polythene bag
(Nakahira et al., 2006).

2.4 Biochar and Fe-modified biochar
characterization

The following formula was applied to calculate the yield of
biochar and Fe-modified biochar Eq. (1) (Egbosiuba et al., 2020;
Egbosiuba, 2022):

Yield% � mass of pine cones before pyrolysis
mass of pine cones after pyrolysis

× 100. (1)

The yield of Fe-modified biochar was determined by the
following formula Eq. (2):

Yield% � Mass of Fe −modified biochar
mass of biochar

× 100. (2)

The Biochar and Fe-modified biochar were characterized.
FT-IR spectra (FT-IR, PerkinElmer 2012) of both biochar and
Fe-modified biochar samples were obtained in the wavelength
range of 4,000–550 cm−1. X-ray powder diffraction (XRD,
PANalytical 2006 Wax.) was performed by monochromatic
X-ray radiations of wavelength 1.542 Å, scanning in the range
of 10°–60° (2θ) and scanning at a speed of 2° per min for both
samples. The surface morphology and macropore shape of
biochar and Fe-modified biochar were studied using a JSM
5910 lv thermionic scanning electron microscope (JEOL SEM,
Japan) (Silva et al., 2020).

2.5 Adsorption studies

For adsorption purposes, solutions of antibiotics and their
mixture were prepared, each having 2 mg ± 0.01 mg of antibiotic
in 100 mL of distilled water, making a concentration of 20 mg/L, and
stirred for 5 min. No additional step was taken as both antibiotics
have solubility in water at this concentration and had been reported
in wastewater in previous studies (Mirzaie et al., 2020). In another
study, a mixture of azithromycin was prepared with a 25 mg/L
concentration at neutral pH (Arif et al., 2023). Fe-modified biochar
was added to these flasks and placed in a shaking incubator with a
shaking speed of 150 rpm. A 4 mL aliquot of the mixture was drawn
from each flask at 0 min, 30 min, 60 min, 90 min, 120 min, 150 min,
and 180 min. The aliquot was filtered through a 0.22-μm syringe
filter and subjected to a UV-visible spectrophotometer to measure
the adsorption of antibiotics by Fe-modified biochar. The
adsorption of azithromycin was measured at 205 nm, and the
adsorption of ciprofloxacin was measured at 278 nm, while the
adsorption was taken at both wavelengths for the mixture. The final
mean was calculated for the removal of both antibiotics in
the mixture.

2.5.1 Effect of different parameters on
antibiotic removal

Different variables were used to analyze the adsorption capacity
of Fe-modified biochar for antibiotics. As three variables were
studied at a time, they were taken in binary mode, each having
two categories: acidic/basic pH, low temperature/high temperature,
and low dose/high dose of biochar.

2.5.1.1 Effect of pH on antibiotic removal
Solutions of NaOH and H2SO4 at concentrations of 1, 0.1, and

0.01 mol/L were prepared to adjust solution pH to 6 and 9.
Ciprofloxacin, azithromycin, and mixed antibiotic (1:1) solutions
were prepared with a concentration of 20 mg/L. Reactions were run
in a batch test at two different pH values: 6 and 9. Aliquots were
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drawn from each flask at 0 min, 30 min, 60 min, 90 min, 120 min,
150 min, and 180 min, syringe-filtered, and measured using a UV-
visible spectrophotometer.

2.5.1.2 Effect of Fe-modified biochar dose on
antibiotic removal

Solutions of 20 mg/L of ciprofloxacin, azithromycin, and the
mixture were prepared and run in a batch test at two different
concentrations of Fe-modified biochar: 0.1 and 0.2 g. Aliquots were
withdrawn after 0 min, 30 min, 60 min, 90 min, 120 min, 150 min,
and 180 min, filtered, and subjected to a UV-visible
spectrophotometer.

2.5.1.3 Effect of temperature on antibiotic removal
To determine the effect of temperature on antibiotic removal,

solutions of 20 mg/L of ciprofloxacin, azithromycin, and mixture
were prepared and run in a batch test at two temperatures, namely,
25 C and 40 C, with a 0.1 g adsorbent dose. Aliquots were withdrawn
after 0 min, 30 min, 60 min, 90 min, 120 min, 150 min, and 180 min
and syringe-filtered. After filtration, the absorbance values were
measured using a UV-visible spectrophotometer. Variables used in
the study are summarized in Table 2.

To understand the adsorption kinetics of the process and to
evaluate adsorption mechanisms, pseudo-first-order and pseudo-
second-order adsorption kinetic models were applied, analyzed,
and calculated for ciprofloxacin, azithromycin, and the mixture of
antibiotic uptake by Fe-modified biochar. Each experiment was
conducted in duplicate, and the data underwent statistical analysis
through the calculation of the arithmetic mean �x � (∑fx/n) and
standard deviation [σ = √(Σ(xi - μ)2/N)]. Microsoft Excel and
Origin were employed for data analysis and graph plotting.

3 Results

3.1 Yield of biochar and Fe-modified biochar

The yield of biochar obtained was 23.53%. The yield of biochar is
influenced by two key factors: pyrolysis temperature and time. There is
an inverse relationship between temperature and biochar yield, where an
increase in temperature leads to a decrease in biochar yield.
This correlation occurs due to processes like aromatization,
dehydrogenation, decarboxylation, deoxygenation, and dehydration at
higher temperatures, enhancing the carbonization process (Tomczyk
et al., 2020). Likewise, extending the duration of pyrolysis results in
increased evaporation of volatile components, thereby reducing the
overall yield. Pine cones are a lignocellulosic biomass that contains
abundant lignin, hemicellulose, and cellulose. During pyrolysis, the
process of carbonization affects the lignin by decreasing hydrogen

and oxygen content, releasing volatile organic compounds and
carbon dioxide (Dawood et al., 2017). Rising temperatures induce the
transformation of O-alkyl C into aryl and O-aryl furan-like structures,
known for their high chemical reactivity (Yang et al., 2019). The pectin
and lignin components were reduced by increasing the pyrolysis
temperature, as verified by the FT-IR spectra. Pyrolysis at high
temperatures shows biochar yields in the range of 20%–30% (Le
et al., 2021) due to high ash content (Kaya and Uzun, 2021). Biochar
conversion into iron-loaded biochar gave a yield of 80% (not 100%). The
reduction in yield can be attributed to the loss of biochar during the
process of chemical coprecipitation.

3.2 Characterization

3.2.1 FT-IR analysis
An FT-IR analysis was performed to observe surface functional

groups on the obtained biochar. Both biochar and Fe-modified
biochar showed similar spectral peaks with a variation in the
intensity of peaks (Figure 1). The presence of bands in the
spectral range of 775 cm−1 is because of aromatic (C–H)
stretching (Song et al., 2019). The band at 1,433 cm−1 is assigned
to (C–H) stretching (Wu et al., 2015). The peak in the region of
1,620 cm−1 is attributed to conjugated ketone C=O groups (Janu
et al., 2021). The peak in the spectral region of 2,265 cm−1 is related
to deformation vibrations or carbon dioxide in the C≡C plane (Zou
et al., 2020). The peak at 3,075 cm−1 indicated the presence of
aliphatic C-H folding (Wu et al., 2015). Lastly, a peak in the
3,632 cm−1 region signifies the presence of OH alcoholic and
phenolic stretching. (Yi et al., 2020; Janu et al., 2021; Guel-Nájar
et al., 2023). Moreover, the appearance of the band at approximately
529–552 cm−1 in Fe-modified biochar could be assigned to the
stretching of the (Fe-O) vibration, showing it to be a magnetized
material (Burbano et al., 2023).

3.2.2 X-ray diffraction
The crystalline structures of the biochar and Fe-modified

biochar were characterized by X-ray diffraction (Figure 2). The
appearance of the sharp peaks confirms the materials to be
crystalline in nature. Strong peaks were observed at 2θ= 26.5°,
27.31° depicting the presence of graphite in biochar and Fe-
modified biochar. In biochar and Fe-modified biochar, a peak at
31.9° and 50.8 due to silicon oxide (SiO2) can be observed,
respectively (Din et al., 2021a). SiO2 is a compound that is
prominent in the inorganic components of plant-based organic
biomass (Guel-Nájar et al., 2023). It has been reported that pine
trees have approximately 0.08–1.37 wt% of dry-weight silica in the
needles and cones, depending on their family (Assefi et al., 2015).
This silica can be found in biochar as the inorganic elements present
in the biomass were not carbonized during pyrolysis. A study also
concluded that biogenic Si was exposed under thermal treatment
and migrated out of cell walls and onto the surface of grasses under
thermal treatment (Pace et al., 2018). In the FT-IR analysis, SiO2

typically exhibits a distinct sharp peak at 461 cm−1 (Zhao and Han,
2016). This could explain why this mineral was not detected by FT-
IR, as the FT-IR spectra of both biochar and iron-modified biochar
were recorded in the 4,000 to 550 cm−1 wavelength range. In the
biochar sample, the peaks observed at 24.73° and 39.5 are indicative

TABLE 2 Variables used in the study.

Variable Change in values

pH 6 and 9

Temperature 25°C and 40°C

Amount of Fe-modified biochar 0.1 g and 0.2 g
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of the presence of carbon nanotubes and chaoite (Mopoung, 2015).
Additionally, the relatively stronger peak at 28.87° suggests the
presence of sylvite (KCl) (Pariyar et al., 2020), as potassium is
the most abundant cation in plant cells (Dreyer and Uozumi, 2011).
The diffraction peaks in the Fe-modified biochar sample appeared at
2θ = 30.80°, 35.80°, 43.80°, 54.2°, 57.77°, and 63.31°, indicating the
presence of iron oxide (FeO) making biochar Fe-modified in nature
(Din et al., 2021a).

3.2.3 Scanning electron microscopy
The SEM analysis of the biochar sample revealed a porous

structure with cracks and irregularly distributed gaps on the
biochar surface (Figure 3A). The biochar exhibited a fragmented

structure characterized by cylindrical cavities and cracks (Claoston
et al., 2014). Pores contribute to the biochar’s overall surface area
and create molecular sites capable of adsorption. Upon loading the
biochar with FeCl3 and FeSO4, the surface of the modified biochar
displayed increased roughness compared to the raw biochar
(Figure 3B). The Fe-modified biochar showed a more
heterogeneous structure, and a significant number of iron
particles were observed to adhere to the material’s surface, with
some pores filled. Iron modification of biochar exerted a
pronounced influence on the surface morphology of the material,
leading to the dispersion of iron particles on the carbon matrix,
consequently enhancing the specific surface area (Liu et al., 2015).
The SEM image of the Fe-modified biochar clearly depicts the
presence of particles immobilized on the surface, exhibiting a
plate-like roughness and distorted morphology characterized by
sharp edges and corners, as illustrated in the figure, in contrast
to the regular appearance of the biochar (Din et al., 2021b).

3.3 Adsorption of antibiotics by
Fe-modified biochar

The elimination of azithromycin, ciprofloxacin, and a mixture of
antibiotics was calculated by the following formula Eq. (3)
(Egbosiuba et al., 2020):

%E � Co − Ce

Co
× 100. (3)

The amount of antibiotic eliminated by Fe-modified biochar at
equilibrium was determined by the following formula Eq. (4):

qe � Co − Ce

W/V
, (4)

where Co and Ce are the initial and final antibiotic
concentrations, respectively. V is the antibiotic solution volume
in liters, and W is the mass of biochar in grams.

3.3.1 pH effect on the removal of antibiotics
To evaluate the impact of pH on the removal of antibiotics, the

adsorption process was performed under pH 6 and pH 9. The
removal percentages of azithromycin, ciprofloxacin, and the mixture
at pH 6 were 80.1%, 87.3%, and 75.5%, respectively (Figure 4A). The
removal percentages at pH 9 were 71.1%, 62.3%, and 68.3%,
respectively (Figure 4B), suggesting pH 6 is more favorable for
antibiotic removal from solution.

The qt versus t graph showed the maximum adsorption of
antibiotics at 30–60 min. Then, the line flattens, depicting
adsorption stopped after 120 min (Figure 5).

The absorption of antibiotics is influenced by pH due to the pH-
dependent nature of their surface charge. As highlighted in
Vasudevan et al. (2009), at a pH of 6, antibiotics predominantly
exist in their cationic form. Concurrently, research by Ahmad et al.
(2014) indicates that the Fe-modified biochar surface tends to carry
a negative charge. This polarity difference potentially fosters
electrostatic attraction between the negatively charged biochar
surface and the cationic forms of antibiotics like azithromycin
and ciprofloxacin, leading to increased sorption levels. At a

FIGURE 1
FT-IR spectra of biochar and magnetic biochar.

FIGURE 2
XRD spectra of biochar and magnetic biochar.

Frontiers in Environmental Science frontiersin.org05

Aziz et al. 10.3389/fenvs.2024.1353267

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1353267


FIGURE 3
SEM image of (A) biochar and (B) Fe-modified biochar.

FIGURE 4
Effect of pH on the elimination percentage of antibiotics: (A) pH 6 and (B) pH 9.

FIGURE 5
Plot of qt versus t at (A) pH 6 and (B) pH 9.
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pH of 9, the prevailing form of antibiotics shifts to the anionic state,
leading to a significant decrease in the qe values. This decline stems
from the electrostatic repulsion between the negatively charged Fe-
modified biochar and the anionic antibiotics. Similar patterns
emerged in the removal of ciprofloxacin from aqueous solutions
using natural clay montmorillonite. At higher pH levels,
ciprofloxacin gains a negative charge due to the deprotonation of
its dicarboxylic group (Nassar et al., 2019). Conversely, at lower
pH levels, ciprofloxacin molecules become positively charged owing
to the protonation of the amine group (Roca Jalil et al., 2015). The
molecular form of antibiotics can more easily interact with the
surface of Fe-modified biochar, leading to increased adsorption
(Shearer et al., 2022). In addition, ciprofloxacin and azithromycin
have hydrophobic regions in their structures. At low pH, the Fe-
modified biochar surface can become more hydrophobic due to
changes in the protonation state of functional groups (Hassan et al.,
2022). This increased hydrophobicity promotes the attraction
between the antibiotics and the biochar surface through
hydrophobic interactions, contributing to their higher adsorption.

3.3.2 Effect of temperature on the removal of
antibiotics

To estimate the impact of temperature on antibiotic removal,
adsorption was done at 25°C and 40°C. The elimination percentages
of azithromycin, ciprofloxacin, and the mixture at 25°C were 77.5%,
70.7%, and 67.5%, respectively (Figure 6A). The elimination
percentages at 40°C were 87.8%, 91.3%, and 84%, respectively
(Figure 6B). Readings show that 40°C was the more favorable
temperature for antibiotic removal.

The qt versus t graph showed maximum adsorption of
antibiotics in the first hour, and then the graph gradually
attained a linear pattern depicting adsorption reaching an
equilibrium (Figure 7).

The rise in adsorption capacity as temperature increases
indicates the endothermic nature of the adsorption process. This
behavior predominantly arises from a synergy between physical and
chemical adsorption mechanisms (Bhattacharyya et al., 2018). The
rise in temperature increased the number of active sites on the Fe-
modified biochar as well as its porosity and overall pore volume,
which improved the surface’s ability to bind antibiotics and, as a

result, enhanced the adsorption process (Ge et al., 2023). In most
studies, as the temperature rises, the solubility of antibiotics tends to
decrease, consequently leading to an increase in adsorption (Aoulad
et al., 2023). Additionally, the increase in temperature increases the
molecular motion and entropy of the substance in the solution,
thereby increasing the collision frequency between antibiotic
molecules and functional groups present on the surface of Fe-
modified biochar, augmenting the adsorption process (Li et al.,
2014). Studies have demonstrated that as the temperature rises, the
diffusion rate of antibiotics into both the external surface and
internal pores of Fe-modified biochar particles significantly
increases due to the increase in adsorbent sites owing to bond
breakage at edges and the increased kinetic energy of antibiotic
molecules that enhances their mobility, facilitating increased
diffusion into the pores located on the surface of Fe-modified
biochar (Behera et al., 2008; Zhou et al., 2019; Huang et al.,
2021; Zhang et al., 2023).

3.3.3 Effect of Fe-modified biochar dose on the
removal of antibiotics

As the adsorbent dosage rises, the removal of antibiotics
increases. However, an excessive amount of adsorbent reaches a
saturation point where adsorption and desorption achieve
equilibrium, stalling further improvements in removal efficiency.
This occurs because the active adsorption sites and functional
groups become limited and unavailable (Amin et al., 2018).

To measure the effect of biochar dose on antibiotic removal,
0.1 g and 0.2 g samples of Fe-modified biochar were used. The
elimination percentages of azithromycin, ciprofloxacin, and the
mixture were 85.7%, 78%, and 82.6%, respectively, when using
0.1 g Fe-modified biochar (Figure 8A). The elimination
percentages when using 0.2 g Fe-modified biochar were 76.4%,
72%, and 73.6%, respectively (Figure 8B). Elimination of
azithromycin, ciprofloxacin, and the mixture from the solution
was a maximum at the low Fe-modified biochar dosage. The qt
versus time graph shows a similar pattern; maximum adsorption
takes place within the first 30–60 min, and then, the line flattens,
depicting adsorption stopped after 120 min (Figure 9).

The effect of Fe-modified biochar dosage was observed for
removal efficiency and adsorption capacity of antibiotics, and it

FIGURE 6
Effect of temperature on the elimination percentage of antibiotics: (A) 25°C and (B) 40°C.
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was found that the adsorption capacity of antibiotics (qe) decreased
with increasing Fe-modified biochar dosage. The reduction in
removal efficiency might be attributed to an equilibrium point
reached between the adsorption and desorption of antibiotics
when an excessive amount of adsorbent was employed. At this

stage, the removal efficiency plateaus due to the saturation of active
adsorption sites and functional groups, limiting further removal
(Amin et al., 2018). Because there are more potential binding sites
per unit volume at low Fe-modified biochar concentrations, it is
more likely that more antibiotic molecules will be adsorbed

FIGURE 7
Plot of qt versus t at (A) 25°C and (B) 40°C.

FIGURE 8
Effect of Fe-modified biochar dose on the elimination percentage of antibiotics: (A) 0.1 g Fe-modified biochar and (B) 0.2 g Fe-modified biochar.

FIGURE 9
Plot of qt versus t with antibiotics: (A) 0.1 g Fe-modified biochar and (B) 0.2 g Fe-modified biochar.
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(Islam et al., 2021). High levels of Fe-modified biochar can cause the
accessible binding sites to soon reach saturation. Because of this
saturation, fewer antibiotic binding sites are available, which lowers
the rate of adsorption (Sun et al., 2021). The competition for binding
sites is lessened at low Fe-modified biochar concentrations due to
the increased size of the available sorption surface (Ahmad et al.,
2014; L. Liang et al., 2021), allowing a higher proportion of
antibiotics to be adsorbed (Zou et al., 2022).

3.4 Adsorption kinetics

The kinetic adsorption mechanism process was studied by
applying a pseudo-first-order model, a pseudo-second-order model,
and an Elovich kinetic model for data analysis. The pseudo-first-order
and pseudo-second-order models were created using linear equations
(Alex Mbachu et al., 2023). The pseudo-first-order model asserts that
the rate of adsorption of an adsorbate onto any adsorbent is directly
related to the number of active sites present on the adsorbent. Pseudo-
second-order kinetics emerge as a consequence of chemisorption
phenomena during the adsorption process. The Elovich model is
often used to explain chemical adsorption in which the rate of
adsorption of solute decreases exponentially as the amount of
adsorbed solute increases (Arif et al., 2023).

The pseudo-first-order model is expressed mathematically as
Eq. (5)

log Qe − Qt( ) � log (Ql − k1
20303

( )t. (5)

The pseudo-second-order model is shown as follows Eq. (6):

t

Qt
� 1

k2 Qe( )2 +
t

Qe
. (6)

The Elovich kinetic model is presented as follows Eq. (7):

Qt � 1
β ln 1 + a β t( ), (7)

where:

- Qe is the equilibrium adsorption capacity (amount of solute
adsorbed at equilibrium),

- Qt is the amount of solute adsorbed at time t,

- k₁ is the rate constant for the pseudo-first-order
adsorption process,

- k2 is the rate constant for the pseudo-second-order
adsorption process,

- a is the rate constant for the Elovich kinetic model,
- β is the Elovich extent of surface coverage and activation
energy of chemisorption, and

- t represents the time.

3.4.1 Pseudo-first-order model
The pseudo-first-order equation assumed that the rate of

adsorption is directly proportional to the difference between the
equilibrium adsorption capacity and the adsorption at a given time.
R2 values close to 1 indicate that the reaction is more inclined toward
physisorption (Table 3).

R2 values for azithromycin, ciprofloxacin, and the mixture at
the 0.1 g Fe-modified biochar dose were 0.97707, 0.95021, and
0.96491, respectively. R2 values for azithromycin, ciprofloxacin,
and the mixture at the 0.2 g Fe-modified biochar dose were
0.96829, 0.95798, and 0.94999, respectively (Figures 10A, B).
The fact that none of the R2 values reached 0.99 indicates that
adsorption kinetics data did not perfectly follow the pseudo-first-
order kinetic model.

3.4.2 Pseudo-second-order model
The pseudo-second-order equation assumed that the rate of

adsorption is proportional to the square of the difference between
the equilibrium adsorption capacity and the adsorption at a given
time, and it followed second-order kinetics. A pseudo-second-order
reaction is more inclined toward chemisorption.

R2 values for azithromycin, ciprofloxacin, and the mixture at
the 0.1 g Fe-modified biochar dose were 0.99853, 0.99434, and
0.99789, respectively. R2 values for azithromycin, ciprofloxacin,
and the mixture at the 0.2 g Fe-modified biochar dose were 0.9950,
0.97579, and 0.9892, respectively (Figures 11A, B; Table 4). As R2

values of the pseudo-second-order reaction are closer to 1 than the
R2 values of the pseudo-first-order reaction, it can be assumed that
adsorption kinetic data for both antibiotics and their mixture are
more inclined toward and kinetically controlled as a pseudo-
second-order reaction representing chemisorption (Aoulad
et al., 2023), including various mechanisms, such as ion
exchange and electrostatic interaction (Nasiri Azad et al., 2015).

TABLE 3 Kinetic parameters of a pseudo-first-order model for adsorption of antibiotics.

Pseudo-first-order model

Amount of Fe-modified biochar Parameter Ciprofloxacin Azithromycin Mixture

0.1 g Fe-modified biochar Qe (mg/g) 1.57 1.72 1.66

K1 (min−1) −0.01215 ± 0.00124 −0.0134 ± 9.18356E-4 −0.01276 ± 0.00109

R2 value 0.95021 0.97707 0.96491

0.2 g Fe-modified biochar Qe (mg/g) 1.45 1.53 1.48

K1 (min−1) −0.01339 ± 0.00125 −0.01576 ± 0.00128 −0.01296 ± 0.00133

R2 value 0.95798 0.96829 0.94999
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These findings are consistent with the findings of the
pH experiment.

3.4.3 Elovich kinetic model
The Elovich model is applied to understand the chemisorption

nature of adsorption. The Elovich model suggests that adsorption
occurs through a multistep process, and the rate of adsorption is
not constant but decreases with time due to the decreasing number

of available active sites on the adsorbent surface. The graph of qt
versus lnt helps determine the nature of adsorption on the
heterogeneous surface of the adsorbent, whether chemisorption
or not (Abdu et al., 2021). R2 values for azithromycin,
ciprofloxacin, and the mixture at a 0.1 g Fe-modified biochar
dose were 0.93629, 0.97983, and 0.98033, respectively. R2 values
for azithromycin, ciprofloxacin, and the mixture at a 0.2 g Fe-
modified biochar dose were 0.97286, 0.94579, and 0.97311,

FIGURE 10
Pseudo-first-order model: (A) 0.10 g Fe-modified biochar and (B) 0.20 g Fe-modified biochar.

FIGURE 11
Pseudo-second-order model: (A) 0.10 g Fe-modified biochar and (B) 0.20 g Fe-modified biochar.

TABLE 4 Kinetic parameters of a pseudo-second-order model for the adsorption of antibiotics.

Pseudo-second-order model

Amount of Fe-modified biochar Parameter Ciprofloxacin Azithromycin Mixture

0.1 g Fe-modified biochar Qe (mg/g) 1.57 1.72 1.66

K2 (mg g−1 min−1) 0.61775 ± 0.02084 0.57128 ± 0.00981 0.5902 ± 0.01215

R2 value 0.99434 0.99853 0.99789

0.2 g Fe-modified biochar Qe (mg/g) 1.45 1.53 1.48

K2 (min−1) 0.6376 ± 0.04492 0.63033 ± 0.0198 0.64513 ± 0.03001

R2 value 0.97579 0.9950 0.9892
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respectively (Figures 12A, B; Table 5). Relatively higher R2 values
showed an Elovich fit, indicating the establishment of chemical
interactions of antibiotics with the functional groups present in
biochar. The Elovich model is often used to explain chemical
adsorption in which the rate decreases with time as the surface area
of the adsorbed substance increases.

Comparing the R2 values for the pseudo-first-order, pseudo-
second-order, and Elovich kinetic models for antibiotic adsorption
onto Fe-modified biochar, it was observed that pseudo-second-order
kinetic was the model with the best fit, and the adsorption kinetic
data align more closely with the pseudo-second-order model, which
signifies a form of chemisorption (Aoulad et al., 2023). Previous
studies linked the applicability of the pseudo-second-order model to
the chemisorption mechanism supporting the presence of multiple
adsorption sites (Abdu et al., 2021). However, Baraka (2012)
suggested that adsorption data that follow a pseudo-second-order
kinetic model could be an indication of both chemisorption and
physical adsorption mechanisms. Chemical adsorption mechanisms
include ion exchange, complexation, and electrostatic interaction
(Nasiri Azad et al., 2015; Ambaye et al., 2021). During the iron

loading onto biochar, chemical modifications can occur through the
addition of iron salts. These modifications introduce functional
groups that contribute to enhanced electrostatic interactions,
hydrogen bonding, and π–π stacking interactions with antibiotics,
promoting their adsorption onto the surface of the modified biochar
(Xu et al., 2022).

Fe-modified biochar generally implies electrostatic interaction
as the adsorption mechanism for the removal of organic pollutants
from water (Abbas et al., 2018). However, experimental conditions
also determine the type of forces involved in adsorption processes;
that is, the strength and nature of the electrostatic force depend on
the solution pH. The functional groups found on the surface of Fe-
modified biochar facilitate the chemical bonding between positively
charged antibiotics and negatively charged modified biochar
(Kumari et al., 2020). Adding iron sulfate to biochar decreases
biochar flammability while increasing the recalcitrant carbon
fraction and content of oxygen-containing functional groups on
the surface of biochar (Pace et al., 2018). The adsorption of
antibiotics onto the Fe-modified biochar surface is a multi-
faceted process, encompassing diverse mechanisms like ion

FIGURE 12
Elovich kinetic model: (A) 0.10 g Fe-modified biochar and (B) 0.20 g Fe-modified biochar.

TABLE 5 Kinetic parameters of the Elovich model for the adsorption of antibiotics.

Elovich kinetic model

Amount of Fe-modified biochar Parameter Ciprofloxacin Azithromycin Mixture

0.1 g Fe-modified biochar Qe (mg/g) 1.57 1.72 1.66

a (g/mg/min2) 1.230739 1.103424 0.888849

β (mg/g/min) 0.013218 −0.26724 −0.6111

R2 value 0.97983 0.93629 0.98033

0.2 g Fe-modified biochar Qe (mg/g) 1.45 1.53 1.48

a (g/mg/min2) 0.99995 0.941132 1.032237

β (mg/g/min) −0.87498 −0.7941 −0.80646

R2 value 0.94579 0.97286 0.97311
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exchange, complexation, precipitation, electrostatic interaction,
physical adsorption involving pore filling, and complexation
reactions associated with surface functional groups, such as FeO
(Jiang et al., 2023; Liang et al., 2022). The adsorption processes may
also include other interactions, including hydrogen bonds, π–π
stacking, and van der Waals forces (Li et al., 2018; Song et al.,
2019). In one study, tetracyclines exhibited high adsorption
efficiency onto Fe-modified biochar derived from rice waste,
attributed to the synergy of pore filling, electrostatic attraction,
π–π interactions, and the complexation reactions of surface
functional groups (Zhang et al., 2023). The particular reactions
taking place during the adsorption process can differ based on
various factors like the properties of the iron-modified biochar,
environmental circumstances, and the nature of the pollutants being
adsorbed (Zou et al., 2022).

4 Conclusion

The study investigated the removal of antibiotics from an
aqueous solution utilizing Fe-modified biochar derived from pine
cones. Characterization of Fe-modified biochar suggested that it
is crystalline in nature and rich in minerals, functional groups,
and Fe-O, causing it to be adsorptive in nature owing to its
increased surface area, iron modification, and synergistic effects.
Maximum removal percentages of azithromycin, ciprofloxacin,
and their mixture were 88%, 90%, and 85%, respectively. The
optimum conditions for maximum elimination of antibiotics
were pH 6, 40 C temperature, and 0.1 g dose of Fe-modified
biochar. An increase in temperature and low pH was found to
increase the removal efficiency of azithromycin, ciprofloxacin,
and the mixture of both antibiotics. The adsorption process was
found to obey a pseudo-second-order kinetic model, indicating a
chemical sorption mechanism. Current findings suggest that Fe-
modified biochar has great potential for removing antibiotics
from aqueous environments. In addition, the conversion of pine
cones into Fe-modified biochar is a valuable strategy for waste
reduction by transforming the former into an adsorbent, offering
a promising approach for water treatment and pollution
remediation.
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