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Abstract Pharmaceuticals play a crucial role in
human health and animal well-being. However,
wastewater treatment plants often have limited
removal efficiency for these substances, classifying
pharmaceuticals as persistent environmental con-
taminants. This study investigates activated biochar
produced from Anthriscus sylvestris (ASBS) for the
adsorption of tetracycline (TET) and ciprofloxacin
(CIPF) using batch and fixed-bed column experi-
ments. The adsorbent showed high adsorption capaci-
ties (402.75 mg g~! for TET; 582.18 mg g~! for
CIPF) and equilibrium was achieved after 1400 and
380 min, respectively. Adsorption followed the Lang-
muir and the pseudo-second-order models and was
governed by multiple interactions, such as n-x elec-
tron donor—acceptor (EDA) interactions, cation-x
bond, and hydrogen bonding. Furthermore, fixed-bed
column studies confirmed the potential for continuous
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treatment under various concentrations and flow
rates. Overall, this study demonstrates a practical
method for producing a low-cost adsorbent that can
effectively reduce pharmaceutical contamination in
aqueous solutions.

Highlights

e Anthriscus sylvestris-derived activated biochar
(ASBS) removed pharmaceuticals.

e ASBS showed high sorption for tetracycline
(TET) and ciprofloxacin (CIPF).

e 025 gL' of ASBS removed ca. 99.9% and 99.8%
of TET and CIPF, respectively.

e TET and CIPF sorption on ASBS was endother-
mic.

e The adsorption mechanism was explained by n—rx
EDA interaction and H-bonding.

Keywords Biochar modification - Water
treatment - Ciprofloxacin - Tetracycline - Adsorption
mechanisms - Fixed-bed-column studies

1 Introduction
Antibiotics such as tetracycline (TET) and ciprofloxa-

cin (CIPF) are widely used to treat and prevent infec-
tious diseases (Fiori et al., 2022; Mangla et al., 2022).
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These antibiotics are frequently detected in surface,
drinking, and wastewater worldwide at concentra-
tions ranging from ng L™! to ug L™ and have been
shown to persist even after conventional wastewater
treatment (Singh et al., 2024). By targeting essential
cellular processes, such as protein synthesis and DNA
replication, these bactericidal antibiotics impair bac-
terial survival and inhibit the spread and development
of infections in the human body (Martins et al., 2015;
Yuet al., 2016).

Discharged antibiotics further accumulate in water
bodies globally (Ali et al., 2018; Mangla et al., 2022),
causing severe negative impacts on human and envi-
ronmental health, such as chronic allergic reactions
(Mao et al., 2016; Sun et al., 2018) and the forma-
tion of bacterial populations that are resistant to anti-
biotics (Sun et al., 2018; Zeng et al., 2018). TET has
potent antibacterial properties (Liao et al., 2013; Fiori
et al., 2022), and is the second most widely used and
produced antibiotic worldwide (Guler & Sarioglu,
2014; Fiori et al., 2022). CIPF, a second-generation
quinolone antibiotic (Yu et al., 2016; Sun et al.,
2018), is highly resistant to biodegradation (Yu et al.,
2016; Sun et al., 2018). Such persistence demands
innovative and effective removal strategies that are
both practical and sustainable.

An effective approach to minimize these pharma-
ceuticals in natural waters is to remove them in waste-
water treatment plants (WWTPs) before discharge.
However, conventional treatments in WWTPs often
fail to completely remove pharmaceuticals (includ-
ing TET and CIPF) (Ali et al., 2018; Fiori et al.,
2022; Mangla et al., 2022), with removal efficiencies
below 50% for most compounds (Vieno et al., 2017).
Various technologies have been adopted for treating
wastewater containing antibiotics, including photo-
catalytic degradation (He et al., 2016; Gholami et al.,
2020), electro-degradation (Brinzila et al., 2012; Fiori
et al., 2022), and oxidation (He et al., 2016; Dhiman
& Sharma, 2018;). However, their application is often
limited due to high cost, energy consumption, or for-
mation of toxic by-products (Martins et al., 2015;
Zeng et al., 2019). Therefore, adsorption remains one
of the most promising physicochemical technologies
due to its simplicity, cost-effectiveness, and scalabil-
ity potential (Mangla et al., 2022).

Various adsorbents have been studied, including
activated carbon (Saygili & Giizel, 2016), graphene
oxide (Ma et al., 2015), and carbon nanotubes (Yu
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et al., 2016). However, all these adsorbents can be
costly to produce at scale (Wang et al., 2018; Man-
gla et al., 2022). Consequently, there is a need for
cheaper, renewable alternatives with comparable per-
formance. Biochar offers a more sustainable and low-
cost alternative, especially when derived from abun-
dant or invasive biomass sources (Wang et al., 2018;
Mangla et al., 2022). Biochar is defined as a porous
carbon material derived through the pyrolysis of bio-
mass under limited oxygen conditions (Shirani et al.,
2024). Its adsorption capability depends on param-
eters such as the biomass origin, surface area, poros-
ity, and surface functional groups, all of which can
be improved through chemical or physical activation
(Wang et al., 2018; Mangla et al., 2022). For instance,
alkali activation with NaOH, can improve porosity
and introduce oxygen-containing functional groups
that facilitate multiple adsorption pathways (Wang
et al., 2018).

Anthriscus sylvestris, commonly known as cow
parsley, is a short-lived, perennial tall herb from
the Apiaceae family (Magnidsson, 2011; Miller &
D’auria, 2011). It is indigenous to parts of Asia and
Europe, including Finland (Magntsson, 2011; Miller
& D’auria, 2011). A. sylvestris has applications in tra-
ditional medicine for the treatment and prevention of
several diseases, including eczema, hemorrhoids, and
liver problems (Vyas et al., 2012). Nowadays, this
herb is considered an invasive species in many coun-
tries, such as The Netherlands, Canada and Iceland
(Miller & D’auria, 2011; Halldérsson, 2012; Seegers
et al., 2018). Using this underutilized invasive spe-
cies not only provides a sustainable feedstock but also
supports local ecosystem management efforts.

This study explores the use of chemically activated
biochar derived from Anthriscus sylvestris, which
is characterized by high surface area, tailored pore
structure, and abundant functional groups that enable
various chemical and physical interactions with TET
and CIPF. These surface properties help bridge the
gap between low-cost biochars and more advanced
adsorbents by achieving high removal efficiencies. In
addition, this work clearly advances both the theoreti-
cal and practical understanding of adsorption kinet-
ics by systematically comparing existing models,
evaluating mechanism shifts, and providing robust
parameters for process design. By combining batch
and laboratory-scale fixed-bed column experiments,
this work demonstrates the potential applicability and
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scalability of ASBS for real-world wastewater treat-
ment. Preliminary studies by our group have bench-
marked ASBS against other locally available plant
species in Finland, showing that Anthriscus sylves-
tris achieved higher removal efficiencies for TET and
CIPF even in its raw form. While the use of plant-
based biochar has been previously reported (Shirani
et al., 2020, 2024), this is, to our knowledge, the first
study employing ASBS in a dual-mode adsorption
study for these pharmaceuticals, further highlight-
ing its cost-effective and environmentally sustainable
potential for application beyond laboratory scale.

2 Materials and Methods
2.1 Materials

In this study, analytical-grade chemicals and rea-
gents were used. Tetracycline (TET) (CAS: 64-75-
5), ciprofloxacin (CIPF) (CAS: 17850-5G-F)
(assay: >98.0%), hydrochloric acid (37%) and
sodium hydroxide (>97%) were obtained from Sigma
Aldrich. Anthriscus sylvestris was gathered from a
local forest in Kuopio, Finland.

2.2 Preparation of Activated Biochar (ASBS)

Leaves of A. sylvestris were hand-picked, washed,
and dried in the oven at 45 °C for 24 h. The dried
leaves were ground and sieved through a 250 pm
mesh screen. The sieved material was then placed in
an oven, with the temperature increasing from ambi-
ent to 300 °C at a heating rate of 10 °C min~'. The
material remained at this temperature for approxi-
mately 15 min under nitrogen flow (1 L min~!). These
thermally treated samples were labeled “Inactivated
Biochar” (INA-BC) (Fig. 1).

In this study, half of the INA-BC was chemically
activated using NaOH. First, a mixture of INA-BC
(3g) and 4 M NaOH (40 mL) was stirred for 2 h using
a magnetic stirrer and allowed to be dried at 105 °C
for 24 h. The material was thermally activated by
heating from ambient temperature to 800 °C under
nitrogen flow (2 L min~') at a rate of 3 °C min~!,
with a holding time of 2 h. The activation tempera-
ture (800 °C), time (2 h), and NaOH concentration
(4 M) were chosen based on preliminary trials and
previous studies to ensure sufficient surface area, pore

volume, and functional group development (Wang
et al., 2018; Mangla et al., 2022; Shirani et al., 2024).
The activated sample was allowed to cool and then
rinsed with 2 L of deionized water. Subsequently, it
was treated with 200 mL of 0.1 M HCI for an acid
rinse. The solids were further washed with deionized
water until the pH of the filtrate became neutral, then
dried at 50 °C for 24 h and named “Activated Bio-
char”, (ASBS). Both INA-BC and ASBS were stored
in sterilized, capped containers inside a desiccator
for future use (Fig. 1). The final yield of activated
biochar (ASBS) after chemical and thermal activa-
tion was calculated as the ratio of the final activated
biochar weight (around 0.01 g) to the initial INA-BC
used (3 g).

2.3 Characterization of ASBS

To examine the surface morphology of ASBS, an
energy-dispersive X-ray analyzer was employed
(Hitachi SU-8010, Japan). Surface functional groups,
important in adsorption, were identified through Fou-
rier Transform Infrared Spectroscopy (FTIR) using a
Spectrum 100 spectrometer (PerkinElmer, Waltham,
MA, USA).

2.4 Batch Adsorption Experiments

For this purpose, 0.1 g L™ of ASBS was introduced into
15 mL polyethylene centrifuge tubes containing differ-
ent concentrations of the adsorbates (10 to 100 mg LY.
To investigate how the solution pH affects the adsorption
of TET and CIPF, the pH was initially adjusted to 2, 4,
6, 8 and 10 using 0.1M HCI and 0.1M NaOH. Experi-
mental conditions were optimized by examining various
parameters, including ASBS dosage (0. 25-1.25 mg),
agitation time (0-1600 min), initial adsorbate concen-
tration (10-100 mg L), temperature (—1, 25 and 35°
C) and co-existing anions and cations at a natural pH of
5.17. For studying the effect of competing ions on TET
and CIPF adsorption by ASBS, two concentrations of the
co-existing ions (for TET: 50 and 100 mg L~!, for CIPF:
25 and 50 mg L") were added to the fixed pharmaceu-
tical concentrations (100 mg L™": TET and 40 mg L™":
CIPF). Throughout the experiments, a single parameter
was modified, while the remaining variables were kept
constant. All adsorption experiments were performed in
duplicate, and the results are reported as arithmetic means
with standard deviations below +5%. In each experiment,
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Fig. 1 Schematic represen-

tation of the chemical and
thermal activation process
for ASBS synthesis from
Anthriscus sylvestris

1. Raw Material Collection:

- Collect Anthriscus sylvestris leaves from local forest.
2. Pre-treatment:

- Wash leaves thoroughly.

- Oven-dry at 45°C for 24 hours.
- Grind and sieve to < 250 pum.

3. Initial Pyrolysis:

- Heat from ambient temperature to 300°C at 10°C min!.
- Hold for approximately 15 min under N, flow (I L min-').
- Product: Inactivated Biochar (INA-BC).

4. Chemical Activation:

- Mix INA-BC (3 g) with 4 M NaOH (40 mL).
- Stir for 2 hours.
- Oven-dry at 105°C for 24 hours.

5. Thermal Activation:

- Heat from ambient to 800°C at 3°C min'!.
- Hold for 2 hours under N, flow (2 L min-').

6. Post-treatment:

- Cool, rinse with 2 L deionized water.

- Treat with 0.1 M HCI (200 mL).

- Wash to neutral pH.

- Oven-dry at 50°C for 24 hours.

- Store in desiccator.

- Final product: Activated Biochar (ASBS).

the concentrations of adsorbates in stock solutions were
measured before and after adsorption to assess any poten-
tial degradation and to verify mass balance, thereby con-
firming that the observed removal was due to adsorption
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rather than degradation losses. After each adsorption
experiment, the supernatants were filtered using 0.42 pm
cellulose nitrate membrane filter. The residual concentra-
tions of TET and CIPF were then measured at maximum
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wavelength of 357 (Tan et al., 2015) and 277 nm (Zeng
et al., 2018), respectively using a UV spectrophotom-
eter (Shimadzu corp. Tokyo, Japan). Prior to each set of
measurements, the UV-Vis spectrophotometer was cali-
brated using standard solutions for TET and CIPF cover-
ing the full concentration range used in the experiments.
The instrument’s detection limit was approximately
0.01 mg L', and potential interference from coexisting
ions at measurement wavelengths was confirmed to be
negligible.

The removal percentage and adsorption capacity of
ASBS at equilibrium for TET and CIPF were calcu-
lated using Egs. (1) and (2):

(C;-C,)
Removal percentage% = —c x 100 €))

v(c,- c.)

2
W @)

Adsorption capacity(mgg_l) =
where, C; is the initial concentration of TET or CIPF
(mg L) and C, is the concentration of the TET or
CIPF at equilibrium (mg L7"), V is the volume of
the TET or CIPF solution (mL) and W is the mass of
ASBS (mg).

2.5 Determination of pH,,.
To characterize the electrochemical properties of ASBS,
pH drift method was used. The conducted method is
explained in detail in our previous study (Shirani et al.,
2020). After preparing a solution of 0.01 M NaCl, 0.01
g of ASBS was added to 5 mL of the solution while the
initial pH of the solution was adjusted to 2, 4, 6, 8 and 10.

At the end of the experiment, the final pH (pHy) of
the supernatants was measured. To determine the pH
at zero point of charge of ASBS, intersection of ApH
against pH; was plotted (Lopez-Ramon et al., 1999).
ApH is expressed as the following Eq. (3):

ApH = pHinitial - pHﬁnal (3)

2.6 Thermodynamic Studies

The adsorptive reaction orientation and feasibil-
ity were evaluated by calculating thermodynamic

parameters, including Gibbs free energy (AG®),
heat of adsorption (AH°), and entropy change
(AS®), using the Eqs. (4) and (5):

AG° = —RTInK 4
9, AS°  AH®

In| =% ) = -

“< C. > R~ RT )

where, T and R are known as the temperature (K or
Kelvin) and the gas constant (8.314 J mol™! K1),
respectively.

2.7 Modeling of Adsorption Processes
2.7.1 Kinetic Modeling

Adsorption kinetics were investigated to exam-
ine the rate and dynamics involved in the
adsorption process. Moreover, the results of
these studies demonstrate the equilibration
time for maximum uptake. The kinetic models
applied in this study included: pseudo-first-
order (PFO) and pseudo-second-order (PSO)
models. PFO assumes that the occupation rate
of the adsorbent’s sorption sites by the adsorb-
ate is proportional to the sites that are not yet
occupied (Lagergren, 1898). PSO suggests
that chemisorption limits the rate at which the
adsorption process takes place and involves
bonding forces through the exchange or shar-
ing of electrons among the adsorbate molecules
and the surface of the adsorbent (Ho & McKay,
1999). The non-linear form of PFO and PSO
expressions are given by Eqgs. (6) and (7):

q, = q,[1 — exp(—ki1)] (©6)
2
q;kyt

with k; and k, represent the rate constants, cor-
responding to the PFO (min~') and PSO (g mg™!
min~!) models, respectively. The amount of TET or
CIPF (mg g~') adsorbed at the equilibration time is
J., at time t (min), the adsorbed quantity of TET or
CIPF s q,.
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2.7.2 Isotherm Modeling

Adsorption isotherm studies are conducted to depict
the adsorption mechanism of TET and CIPF by ASBS
and to describe how the adsorbate interacts with the
adsorbent. To describe the adsorption isotherms, four
isotherm models were applied: Langmuir, Freundlich,
Sips and Dubinin-Radushkevich. The Langmuir iso-
therm model describes adsorption occurring on homog-
enous surfaces with insignificant interaction between
adsorbed molecules (Langmuir, 1918). The non-linear
equation of this model is represented by Eq. (8):

4,bC,

e = 1+5bC, ®)

where, q. is considered the adsorbed amount of TET
or CIPF by ASBS (mg g~!) at equilibrium. The equi-
librium concentration of TET or CIPF at equilibrium
time and the constant of Langmuir are C, (mg L™")
and b (L mg™!) respectively. The maximum adsorp-
tion capacity of TET and CIPF (mg g ') is q_,..

The Freundlich isotherm, an empirical model,
describes multilayer adsorption on an adsorbent
surface with heterogeneous properties (Freundlich,
1909) and is given by Eq. (9):

1
de = kFCe / ! (9)

where, q, is the adsorbed amount of TET or CIPF
using ASBS (mg g™!) at equilibrium, C, is the equi-
librium concentration of TET or CIPF (mg L_l) at
equilibrium time and kg is the constant (mg g H (L
mg )" of Freundlich.

The Sips model combines the Freundlich and
Langmuir isotherm to predict heterogeneous adsorp-
tion systems while mitigating restriction of the Fre-
undlich model. At low adsorbate concentrations,
it follows the Freundlich isotherm model, whereas
at higher concentrations it predicts the monolayer
capacity of the Langmuir model (Sips, 1948). The
Sips model parameters are affected by experimen-
tal conditions, including pH, temperature, and initial
adsorbate concentrations (Sips, 1948). This model is
demonstrated by Eq. (10):

dm (kS Ce )m

T T g rC 1o
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where, q,, is the maximum adsorption capacity of
TET and CIPF at saturation (mg g~'), kg is the con-
stant of sips isotherm model (L mg™'), while m is
considered as the exponent.

Dubinin-Radushkevich model is used to explain the
adsorption mechanism occurring on heterogeneous as
well as homogeneous surfaces (Dubinin & Radushk-
evich, 1947). One advantage of this model compared
to other isotherm models is its consistency across dif-
ferent temperatures (Dubinin & Radushkevich, 1947).
The non-linear form of this model is expressed by
Egs. (11) and (12) (Dubinin & Radushkevich, 1947):

e = quexp(—kppE?) (11)

1
5—RT1n<1+a> (12)
where, ., q,, and kpy are the theoretical adsorption
capacity (mg g~!), maximum sorption capacity of
TET or CIPF adsorbed (mg g~') at the equilibrium
and Dubinin-Radushkevich isotherm model constant
(mol® J72), respectively. R stands for the universal gas
constant (8.314 J K™' mol™"), and T represents the
absolute temperature (K).

2.8 Fixed-Bed-Column Experiments

Fixed-bed-column studies were performed to obtain
engineering data and to validate the potential of the
material to be used for continuous, real-scale waste-
water treatment (Bharathi & Ramesh, 2013). To carry
out the column studies a glass column of 100 mm
height, 6.6 mm internal diameter and 3400 mm?> vol-
ume was used. The weight of ASBS was 0.025 g.
Glass wool with the thickness of 0.04 cm in the
top and bottom side of ASBS was used to provide
mechanical support for the adsorbent and to prevent
material loss and buoyancy. Flow rates were adjusted
with a peristaltic pump. All experiments were con-
ducted at room temperature (28+1 °C). An assess-
ment was made of the impact of flow rates (1 and
2 mL min~! for both adsorbates) and different con-
centrations (TET concentrations ranged from 20 to
50 mg L~!, and CIPF concentrations varied between
30 to 40 mg L7"). These values were derived from
typical TET concentrations found in liquid manure
(Hamscher et al., 2002) and CIPF concentrations in
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pharmaceutical effluents (Geng, 2015). Effluent Sam-
ples were collected at specific intervals and analysed
using a UV-spectrophotometer to determine TET and
CIPF concentration at 357 nm and 277 nm, respec-
tively. Breakthrough curves were obtained by using
the ratio of C/C as a function of time. The break-
through and saturation points correspond to effluent
concentrations reaching 5% and 95% of C,, respec-
tively (Pérez-Morales et al., 2019). The empty bed
contact time (EBCT) was calculated as the ratio of
the column bed volume to the flow rate. Due to the
small bed height and low flow rates used, any pres-
sure drops across the packed bed was negligible.

3 Results and Discussion
3.1 Characterization

Anthriscus sylvestris was selected as a precursor for
activated biochar due to its natural abundance, rapid
growth, and local availability as an underutilized
plant resource. The plant’s lignocellulosic compo-
sition makes it suitable for producing carbon-rich
material with a high degree of porosity and abun-
dant surface functional groups after activation.
These structural characteristics enhance the number
of active sites available for adsorbing pharmaceu-
tical molecules. A. sylvestris has not been widely
studied for adsorptive applications; however, the
biochar derived from this plant (ASBS) demon-
strated promising physicochemical characteristics
and high adsorption capacity, making it a strong

candidate for pharmaceutical removal from water.
The final yield of ASBS after chemical and thermal
activation was approximately 0.33% of the INA-BC
mass. Such a low yield is typical for strong alkali
chemical activation, which removes ash and volatile
matter, and creates a highly porous structure with
abundant active sites for adsorption (Guo et al.,
2024b).

3.1.1 SEM Analysis

The surface morphology of pristine plant mate-
rial and the biochar before and after activation
was examined using scanning electron microscope
(SEM) (Fig. 2 (a)). Before activation, the external
surfaces of the pristine plant and the inactivated
biochar appeared smooth and mostly lacked pores
(Fig. 2 (a) (i) and (ii)). After activation, numer-
ous irregular and well-distributed pores appeared
on the ASBS surface, visibly increasing its rough-
ness and likely enhancing the accessible surface
area for adsorption. This observation is consist-
ent with recent findings, which showed that using
strong bases such as NaOH as activating agents dur-
ing lignin pyrolysis can produce carbon materials
with exceptionally high BET surface area and pore
volume, thus significantly boosting adsorption per-
formance (Xu et al., 2024) (Fig. 2(a) (iii)). These
porous structures may facilitate intraparticle diffu-
sion and provide more active sites for the adsorp-
tion of TET and CIPF (Wang et al., 2022).

Absorbance

T T T
3500 3000 2500

Wavenumber (cm™) pH;

Fig.2 (a) Scanning electron microscopy image of (i)
Anthriscus sylvestris, (ii) INA-BC and (iii) ASBS and (b)
FTIR spectra of (i) Anthriscus sylvestris, (ii) INA-BC and (iii)

T T T T T T
2000 1500 1000 ® 1 2 3 4 5 6 7 8 9% 1011

ASBS before and after adsorption of (iv) TET and (v) CIPF
and (¢) pH,,; of ASBS (pH;: initial pH of the solution & pHy:
final pH of the solution)
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3.1.2 Fourier Transform Infrared Spectroscopy
(FTIR) Analysis

The results from the FTIR spectra of the adsor-
bents (Fig. 2(b)) revealed the disappearance of sev-
eral bands due to the activation process. This occurs
because high temperatures partially decompose sur-
face functional groups and release volatile matter (He
et al., 2016). Both the pristine plant and INA-BC dis-
played a peak at 3400 cm™! which can be attributed to
O-H hydrogen bonding (He et al., 2016). The pres-
ence of a peak at 2921 cm™" in both pristine plant and
ASBS was attributed to aliphatic bonds (Pezoti et al.,
2016; Wang et al., 2018). A peak at 1118 cm, pre-
sent in all samples before and after adsorption, may
imply the stretching vibrations of C-O-H (He et al.,
2016). The stretching vibration around 1400 cm™ in
both pristine plant and INA-BC could be attributed to
highly conjugated C-O and C=O0 stretching of car-
boxylic groups (Pezoti et al., 2016). This peak shifted
slightly to 1450 cm™' in ASBS, suggesting that acti-
vation reduces oxygen-containing functional groups,
enhancing adsorbate uptake (Taheran et al., 2016).
After activation, the stretching vibration near 1250
cm™!, assigned to C=0 in the pristine plant, almost
disappeared (He et al., 2016). The band observed near
1610 cm™! was associated with the stretching of aro-
matic C=C bonds (Peng et al., 2015) in pristine plant,
INA-BC, and ASBS, which shifted to 1620 cm™" after
the adsorption of TET and CIPF. This indicates that
n-n electron donor—acceptor (EDA) interactions could
significantly contribute to the adsorption of antibiot-
ics onto the adsorbent (Zeng et al., 2018). In ASBS,
stretching vibrations observed approximately at 2020
and 2150 cm™! may be assigned to C = C and C=C,
respectively (Mao et al., 2016; Ali et al., 2018).
Overall, the disappearance and shifts of oxygen-
containing bands indicate a net reduction in acidic
groups and relative enrichment of basic surface sites
(Panwar & Pawar, 2022). This improves the hydro-
philicity, aromaticity, and ion-exchange capacity of
ASBS (Kumar et al., 2022). As a result, the modified
surface can develop stronger electrostatic attractions
and hydrogen bonds with the ionizable functional
groups of TET and CIPF. Additionally, the preserved
aromatic domains and the appearance of new C=C
bonds support more pronounced n-t EDA interac-
tions, further contributing to higher adsorption capac-
ities. This improved surface chemistry, combined
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with the observed structural porosity, explains the
increased adsorption capacity and efficiency of ASBS
compared to the inactivated material.

The activation process not only removes ash and
volatile matter but also promotes the formation of
stable aromatic structures (e.g., C=C bonds), which
increase the structural strength and stability of the
adsorbent. This enhanced aromaticity and reduced
impurities improve the material’s adsorption effi-
ciency and support its potential for regeneration and
reuse without significant performance loss (Liu et al.,
2021).

3.2 Effect of Solution pH

The acidity or basicity of the solution affects both the
surface charge of the adsorbent and the ionization and
the speciation of the adsorbate (Peng et al., 2015).
Therefore, it is essential to determine the optimal pH
by examining its effect on adsorption performance.

The pH at the zero point of charge (pHyp-) of
the modified biochar was 5.17 (Fig. 2(c)), which is
important when considering how TET and CIPF
speciation varies with pH and affects electrostatic
interactions during adsorption. TET is an amphoteric
molecule (Wang et al., 2018; Fiori et al., 2022), con-
sisting of three ionizable functional groups, including
tricarbonyl methane, phenolic diketone and dimeth-
ylamine groups (Brinzila et al., 2012). It has three
distinct pK, values: 3.3, 7.8, and 9.6 (Martins et al.,
2015; Oruganti et al., 2023). Thus, when the solution
pH is lower than 3.3, the cationic H4TCJr form domi-
nates. Zwitterionic species are predominant within
the pH range of 3.3 to 7.8 (Martins et al., 2015). Ani-
onic forms, such as TCH™ and TC?~ ions, dominate
when the pH is higher than 9.6 (Fig. 3) (Wang et al.,
2018).

As presented in Fig. 4(a) the adsorption of TET
by ASBS showed clear pH dependence. At pH values
below the PH,, (5.17), the surface of the ASBS is
positively charged, leading to weaker n-n EDA inter-
actions with the H4TCJr ions. However, increasing the
pH to 4 enhances the adsorption due to stronger EDA
interactions between the positively charged ASBS
surface and the zwitterionic form of TET (Peiris
et al., 2017). The n-m EDA interactions between anti-
biotics and carbonaceous materials might be consid-
ered as one of the most significant non-hydrophobic
interactions (Liao et al., 2013). The benzene structure
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Fig. 4 (a) Effect of solution pH on TET and (b) effect of solu-
tion pH on CIPF removal using ASBS (Initial TET concentra-
tion: 50 mg L~! and initial CIPF concentration of: 40 mg L™},

of TET and the polarized aromatic rings of the adsor-
bent interact through the n-n EDA interactions (Liao
et al., 2013). Additionally, non-specific van der Waals
forces, H-bonding and hydrophobic interactions can
contribute to TET adsorption at pH 4 (Martins et al.,
2015; Zeng et al., 2019). H-bonding occurs through
interactions between functional groups of TET, such
as -OH, -NH,, N-H and -CHj;, and the oxygen con-
taining groups of ASBS, such as C-O-H (Liao et al.,
2013). At pH values above 8, the surface of ASBS
becomes negatively charged, leading to electrostatic
repulsion with the anionic TET species (Peiris et al.,
2017).

Furthermore, the impact of the pH level of the
solution on the adsorption of CIPF by ASBS was

110
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dose of ASBS: 0.1 g L.”!, in room temperature. All experi-
ments were conducted in duplicate; error bars represent stand-
ard deviation)

studied across a pH range of 2-10. CIPF is an ion-
izable antibiotic with two pK, values (6.1 and 8.7),
so it can be present in positive, negative and zwitteri-
onic forms (Li et al., 2014). For CIPF, the maximum
adsorption capacity of 372.53 mg g~! was obtained
at natural pH (pH: 5.17) (Fig. 4(b)). Below pH 5.17
(pHZpC), CIPF exists in its cationic form while ASBS
is positively charged, resulting in electrostatic repul-
sion and a decrease in adsorption. Increased elec-
trostatic attraction was observed in the pH range of
5.2-6.1 that can be due to different charges of CIPF
molecules and ASBS surface (Li et al., 2014). When
the pH of the solution is between 6.1 and 8.7, CIPF
is in its zwitterionic form and its solubility is low-
est, while its hydrophobicity is highest (Li et al.,
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2014). This may explain the increased adsorption,
as hydrophobic interactions play a key role in the
adsorption of organic compounds (Peng et al., 2015).
Above pH 8.7, both the ASBS and CIPF surfaces
become negatively charged, and the concentration of
OH™ ions increases, leading to a slight decrease in
CIPF removal efficiency due to electrostatic repul-
sion (Yu et al., 2016) and competition with excessive
OH™ ions (Dhiman & Sharma, 2018). Despite these
factors, the removal efficiency of CIPF by ASBS
remained high across the entire pH range (Fig. 4(b)).
Therefore, subsequent adsorption studies were con-
ducted using Milli-Q water (pH about 5.17).

3.3 Effect of the Adsorbent Dosage

Various ASBS dosages, ranging from 0.05 to 0.25
g L', were tested for their effectiveness in adsorb-
ing TET and CIPF. The adsorption of TET by ASBS
increased from 51% to 99.9%, while that of CIPF
sharply increased from 54.2% to 99.8% as the dose
was raised from 0.05 to 0.25 g L™! (Fig. 5(a) and (b)).
The enhanced removal efficiency at higher doses may
be attributed to an increase in an available adsorption
surface area, active sites, and mass transfer driving
forces (Shirani et al., 2018). However, the adsorption
capacity of TET and CIPF by ASBS decreased from
521.55 to 204.71 and from 796.69 to 293.54 mg g~!,
respectively with an increase in ASBS dosage from
0.05 to 0.25 g L™!. This reduction may occur due to
agglomeration of biochar particles, which can lead to
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incomplete utilization of active sites for sorption (Ali
et al., 2018).

3.4 Adsorption Kinetics

The adsorption kinetics of TET and CIPF onto ASBS
were evaluated using PFO and PSO models at dif-
ferent initial concentrations. The amounts of TET
(10 and 50 mg L") and CIPF (10 and 40 mg L)
adsorbed by ASBS at different time intervals are
illustrated in Fig. 6(a) and (b). The maximum adsorp-
tion of TET and CIPF was reached after 1400 and
380 min, respectively. The kinetic parameters for
these models are summarized in Table 1. Additional
detailed statistical indicators for the kinetic models,
including chi-square (XZ), residual sum of squares
(RSS), and Akaike information criterion (AIC) val-
ues for each concentration and model, are provided in
Tables S1 and S2 and the residual analysis are pre-
sented in Fig. S1 and S2.

For TET, the PSO model provided a better fit at 10
mg L~!, with lower statistical error indicators (X2 =
1.97, RSS = 135.62, AIC = 30.07) and higher cor-
relation (R> = 0.98) compared to the PFO model
(x* = 7.21, RSS = 395.25, AIC = 40.77, R* = 0.95)
(Table S1). The PSO-predicted adsorption capacity
(99.61 mg g~') was closer to the experimental value
(103.11 mg g™") than the PFO prediction (96.90 mg
g™ "), and the RMSE was significantly lower (3.85
vs. 6.62) (Table 1). At 50 mg L', the PSO model
again outperformed PFO, with X2 = 100.68, RSS =
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Fig. 5 (a) The impact of adsorbent dosage on TET and (b) the impact of adsorbent dosage on CIPF removal efficiency by ASBS
(Concentration of TET: 50 and concentration of CIPF: 80 mg L.™")
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Fig. 6 (a) Kinetic Pseudo-first-order (PFO) and Pseudo-second-order (PSO) modelling of TET using ASBS (b) Kinetic PFO and

PSO modelling of CIPF using ASBS

Table 1 Adsorption kinetic parameters for TET and CIPF on ASBS

Pharmaceutical Pseudo-first-order
Experimental Rate Constant (min~") Theoretical Root Mean Coefficient of
Adsorption Adsorption Squared Determination
Capacity (mg Capacity (mg Error (R?)
g g (RMSE)
TET 10 (mg L") 103.11 0.27 96.90 6.62 0.95
TET 50 (mg L) 360.91 0.11 288.3 52.18 0.79
CIPF 10 (mg L") 109.2 0.7 109.6 0.81 0.99
CIPF 40 (mg L") 376.87 0.18 358.3 17.59 0.99
Pharmaceutical Pseudo-second-order
Experimental Rate Constant(g mg~! min~')  Calculated Root Mean Coefficient of
Adsorption Adsorption Squared Determination
Capacity (mg Capacity (mg Error (R?
g g (RMSE)
TET 10 (mg L™ 103.11 0.0048 99.61 3.85 0.98
TET 50 (mg L) 360.91 0.0004 309.6 38.84 0.88
CIPF 10 (mgL™Y)  109.2 0.053 110.1 0.60 0.77
CIPF 40 (mg L™ 376.9 0.0009 373.4 6.48 0.99

13770.81, AIC = 76.28, and R* = 0.88, compared to
higher errors for PFO (X2 =150.53, RSS =24601.28,
AIC = 82.08, R?> = 0.79) (Table S1). Moreover, from
the residual plots (Fig. Sla-b) it was observed that
the PSO model has a more random and symmetric
distribution of residuals around zero, particularly at
10 mg L™!, supporting the model’s goodness-of-fit.
These results suggest that chemisorption may play
a dominant role in the adsorption mechanism of
TET, especially at higher concentrations (Tan et al.,
2015; Guo et al., 2024a, b).

For CIPF, a different trend was observed. At 10 mg
L~!, the PFO model exhibited better statistical per-
formance, with lower X2 (0.64), RSS (70.6), and AIC
(24.45) values and higher R? (0.99), closely match-
ing the experimental adsorption capacity (109.6 mg
g ' vs. 109.2 mg g7!) (Table 1 & S2). In contrast, the
PSO model yielded higher X2 (1.35), RSS (147.2),
and AIC (32.53), with a lower R? (0.77) (Table 1
& S2). The residual plots for this concentration
(Fig. S2a-b) also supports this finding, as the PFO
model displayed a more balanced and less patterned
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residual distribution than the PSO model. However, at
40 mg L™', the PSO model performed better (y? =
151.99, RSS = 43858.47, AIC = 95.20, R? = 0.9979)
than PFO (x> = 176.43, RSS = 47108.97, AIC =
97.12, R* = 0.9962), and its predicted adsorption
capacity (373.4 mg g~') more closely approximated
the experimental value (376.87 mg g~') (Table 1
& S2). Corresponding residual plots at 40 mg L~!
(Fig. S2c-d) revealed that the PSO model had slightly
less systematic error and more randomly scattered
residuals compared to the PFO model, supporting its
reliability at higher concentrations.

These findings suggest a possible concentration-
dependent shift in the adsorption mechanism. The PFO
model fits better at lower CIPF concentrations, indi-
cating a predominantly physisorption-driven process.
While the PSO model provides better fits at higher con-
centrations for both TET and CIPF, suggesting a transi-
tion toward intraparticle diffusion and stronger surface
interactions such as chemisorption, aligning with the
PSO model assumptions. These likely involve elec-
tron exchange or sharing between the adsorbate and
functional groups on the ASBS surface (Peiris et al.,
2017; Das et al., 2018). These interactions may occur
between the adsorbates and functional groups on the
ASBS surface, including amino groups and accessible
adsorption sites (Shirani et al., 2018). The shift from
PFO to PSO dominance suggests that the rate-limiting
step may change from boundary layer diffusion at low
concentrations to surface reaction and pore diffusion
at higher loadings (Mohamed Nasser et al., 2024), fur-
ther supporting the complex adsorption mechanism
of ASBS. The dominance of the PSO model indicates

500

E
g .
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& ~ - = Freundlich model
= = = = Langmuir model
wt Sgsmmid
(a) Dubinin-Radushkevich model
0 T T T T T
0 10 20 30 40 50
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that chemisorption is likely the rate-limiting step, sug-
gesting stronger and more stable adsorbate-adsorbent
interactions. This behaviour is highly advantageous
for practical applications in large-scale and continu-
ous flow systems, where competing ions and fluctu-
ating operating conditions can otherwise lead to des-
orption and reduced treatment efficiency (Tan et al.,
2015). However, the observed decrease in the PSO rate
constant (k%) with increasing initial concentrations of
TET and CIPF can be attributed to higher surface load-
ing and intensified competition for active sites, which
reduce diffusion efficiency and slow down the adsorp-
tion rate (Saygili & Giizel, 2016).

3.5 Adsorption Isotherms

Representative Langmuir (Eq. 8), Freundlich (Eq. 9),
Sips (Eq. 10) and Dubinin-Radushkevich (Egs. 11
and 12) adsorption isotherm models were applied
to batch experiments where, 0.1 g L~! of ASBS and
10-100 mg L~! of TET and CIPF solutions were pre-
pared. These four isotherm models were chosen to
comprehensively describe different possible adsorp-
tion behaviours: Langmuir (monolayer, homogene-
ous), Freundlich (multilayer, heterogeneous), Sips
(hybrid), and Dubinin-Radushkevich (energy and
pore-filling insight).

The equilibrium adsorption data and their fits to
these models are presented in Fig. 7(a) and (b) for
TET and CIPF, respectively. These plots show how
well each model describes the experimental data
across the studied concentration range.

e Experimental data

200 = « =Freundlich model
= = = = Langmuir model
100 $§ (b) ....... Sipsmodel
Dubinin-Radushkevich model
0 T T T T T T
0 5 10 15 20 25 30
C.(mg.LY)

Fig. 7 (a) Freundlich, Langmuir, Sips and Dubinin-Radushkevich Isotherm modeling of TET and (b) CIPF using ASBS
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Although all four models showed reasonable R>
values (R?>0.93) (Table 2), further evaluation using
residual analysis (Fig. S3-S4), chi-square, RSS and
AIC (Tables S3-S4) revealed deeper insight into the
model performance and fitting quality.

The Langmuir model estimated the maximum
adsorption capacities as 402.7 mg g~! for TET and
582.2 mg g~! for CIPF. As the experimental data of
TET can be modelled using both Langmuir and Fre-
undlich (R?=0.97), adsorption appears to involve not
only monolayer coverage but also occurs on a het-
erogeneous surface. Other studies have also reported
the possibility of simultaneous interactions during
the adsorption process (Wang et al., 2010; Liu et al.,
2012). However, based on residual analysis (Fig. S3),
chi-square, and AIC values, the Sips model provided
the best statistical fit to the experimental data, indi-
cating that the adsorption process may also involve
a hybrid mechanism that combines features of both
Langmuir and Freundlich models. This is supported
by the lowest Xz (33.92), RSS (9520.79), and AIC
(74.59) among all models (Table S3). In contrast, the
Dubinin-Radushkevich model showed the poorest fit,
with a significantly higher chi-square (XZ: 1548.85)
and AIC value (Table S3). This suggests that
micropore-filling was not the dominant mechanism
and that the ASBS material likely has a heterogene-
ous surface with varied pore structures. These results
indicate that the adsorption of TET on ASBS may ini-
tially occur on a heterogeneous surface and gradually

approach monolayer coverage as concentration
increases, supporting the hybrid features of the mate-
rial. For CIPF, Langmuir coefficient (0.99) was higher
than Freundlich coefficient (0.93), and its b constant
value was low, indicating monolayer adsorption with
moderate binding affinity (Saygili & Giizel, 2016).
Residual plots in Fig. S4 showed that Langmuir and
Sips models produced more evenly distributed residu-
als compared to Freundlich and Dubinin-Radushk-
evich, which had broader dispersion and systematic
deviation. The Langmuir model exhibited the lowest
statistical error values (X2=12.02, RSS =4238.03,
AIC=64.49) and therefore, was selected as the most
appropriate model for CIPF adsorption, despite the
Sips model showing a slightly lower AIC (64.39)
due to its interpretability and theoretical simplicity
and favourability in practical applications (Swenson
& Stadie, 2019). In contrast, the Freundlich model
retained a much higher error level (X2 =159.59), con-
firming that the system does not follow a multilayer
adsorption mechanism. Moreover, the Freundlich
exponent was below 1 for both TET and CIPF, sug-
gesting weak interaction energies between adsorbent
and adsorbate (Peiris et al., 2017). The Dubinin-
Radushkevich equation results showed that energy of
TET and CIPF adsorption on ASBS were 1.42 and
1.44 kI mol™!, respectively, suggesting a physical
adsorption process. However, poor statistical indica-
tors limit the suitability of this model.

Table 2 Adsorption

isotherm data for TET and Pharmaceutical Langmuir
CIPF on ASBS 4 (Mg g™") b(Lmg™) RMSE R?
TET 402.75 2.11 31.35 0.97
CIPF 582.18 2.50 21.70 0.99
Pharmaceutical Freundlich
kg (mg g1 (L mg=h/e 1/n RMSE R?
TET 233.86 0.16 32.18 0.97
CIPF 356.17 0.16 75.06 0.93
Pharmaceutical Sips
G (mg g™") kg (Lmg™) n R?
TET 461.73 1.17 1.87 0.95
CIPF 572.67 291 0.86 0.98
Pharmaceutical Dubinin-Radushkevich
G (mg g™ b E R?
TET 405.73 0.24 1.42 0.95
CIPF 595.28 0.23 1.44 0.98
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Therefore, these results emphasize the value of
residual analysis in selecting the model and reinforce
that the Sips model is the most suitable for describ-
ing TET adsorption, while the Langmuir model best
described CIPF adsorption, supported by both fit
quality and model simplicity.

Different adsorbents have various adsorption
capacities for removal of TET and CIPF (Tables 3
and 4). For TET, its capacity (402.75 mg g}
exceeds that of activated carbon from tyre pyroly-
sis char (356 mg g_l) (Acosta et al., 2016) and is
significantly higher than typical biochars such as

rice straw biochar (13.2 mg g‘l) (Wang et al., 2018)
and also commercial activated carbon (28.6 mg g~!)
(Selmi et al., 2018). For CIPF, ASBS achieves
582.18 mg g~!, comparable to high-performance
modified biochars (e.g., LDO modified biochar,
744 mg g7') (Yu et al., 2025) and higher than
multi-walled carbon nanotubes (150-205 mg g™}
(Yu et al., 2016) and commercial activated carbon
(71.9 mg g~') (Peiiafiel et al., 2021). These results
demonstrate that ASBS has higher adsorption
capacity compared to most other adsorbents, likely
due to its porosity and functional groups.

Table 3 TET removal

T - Adsorbent Adsorption capacity References
efficiencies of different 21
(mgg™)

adsorbents
Pumic stone 20.0 (Guler & Sarioglu, 2014)
Porous carbon from cellulose 1072.8 (He et al., 2016)
NaOH-activated carbon prepared via macada- 490.0 (Martins et al., 2015)

mia nut shells

Activated carbon from tyre pyrolysis char 356.0 (Acosta et al., 2016)
Activated carbon from tomato 500.0 (Saygili & Giizel, 2016)
Biochar from rice straw 13.2 (Wang et al., 2018)
Biochar from swine manure 8.1 (Wang et al., 2018)
Bamboo charcoal 22.7 (Liao et al., 2013)
Biochar from fast pyrolysis of biomass 58.8 (Liu et al., 2012)
Engineered hydrochar 47.0 (Jeganathan et al., 2024)
Engineered biochar 41.7 (Jeganathan et al., 2024)
Commercial activated carbon 28.6 (Selmi et al., 2018)
ASBS 402.75 Present study

Tab!e 4 .CIP F r.emoval Adsorbent Adsorption capacity (mg References

efficiencies of different -1

g)

adsorbents
Bamboo-based carbon 233.3 (Peng et al., 2015)
Modified mesoporous carbon 362.9 (Peng et al., 2015)
Multi-walled carbon nanotubes 150.6-205.0 (Yu et al., 2016)
Rice straw biochar 76.6 (Zeng et al., 2018)
Porous Graphene Hydrogel 235.6 (Maet al., 2015)
Magnetic Carbon composite 90.1 (Mao et al., 2016)

Activated carbon from lignin with H;PO, 418.6

activation
LDO modified biochar

Commercial activated carbon

ASBS

(Huang et al., 2014)

744.0 (Yu et al., 2025)
71.9 (Peiiafiel et al., 2021)
582.18 Present study
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3.5.1 Benefits of ASBS Compared to Activated
Carbon

On average, preparing activated carbon and bio-
char costs approximately US$1500/t and US$ 246/t
respectively (Shirani et al., 2020). Therefore, produc-
ing biochar is more economically feasible in compari-
son to commercial activated carbon, especially due
to the use of inexpensive raw materials and readily
available activation methods. It would be beneficial
for future studies to thoroughly analyze the cost-ben-
efit aspects of ASBS, to evaluate its potential use in
wastewater treatment plants. Since ASBS is derived
from indigenous plants and activated with non-toxic,
affordable chemicals, it offers a cost-effective alterna-
tive to conventional activated carbon.

Moreover, to determine the true cost-effectiveness
of ASBS, regeneration studies should be conducted
in future. However, given the availability and abun-
dance of raw materials, as well as the additional prep-
aration steps required for reusing exhausted biochar
(e.g., acidic, alkaline, or thermal treatments), it may
be more practical in some cases to consider fresh bio-
char rather than regenerating used material (Inyang
& Dickenson, 2015). Additional studies are recom-
mended to confirm this finding.

3.6 Effect of Temperature

To gain further insight into the adsorption mecha-
nisms of TET and CIPF removal by ASBS, thermo-
dynamic parameters were calculated at different tem-
peratures (—1, 25 and 35 °C at pH 5.17) (Table 5).
For both TET and CIPF, AG values were negative
at all temperatures, indicating that the adsorption pro-
cess was thermodynamically spontaneous. The AG
for TET ranged from —30.33 to —35.56 kJ mol~!,
and for CIPF from —32.95 to —44.66 kJ mol™!, with
more negative values observed at higher tempera-
tures, suggesting greater spontaneity with increasing
temperature. Similar thermodynamic results have
been reported previously (Acosta et al., 2016; He
et al., 2016; Wang et al., 2018). The AH’ values were
positive for both adsorbates, at+4.32 kJ mol~! for
TET and+9.66 kJ mol~! for CIPF, verifying that the
adsorption process is endothermic (Bazkiaee et al.,
2024; Sharma et al., 2024). These enthalpy values are
relatively low (<40 kJ mol™!), which typically corre-
sponds to physical adsorption mechanisms involving

weak interactions such as van der Waals forces or
hydrogen bonding (Nasir et al., 2025). Similarly, the
positive AS” values (0.05J mol~! K=! for TET and
0.04 I mol™! K~! for CIPF) indicate increased ran-
domness at the solid-solution interface, possibly due
to structural reorganization of water molecules and
release of adsorbed solvent during adsorption (Guler
& Sarioglu, 2014; He et al., 2016).

The thermodynamic results suggest that the
adsorption of TET and CIPF onto ASBS involves a
combination of physical and chemical interactions.
The low enthalpy changes (< 40 kJ mol~') and mod-
est entropy values are consistent with physisorption
processes such as van der Waals forces or hydrogen
bonding. However, the highly negative Gibbs free
energy values (=30 to —44 kJ mol™!), along with
the presence of surface functional groups, imply that
chemisorptive interactions may also be involved.
These findings highlight the complex nature of the
adsorption mechanism, where both physisorption
and chemisorptive interactions may occur simul-
taneously, depending on concentration and avail-
ability of functional groups (Ali et al., 2024). This
mixed adsorption mechanism suggests that ASBS
could potentially be regenerated and reused multi-
ple times using relatively mild desorption processes,
since physisorption is typically reversible and does
not significantly degrade the adsorbent surface.
Moreover, the endothermic nature of the process
implies that adsorption efficiency may improve at
the slightly elevated temperatures commonly found
in real wastewater treatment plants (Wilson & Wor-
rall, 2021). This supports the practical viability of
ASBS under operational conditions.

3.7 Effect of Competing Anions and Cations

Since competing ions such as K*, Na* and SO,>~ are
present in real wastewater, they are crucial factors
influencing the adsorption of pharmaceuticals such
as TET and CIPF. Figure 8 illustrates the impact
of competing ions on the removal efficiency of
these pharmaceuticals using ASBS. Subfigure 8(a)
shows the impact of competing anions, while 8 (b)
highlights the effect of competing cations on TET
removal. Similarly, the effect of anions and cations on
CIPF removal are presented in Fig. 8(c), and 8 (d),
respectively. For this purpose, two initial concentra-
tions of the competing ions were selected. The study
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Table 5 Thermodynamic

ers for th Parameter Temperature Equilibrium Gibbs Free Entropy Enthalpy
parameters for the
. Adsorbate X) Constant Energy (AG) Change Change
adsorption of TET and (L mol™") (kJ mol™") (J (mol K)™Y) (kJ
CIPF onto ASBS mol™")
TET 272.15 33.60 -30.33 0.05 432
298.15 41.29 -34.29
308.15 43.22 —-35.56
CIPF 272.15 164.30 -32.95 0.04 9.66
298.15 461.10 -39.27
308.15 2261.63 —44.66
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Fig. 8 Impact of competing (a) & (b) anions and cations on
TET removal, respectively and (c¢) & (d) anions and cations on
CIPF removal, respectively by ASBS (For TET the initial con-

considered the effect of monovalent cations (K*
and Na™), divalent cations (Ca’* and Mg>*), mono-
valent anions (CI~, NO;7), divalent anions (SO42_)
and trivalent anions (PO43_). All experiments were
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25 mg L1

50 mg L!

centration is: 100 mg L™! and for CIPF it is: 40 mg L', dose
of ASBS: 0.1 g L.”", in room temperature)

conducted at a pH of approximately 5.17. At this pH,
the ASBS surface is negatively charged, while TET is
mainly present as zwitterion and tends to aggregate
in solution. Divalent metals, such as Ca’* and Mg**,



Water Air Soil Pollut (2025) 236:872

Page 17 of 25 872

increase this aggregation, and due to cosolvent solu-
bilization, the solubility of TET may increase, which
can reduce its sorption capacity (Peiris et al., 2017).

As shown in Fig. 8(a) and (b), both anions and
cations had negative effects on TET adsorption.
At the higher competing ion concentration tested
(100 mg LY, TET removal decreased by up to
27% in the presence of Na®, Mg?" and Ca**, while
SO,>~caused a reduction of approximately 22% com-
pared to the control. This may be due to the elec-
trostatic screening effect that occurs at high ionic
concentrations (Tan et al., 2015; Peiris et al., 2017).
Such screening decreases the sorption capacity of
TET, as ions such as Cl~ and Na'* can be located
near the adsorbent’s carbon surface and interact with
the partially ionized TET molecules (Rivera-Utrilla
et al., 2013). Additionally, Na* can occupy available
adsorption sites, further decreasing the adsorption of
TET (Tan et al., 2016).

Similarly, the effect of competing anion and cati-
ons on CIPF removal are illustrated in Fig. 8(c) and
(d), respectively. CIPF removal was only slightly
impacted by the competing ions, as there was no
considerable competition between CIPF and other
ions for the adsorption sites. The presence of Mg>*
resulted in the greatest decrease for CIPF removal, by
up to approximately 4.7%, while anions had a mini-
mal effect (<2% loss), even at 50 mg L™! competing
ion concentration. The negative effect of Ca** and
Mg** on CIPF adsorption might be due to complex
formation, which alters CIPF’s atomic charge dis-
tribution and molecular orbitals, thereby stabilizing
it in solution (Sun et al., 2018). Overall, the modest
impact of competing ions on CIPF removal suggests
that ASBS retains its adsorption efficiency under con-
ditions similar to real wastewater, where multiple ions
coexist. This emphasizes the importance of adsor-
bent selectivity, as also demonstrated by recent stud-
ies on functionalized biochars (Lu et al., 2025) which
show that maintaining adsorption capacity despite
ionic competition is essential for effective large-scale
wastewater treatment.

These findings can be explained mechanistically by
considering how ionic strength influences the biochar
surface charge and the electrical double layer. Higher
ionic strength compresses the electrical double layer
around the adsorbent, which screens and neutralizes
surface charges, thus weakening electrostatic interac-
tions with pharmaceutical species (Zhang et al., 2019;

Liu et al., 2022). Future studies should investigate the
effects of different ion concentrations and other com-
peting ions under realistic wastewater conditions.

3.8 Fixed-bed Column Experiments

To evaluate the performance of ASBS under con-
tinuous flow conditions, adsorption studies were con-
ducted using a fixed-bed column setup. The effects
of various adsorbate concentrations and flow rates on
the breakthrough curves were investigated.

3.8.1 Impact of TET and CIPF Concentration

The relationship between the initial TET and CIPF
concentrations was examined at different starting
concentrations (TET: 20 and 50 mg L~': and CIPF:
30 and 40 mg L™!) with a bed mass of 0.025 g and
flow rates of 2 and 1mL min~! for TET and CIPF,
respectively.

As illustrated in Fig. 9(a) and (c), higher ini-
tial concentrations of TET and CIPF lead to a faster
breakthrough and saturation compared to lower con-
centrations. For TET, an increase in concentration
from 20 to 50 mg L~! reduced the breakthrough time
from 2.5 to 1 min, with equilibrium achieved after
480 and 450 min, respectively. Similarly, increas-
ing the CIPF concentration from 30 to 40 mg L'
decreased the breakthrough time from 10 to 2.5 min,
with equilibrium reached after 230 and 190 min,
respectively. Higher concentrations lead to more
rapid saturation of the available binding sites as a
result of lower mass transfer resistance and higher
concentration gradients (Nazari et al., 2016; Shirani
et al., 2018). Previous studies have also investigated
the effect of lower adsorbate concentrations on break-
through behavior (Shirani et al., 2024).

The Yoon-Nelson model was applied to predict
the dynamic behaviour of TET and CIPF break-
through in the column. As the initial concentra-
tion of TET increased from 20 to 50 mg L' (at 2
mL min~"), the rate constant (kyn) slightly increased
from 0.0048 to 0.0056 min~!, while the time required
for 50% breakthrough (t) significantly decreased
from 113.31 to 31.96 min. Similarly, for CIPF,
increasing the concentration from 30 to 40 mg L™!
(at 1 mL min™") led to a decrease in t from 114.26
to 75.84 min and a reduction in kyy from 0.0309 to
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Table 6 Yoon-Nelson

Pharmaceutical Concentration Flow rate (ml kyn (min~") T (min) R?
Model Parameters'for TET (mg L) min~!)
and CIPF Adsorption in
Fixed-Bed Column Studies TET 20 1 0.0530 38.82 0.94
20 2 0.0048 113.31 0.96
50 2 0.0056 31.96 0.81
CIPF 30 1 0.0309 114.26 0.94
30 2 0.0252 137.62 0.89
40 1 0.0190 75.84 0.93

0.0190 min~! (Table 6 and Fig. S5.). These findings
support the visual trends observed in Fig. 9a and c,
indicating that higher initial concentrations result in
faster saturation of adsorption sites.
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3.8.2 Impact of Flow Rate

The column studies were performed at various flow
rates (1 and 2 mL min~") with a constant bed height of
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1 cm, (bed volume=0.34 cm?; bulk density=0.073 g
cm‘3), to determine the optimal contact time between
adsorbent and adsorbate. The empty bed contact time
(EBCT) was approximately 0.34 min for 1 mL min™"
and 0.17 min for 2 mL min~!. The shorter EBCT at
higher flow rates explains the faster breakthrough
observed, as the contact time between the adsorbate
and ASBS is reduced.

For determining the breakthrough curve, the ratio
of C/C, was plotted against time. Higher flow rates
led to earlier breakthroughs (Fig. 9(b) and (d)). When
the flow rate was maintained at 1 mL min~', the
observed breakthrough times were 3 min for TET and
5 min for CIPF. After increasing the flow rate to 2
mL min~!, shorter breakthrough times were recorded
(1 min for TET and 2.5 min for CIPF). This is likely
due to the reduced residence time, which may pre-
vent adequate contact between the adsorbates (TET
and CIPF) and the adsorbent. Moreover, at higher
flow rates, there is insufficient time for the adsorbates
to diffuse into the pores of ASBS, causing TET and
CIPF to pass through the column before equilibrium
is reached. Similar results on the effect of higher flow
rates on equilibrium have been reported in previous
studies (Jahangiri-Rad et al., 2014).

As shown in Fig. 9(b) and (d), increasing the flow
rate from 1 to 2 mL min~' decreased the total amount
adsorbed for both TET and CIPF. Similar results have
indicated that higher flow rates lead to lower adsorp-
tion amounts (Liao et al., 2013; Nazari et al., 2016).
Therefore, lower flow rates are more favorable for
the adsorption of TET and CIPF, resulting in higher
removal efficiencies.

According to the Yoon-Nelson parameters, an
increase in flow rate from 1 to 2 mL min~! led to
a significant increase in © for TET (from 38.82 to
113.31 min), despite a sharp decline in kyy from
0.053 to 0.0048 min~!, indicating a slower adsorption
rate and a faster approach to 50% breakthrough. For
CIPF at 30 mg L', a similar trend was seen where
increasing the flow rate reduced kyy from 0.0309 to
0.0252 min~! and increased t from 114.26 to 137.62
min (Table 6, Fig. S6). These results confirm that
higher flow rates reduce the adsorption rate by lim-
iting the contact time and equilibrium attainment,
consistent with the observed breakthrough curves
in Fig. 9b and d. Overall, the Yoon-Nelson model
parameters demonstrate good agreement with the
experimental data and provide a predictive basis for

estimating column performance under different flow
conditions.

These findings suggest that maintaining an ade-
quate empty bed contact time (EBCT) is important for
efficient removal of TET and CIPF under continuous
operation and real conditions. The observed effects
of flow rate and initial concentrations indicate that
lower flow rates and moderate loading concentrations
are preferable for full-scale systems to maximize the
adsorption efficiency and bed utilization. The fitted
Yoon-Nelson parameters provide a basis for predict-
ing the column performance under varying operating
conditions. This information can be used to design
larger fixed-bed systems with appropriate bed depth,
flow distribution, and regeneration intervals. For
practical application, pilot-scale or field-scale experi-
ments should be conducted to validate these model
predictions and refine design parameters accordingly.

3.9 Mechanism of TET and CIPF Adsorption using
ASBS

The adsorption mechanism of TET and CIPF onto
ASBS involves multiple interactions. At a pH of
approximately 5.17, the negatively charged surface of
ASBS favors electrostatic interactions with the zwit-
terionic form of TET and the cationic form of CIPF,
resulting in faster and higher adsorption of CIPF.
FTIR spectra before and after adsorption show shifts
in -OH, C=0, and aromatic C=C stretching bands,
confirming the contributions of hydrogen bonding
and n-m EDA interactions. The benzene rings in the
molecular structures of TET and CIPF enable n-n
EDA interactions with the polarized graphite struc-
ture of the adsorbent (Ji et al., 2011). The electron-
withdrawing ability of TET is stronger than that of
CIPF due to the presence of nitro and ketone groups,
allowing stronger m-t EDA interactions with the
n-electron-rich graphite surfaces of ASBS (Ma et al.,
2015). In addition, both antibiotics contain polar func-
tional groups, such as hydroxyl (-OH), phenol, and
amine (-NH,), which can form hydrogen bonds with
functional groups on the ASBS surface (e.g., C=0
and -COOH). The N-H, -OH, and -CHs groups on
ASBS can serve as hydrogen bond donors or accep-
tors, facilitating these interactions. TET, in particu-
lar, forms multiple hydrogen bonds with ASBS due
to its several hydroxyl groups, enhancing its adsorp-
tion capacity (Liao et al., 2013; Tong et al., 2019).
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Cation-t interactions may also contribute to the
adsorption of both TET and CIPF on ASBS. These
interpretations align well with previously reported
adsorption mechanisms for carbonaceous adsorbents
interacting with TET and CIPF, where similar n-m,
hydrogen bonding, and electrostatic interactions have
been confirmed (Biswal & Balasubramanian, 2022;
Ajala et al., 2023; Alvarez-Torrellas et al., 2024). The
possible sorption mechanism for the removal of TET

Electrostatic
attraction

Hydrogen bonding

Repulsive
Electrostatic
interaction

o
"
M
I 0
N N

" Electrostatic
attraction

and CIPF using ASBS is illustrated in Fig. 10. These
findings suggest that ASBS is effective in removing
both amphoteric compounds (e.g. TET) and ionic
compounds (e.g. CIPF).

3.9.1 Limitations of this Study

This work revealed promising results in adsorption of phar-
maceuticals using locally available biomass. However,

Repulsive
Electrostatic »
interaction W

Repulsive
Electrostatic
interaction

Fig. 10 Proposed sorption mechanism for the removal of TET and CIPF by ASBS (the base structures of TET and CIPF were
obtained from PubChem and corrected for protonation states and charge using ChemDraw)
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further work is required to explore the impact of different
chemical activation methods and/or dual chemical activa-
tion on the structure and performance of ASBS. Detailed
surface and chemical characterization using techniques
such as BET and XPS is essential to better understand the
structure—activity relationship and adsorption mechanisms.
However, this was a limitation in the present work due to
the low yield of biochar obtained in each activation cycle.
Future work should therefore focus on optimizing the syn-
thesis yield to enable more comprehensive surface and
chemical characterization. Moreover, it is important to note
that the column experiments in this study were conducted
at laboratory scale using an adsorbent bed of 0.025 g to
simulate continuous-flow behavior under controlled con-
ditions. This setup provides valuable preliminary insights
for the design and optimization of larger-scale applica-
tions by generating initial breakthrough data and estimat-
ing key design parameters such as adsorption capacity,
breakthrough time, and model constants. However, future
research should consider pilot-scale or full-scale column
studies to validate the practical applicability of ASBS in
real-world treatment scenarios.

Further applicability of ASBS for removal of other
classes of pharmaceuticals and simultaneous removal
of these compounds from wastewater and groundwater
should be examined. Moreover, prior to the application
of ASBS in wastewater treatment plants, it is crucial to
evaluate the potential of the adsorbent in removing lower
concentrations of TET and CIPF, as well as to study any
potential negative effects of ASBS, which were the focus
of our previously published study (Shirani et al., 2024).

Additionally, while the experimental data were
reproducible with low standard deviations, future
studies should include a larger number of replicates
to enable comprehensive variability and confidence
assessments. Moreover, the regeneration and reusabil-
ity of ASBS were not evaluated in the present study
due to the preliminary nature of this investigation,
which focused on fundamental adsorption perfor-
mance. However, for determining the practical fea-
sibility and cost-effectiveness of the material assess-
ing its regeneration efficiency over multiple cycles is
essential and should be prioritized in future research.

4 Conclusion

The results indicate that A. sylvestris-derived
activated biochar (ASBS), prepared through a

simple and low-cost method using locally avail-
able biomass, is an effective adsorbent for remov-
ing different classes of pharmaceuticals, includ-
ing amphoteric and ionic compounds, due to its
porous structure and abundant functional groups.
This adsorbent demonstrated high and fast adsorp-
tion efficiency for ionizable antibiotics, with kinet-
ics best described by the PSO model. The Lang-
muir model revealed that the maximum adsorption
capacities for TET and CIPF removal by ASBS
were 402.7 mg g~! and 582.2 mg g~!, respectively.
The fixed-bed column study revealed that the break-
through and exhaustion times were directly influ-
enced by flow rate and the adsorbate concentration,
providing valuable data for scaling up continuous
treatment systems.

The primary interaction mechanisms involved
include electrostatic interactions, n-t EDA interac-
tions, H-bonding and cation-n bonds. Therefore,
ASBS is a promising, environmentally friendly adsor-
bent with potential scalability for practical wastewater
treatment applications to remove persistent antibi-
otic residues before discharge into the environment.
Future research should focus on regeneration and
reuse studies to assess the long-term performance
and economic feasibility of ASBS in continuous
operations.
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