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The increasing incidences of mood, anxiety, and panic disorders have made fluoxetine (FLX), known for its
safety and therapeutic efficiency, one of the most widely prescribed antidepressants globally. However, due
to its resistance to natural photolysis and hydrolysis, coupled with the potential to cause endocrine
disruption, FLX has become an emerging contaminant, requiring urgent attention for removal. In this
context, the present study explores the specific application and integration of physically activated
biochar derived from olive stone-an agro-industrial waste-for the targeted removal of FLX. By optimizing
activation parameters (CO,-1000-30-600-1), this study demonstrates the ability to achieve superior
adsorption capacities for FLX, which surpass the adsorption capacity of previously reported waste-
derived biochar used for FLX removal. The maximum adsorption capacity for the biochar ranged from
4.82 + 0.04 to 146.45 + 10.55 mg g~ for initial FLX concentrations of 1 to 50 mg L™, respectively, for
a biochar dose of 0.2 g L™L. Furthermore, the adsorption kinetics data revealed that the biochar—FLX
interaction followed the Langmuir adsorption isotherm and a pseudo-second-order kinetic model,

indicating irreversible adsorption of FLX onto the homogenous surface of the biochar. Non-electrostatic
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Accepted 10th June 2025 and non-hydrophobic interactions, such as hydrogen bonding, pore filling, and w—m EDA forces, were
identified as the primary interactions facilitating FLX adsorption onto the biochar. This study, therefore,
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presents a novel approach addressing the dual objectives of environmental remediation and zero-waste

rsc.li/rsc-advances principles, contributing significantly to advancing sustainable solutions for emerging contaminants.
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1. Introduction

The alarming rates of incidences of psychiatric and mental
disorders have led to an increase in the prescription rates and
consumption of antidepressants globally. According to a recent
report, the defined daily doses (DDD) of anti-depressants per
1000 inhabitants has seen an increase from 13.20 in 2008 to
19.76 in 2018 globally." Fluoxetine (FLX), an anti-depressant
from the class of selective serotonin reuptake inhibitors, is
the most commonly prescribed anti-depressant globally for the
treatment of depression, because of its tolerance, effectiveness,
safety and prolonged half-life.>* In the US in 2017, approxi-
mately 21 million prescriptions of FLX were filled, suggesting
a relatively high level of consumption. However, due to its
incomplete metabolism in humans by cytochrome P450
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enzymes, whereby 2.5% of the administered dose is excreted
unaltered viag urine, it gets discharged into wastewater.’

Due to its resistance to degradation and hydrolysis, and
subsequent incomplete removal by WWTPs, has led to its
frequent detection in waterbodies across the globe in concen-
trations ranging between 0.012 to 1.4 mg L™, causing defects in
the behavioral, developmental and reproductive patterns of
many aquatic organisms.*® Despite its low concentration, FLX
poses a risk to all biomes owing to its ability to cross blood-
brain-barrier (BBB) and human placenta due to its lipophilic
nature.” The drug's uptake in fish has been reported to have
consequences on growth and behavior, reproductive axis,
metabolism, accumulation, and gene expression.>****

With a logKy = 2.76-3.78 (logKyq > 2.7) and log K, > 4,
adsorption appears as a robust, effective, and efficient tertiary
method to enhance its removal and limit its exposure in
environment."””"” Furthermore, with increasing emphasis on
principles such as zero waste and circular economy, the
production of waste-derived bio-adsorbents and their applica-
tion in remediating FLX-polluted waters have been extensively
researched.'®?® However, their low adsorption capacities have
proven insufficient. For instance, biosorbents derived from agri-
food waste have shown a maximum adsorption capacity of
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6.41 mg g, as reported for biochar obtained from eucalyptus
when tested with FLX, of 20 mg L™ ".*® A similar study by Silva
et al., (2020) investigated the maximum adsorption capacities of
waste-based biosorbents derived from cork waste, spent coffee
grounds, and pine bark for FLX, 5 mg L', which ranged
between 4.74-14.31 mg g~ '.>° In this regard, the present study
explores the application of physically activated biochar derived
from olive stone for the removal of FLX. While the valorization
of olive oil production residues, such as olive stones, has been
explored to some extent, their specific application in biochar
production and other sustainable materials remains an
emerging area of research.”” The novelty of this study lies in the
use of these residues combined with physical activation (using
CO, and steam) to create biochar for environmental remedia-
tion. This innovative approach not only highlights the potential
of olive oil production residues but also introduces a sustain-
able alternative to chemical activation methods. The physical
activation method, using CO, and steam, offers several advan-
tages over chemical activation. It is more sustainable and
environmentally friendly, as it does not require aggressive
chemicals, thus reducing toxic byproducts and minimizing
environmental impact. Additionally, it produces fewer
hazardous waste materials, making it more compatible with
circular economy principles.”** The process also allows for
precise control over biochar properties, such as surface area and
porosity, which is crucial for its application in environmental
remediation. Furthermore, physical activation can be more
adaptable to various types of biomasses, more energy-efficient
in certain cases, and better suited to comply with stringent
environmental regulations, making it a versatile and cost-
effective approach.” The novelty of this activation method,
alongside its environmental benefits, further strengthens the
innovative nature of this study.

The present study, thereby, demonstrates specific application
and integration of physically activated biochar derived from olive
stone, an agro-industrial waste, for the targeted removal of FLX.
This emerging pharmaceutical contaminant presents unique
environmental challenges due to its resistance to natural degra-
dation and its endocrine-disrupting potential, making its reme-
diation an underexplored yet critical area of research.

2. Experimental
2.1 Materials and methods

Fluoxetine hydrochloride (FLX, >98%) was purchased from
Sigma Aldrich (Toronto, Canada). An appropriate amount of the
salt was dissolved in water to prepare the stock solution of FLX,
which was stored in a dark glass vial at 4 °C until use. The olive
stone waste was kindly received from an oil mill in Toledo,
Spain (Aceites Garcia de la Cruz). It is worth mentioning that the
olive stone was milled to obtain a particle size of 2-4 mm for
pyrolysis and activation without any drying.

2.2 Biochar preparation and activation methods

Biochar was prepared by a single-step physical activation
process, using olive stone as a low-carbon precursor and steam

© 2025 The Author(s). Published by the Royal Society of Chemistry
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or carbon dioxide as the activation agents in a bench-scale high-
pressure thermobalance (Linsesis STA HP/2 HP-TGA DSC). The
biomass was carbonized by heating it to 600 °C at a heating rate
of 10 °C min~', and resting for 60 minutes, under N, (300 N
mL min~"). The carbonized material was then subjected to
physical activation using steam or CO, under different oper-
ating conditions for temperature (700-1000 °C) at a heating rate
of 20 °C min~ " under N, atmosphere, pressure, holing time (30~
60 min), and flow rate (CO,: 300-600 N mL min~'; steam: 0.07-
0.3 N mL min "), as summarized in Table S1.}

Before use, the biochar samples were lightly crushed using
a stainless-steel mortar pestle set and passed through metal
sieves to obtain a fine powder (25-63 pm) and stored at room
temperature until use.

2.3 Biochar characterization

The prepared biochar samples were characterized for their
surface area and porosity (Brunauer-Emmett-Teller (BET)),
elemental content (CHNS analyzer), zeta potential, and cation
exchange capacity (CEC). The selected biochar (biochar 7, CO,-
1000-30-600-1) was also characterized by FTIR for surface func-
tional groups, point of zero charge (pHzc) to understand the
conformational changes with varying pH. Morphological features
of the biochar were observed via imaging with Scanning Electron
Microscope (SEM). The sample preparation methods for all the
techniques are outlined in the Text 1 of the ESL.{

2.4 Preliminary adsorption assays for biochar screening

For screening the biochar, preliminary adsorption experiments
were performed with 5 mg of respective biochar in 10 mL of FLX
solution (0.5 to 50 mg L™ ') at room temperature. The initial FLX
concentration was deliberately maintained high to (i) ensure
accurate quantification of the drug and (ii) sought the satura-
tion limit of the biochar. The samples were equilibrated for 24
hours on an end-to-end shaker, followed by centrifugation
(Sorvall ST 16, Thermo Fisher Scientific, USA). The resulting
supernatant was then analyzed for FLX using LC-MS (Text 3 in
ESIT). The samples were analyzed in duplicates and the removal
percentage was calculated as:

G -G

0

Removal(%) = x 100 (1)
where C, and C, represent FLX concentrations (mg L™ ") at time
0 (initial) and ¢ (24 h, here). Based on the preliminary screening,
one biochar activated with steam, and one activated with CO,
were selected for further evaluation using secondary screening
method.

For the successive screening, the selected steam- and CO,-
activated biochar (10 mg/50 mL) was used to perform FLX
removal kinetics with an initial concentration of 50 mg L™ ". The
percentage of FLX removal was determined using eqn (1). The
biochar with faster kinetics was selected for the rest of the study.

2.5 Adsorption and kinetic studies

Adsorption studies were performed by adding the selected
biochar to 50 mL FLX aqueous solution at room temperature

RSC Adv, 2025, 15, 20330-20340 | 20331
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with continuous stirring at 400 rpm for 2 hours. The effect of (i)
initial dose of FLX (1, 5, 10, 25, and 50 mg L™ "); (ii) time (0, 5, 10,
20, 40, 60, and 120 minutes); and (iii) dose of biochar (10 and
20 mg for FLX 25 and 50 mg L™ ') were investigated. Commercial
activated bamboo charcoal powder was used as a reference. The
samples were regularly collected and analyzed for residual FLX
using UV-visible spectroscopy (Amax 226 nm) and LC-MS for
lower concentrations (<5 mg L") after centrifugation to remove
the adsorbent.

The adsorption capacity (g, (mg g~ ')) was calculated using
the eqn (2):

0“=(G-C)x @)

where m (g) is the mass of the biochar used, and V (L) is the
volume of the solution.

Subsequently, to understand the kinetics and the behaviour
of adsorption, the experimental data was fit to different
adsorption isotherm models (Langmuir and Freundlich) and
kinetic models (pseudo-first order (PFO), pseudo-second order
(PSO), and intra-particle diffusion (IP)), as described in Text 2 in
the ESL}

2.6 Regeneration and reusability

In order to investigate the regeneration and reusability of the
spent biochar, solvent desorption assays were performed by
changing solvent strength. For this, the residues from equilib-
rium adsorption experiments (25 mg L~ " FLX) were recovered by
centrifugation and overnight drying at 45 °C. To evaluate the
desorption, the 2 mg of spent biosorbent was then mixed with
5 mL of different extraction solvents (i) water, (ii) MeOH, (iii)
MeOH (pH adjusted to 2 using 0.1 M HCl), and (iv) 50% ACN in
water, under end-to-end shaking for 24 hours at room temper-
ature. This was followed by centrifugation and determination of
desorbed FLX in the supernatant using UV-visible spectroscopy
and LC-MS method. The desorption efficiency was calculated
using eqn (3.)

<V 100% 3)
m

Desorption effeciency =

where C (mg L") is the desorbed FLX concentration. The bio-
char was then regenerated by lyophilization.

In addition to solvent desorption, an advanced regenera-
tion method combining Fenton's oxidation with ultra-
sonication (Ferro-sonication; Fe-UlS), as mentioned
elsewhere, was also investigated.”® For this, the spent biochar
was suspended in 10 mL Milli-Q, to which 1:1 %v/v Fenton's
reagent (0.05 M FeSO, and H,0,) was added, and acidic pH
(2.5) was adjusted using H,SO,. The solution was then soni-
cated at 40 kHz for 30 minutes, followed by centrifugation,
washing with water, and lyophilization to obtain the regen-
erated biochar. The regenerated biochar (both solvent and Fe-
UlS) was analysed for residual FLX by using Thermogravi-
metric Analyser (TGA) (Discovery TGA55, TA instruments, USA)
at a heating rate of 10 °C min " for a temperature range of RT
(~20 °C) to 500 °C.
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2.7 Adsorption mechanism

To determine the adsorption mechanism and investigate the
contribution of electrostatic and hydrophobic interactions in
facilitating the adsorption of FLX on the surface of biochar, the
effect of pH (3-11), NaCl (0.01, 0.1, and 0.5 M) and MeOH (2.5, 5,
and 10% v/v) on the adsorption capacity of biochar was inves-
tigated for [FLX], 25 mg L™'. The samples were collected at
regular intervals (0, 5, 10, 20, 40, 60, and 120 minutes) and
analyzed for residual FLX using UV-visible spectroscopy (Amax
226 nm). ANOVA was used to determine their statistical signif-
icance with a p-value of 0.05 as the level of significance.

3. Results and discussion
3.1 Biochar characterization and screening

BET technique, CHNS analysis, and CEC, as summarized in
Table S2,1 were used to characterize the biochar samples for
their surface area and pore size distribution. The results indi-
cated that the biochar 3 (H,0-900-30-0.15-1) had the largest
surface area (1015 m”> g~ ') followed by biochar 4 (836 m* g *,
H,0-900-30-0.07-1)-biochar 2 (828 m? g~ ', H,0-800-60-0.3-1),
and biochar 5 (678 m?* g~', H,0-800-60-0.15-1). Biochar 1 (449
m®> g, H,0-700-60-0.3-1) had the lowest surface area, as
recorded by the surface area analysis. It is evident, both-here
and from previous reports, that the surface area increases
with the increasing activation temperature because of the
removal of carbon atoms from the surface.”” This can also be
rationalized with the carbon content of steam-activated biochar,
which follows the order biochar 3 (%C 69.6, 900 °C)> biochar 4
(%C 73.5, 900 °C)> biochar 2 (%C 76.1, 800 °C)-biochar 5 (%C
874.5, 800 °C)> biocharl (%C 83.5, 700 °C). Overall, the total
carbon content in all biochar samples ranged from 63.3% to
83.5%, i.e., medium carbon content, as previously described by
Lehmann et al* Correspondingly, the % oxygen for all the
biochar samples varied from 13.94% to 32.83%.

Similarly, for CO, activation, the biochar followed the order:
biochar 7 (855 m* g~ ') > biochar 8 (775 m* g~ ') >biochar 10 (557
m?” g~') >biochar 9 (382 m* g ) > biochar 6 (236 m*> g~') for
surface area. In general, surface area increases with rising
activation temperature from and improving flow rate from 300
to 600 mL min~* and decreases with time, as seen in Table S2.}
Additionally, the zeta potential of physically activated biochar
(1-10) was close to 0 mV (data not shown), which indicates the
presence of both positive and negative charges, and rapid
coagulation or aggregation of the particles in the solution.

Adsorption experiments were performed to screen for the
selected biochar. Batch adsorption assays were performed at
room temperature for 24 hours, and the results are shown in
Fig. S1.1 As seen in Fig. S1a,} steam-activated biochar removed
a significant portion of the drug, except biochar 1, where the
activity drastically reduced when the FLX concentration gradu-
ally increased from 0.5 to 50 mg L. Biochar 4 performed
unfailingly throughout the drug concentration and was selected
for the rest of the study. Similarly for the CO,-activated biochar
set, as the concentration of FLX increased from 0.5 to
50 mg L, a significant reduction in % adsorption of FLX was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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seen for biochar 6 (from 94.99 + 4.59 to 22.64 £ 0.09) and 9
(from 96.37 £ 3.46 to 31.55 + 0.67), while gradual decrease was
seen in the reactivity of biochar 8 and 10, where % removal of
FLX decreased from 99.87 £ 3.48 and 99.81 4 0.10 to 76.81 +
4.97 and 76.48 £ 23.01, respectively (Fig. S1b¥). For biochar 7,
only a slight change in activity was seen (from 99.25 + 0.73% to
92.20 + 3.92%) and thus selected for the rest of the
experiments.

Therefore, based on the results of the batch adsorption
studies, steam-activated biochar 4 and CO,-activated biochar 7
were selected for the next set of the experiments. To select one
of the two biochar, the adsorption kinetics for removal of FLX
was performed with 50 mL 50 mg L™ ! FLX with 10 mg biochar 4
and biochar 7. As shown in Fig. S1f CO,-activated biochar 7
demonstrated a faster removal than steam-activated biochar 4,
with residual FLX concentrations of 7.142 + 2.48 mg L' and
16.515 + 1.67 mg L', respectively, after 1 h of contact. Thereby,
biochar 7 was selected for the rest of the study. The pHzc of the
selected biochar 7 was observed to be about 7, as shown in
Fig. S1b.t Also, the obtained FTIR spectra (Fig. Sict) for the
biochar indicated the presence of O-rich functional groups
including carbonyl, carboxylic, and alcohols (Table S3t).**

The SEM analyses of the untreated, pristine biochar 7 (CO,-
1000-30-600-1) revealed a rough texture, heterogeneous surface,
irregular granular morphology, and highly porous matrix with
interconnected pores (Fig. 1A(i); magnification 200x). The grain
size and high porosity could be attributed to the high pyrolysis
temperature and CO,-activation. When pyrolyzed at 1000 °C,
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the carbon tends to become crystalline and larger in grain size,
as observed previously.”® The magnified image (5000x,
Fig. 1B(1)) displays the porous structure network of inter-
connected micropores with variable pore size distribution.
Furthermore, the pore size distribution of the selected biochar
7, as determined using BET, predominantly indicates the
presence of only micropores (<2 nm) (Fig. S21).

3.2 Adsorption kinetics

The kinetic assays of FLX (1, 5, 10, 25, and 50 mg L") with olive-
stone derived CO,-activated biochar 7, as shown in Fig. 2a,
indicate that FLX removal occurs rapidly in the first 5 minutes
of contact. For lower initial concentrations of FLX (1 and
5 mg L"), equilibrium was attained within 5 minutes with
100% removal of FLX. For 10 mg L™ FLX, equilibrium and
100% removal were achieved within 10 minutes of the assay.
Further, as can be seen in Fig. 2a, for higher concentrations (25
and 50 mg L' FLX), the minimum time required to attain
equilibrium was <20 minutes, as reported previously.'®*>*® The
performed kinetic studies show that after 2 h of exposure, the
amount of FLX adsorbed on the surface of biochar ranged from
4.82 £ 0.04 mg g~ " to 146.45 + 10.55 mg g ', for initial FLX
concentrations of 1 mg L™" to 50 mg L™, respectively (Fig. 2b).
While commercial bamboo activated charcoal, which was used
as a reference, exhibited maximum adsorption capacity of 9.85
+4.83 mg ¢ ' and a removal efficiency of 4.09 & 2.07% after 2 h
of contact with 50 mg L' FLX (Fig. 2a and b). The uptake of FLX
can also be traced by EDS mapping of F, as shown in Fig. 1C(iii).

Fig.1 SEM images of (i) Untreated biochar, (i) Biochar loaded with 1 mg L™ FLX, (iii) Biochar loaded with 25 mg L™* FLX, and (iv) biochar after
desorption with MeOH for at magnification (A) 500x, (B) 5000x (C) Shows EDS mapping for fluorine atom, inset shows EDS spectrum.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Removal efficiency, and (b) uptake (qy) of FLX by biochar 7 for FLX concentrations of 1, 5, 10, 25, and 50 mg L™* for 0-120 minutes; (c)
removal efficiency, and (d) uptake (gy) of FLX by biochar 7 and commercially available activated charcoal for FLX concentration of 50 mg L™ for

0-120 minutes.

For the biochar saturated with 25 mg L™, EDS mapping shows
2.08 wt% or 1.34 atomic% in the mapped area. However, no
morphological changes were observed for the biochar.

The uptake potential of the prepared olive-stone biochar
(146.45 &+ 10.55 mg g ' within 2 h for [Cy] = 50 mg L™* FLX)
surpasses the adsorption capacity of previously reported waste-
derived biochar used for FLX removal. Some of these recent
studies are summarised in Table 1 for comparison. For
instance, a study by Fernandes (2019) reported the attainment
of equilibrium of agri-food waste derived biosorbents after 15
minutes of the assay, with a maximum adsorption capacity of
6.41 mg g ' for biochar obtained from eucalyptus for FLX,
20 mg L, while olive-stone biochar achieved a g, of 106.32 =+
2.73 mg g~ (>16 fold increase).® Similarly, a recent study by
Escudero-Curiel et al., (2023) utilised nitrogen-doped alperujo
derived hydrochars to remove FLX with g, of 111.63 mg g~ *
urea-modified hydrochar, while polyethyleneimine-modified
adsorbent achieved a gmac of 29.31 mg g~ ' for FLX.” Silva
et al., (2020) investigated the maximum adsorption capacities of
waste-based biosorbents derived from cork waste, spent coffee

20334 | RSC Adv, 2025, 15, 20330-20340

grounds, and pine bark for FLX, 5 mg L', which ranged
between 4.74-14.31 mg g~ ;?° whereas, the present study ach-
ieves a gmax of 25 mg g~ for FLX, 5 mg L™ ". In addition to agri-
food waste, xylan, pectin, and lignin were also explored for their
potential to removal FLX from aqueous solutions. For instance,
Farghal et al, (2023) studied the ability of xylan and pectin
coated activated-carbon (XCM and PCM) based magnetite
adsorbents to adsorb FLX and achieved a maximum adsorption
capacity of 90.9 mg g ' and 114.9 mg g ', respectively.?® A
similar study with lignin-derived anionic nanofibers demon-
strated a capacity of 29 mg g~ ".>° It is worth mentioning that the
olive-stone derived CO,-activated biochar performed better for
FLX removal than some of the previously reported commercial
adsorbents. For example, commercial carbon aerogel (NANOLIT
3D monolith NQ40 honeycomb premium) (CO, activated), with
a specific surface area of 790 m> g™, obtained an adsorption
capacity of 125.24 mg g~ ' at pH 7-7.5.% Similarly, an adsorption
capacity of 96.2 mg g~ was observed for commercial activated
carbon PBFG4 in a study by.** Therefore, CO,- activated biochar
(CO,-1000-30-600-1) used in the present study demonstrates the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of maximum adsorption capacities of FLX by different waste-derived adsorbents

Initial concentration Temperature
Waste-derived biosorbent Gmax (Mg g7 1) pH (mg L™ (°C) References
Eucalyptus biochar 6.41 6.5 20 RT Fernandes et al., 2019 *®
Alperujo biochar 4.63, 5.95 6.4 30 RT Escudero-Curiel et al., 2023 >’
Nitrogen - doped alperujo Biochar 16.09, 111.63 6.4 30 RT Escudero-Curiel et al., 2023 >’
Fish bone char 55.87 — 100 — Piccirillo et al., 2017 *°
Spent coffee ground 14.31 9 5 RT Silva et al., 2020 *°
Pine bark 6.53 9 5 RT Silva et al., 2020 %°
Cork waste 4.74 9 5 RT Silva et al., 2020 %°
Nanofiber AL : PVA 50 : 50 29 — 50 — Camiré et al., 2020 *°
Nanocomposite XCM 90.9 7.35 25 28 Farghal et al., 2023 >
Nanocomposite PCM 114.9 7.35 25 28 Farghal et al., 2023 **
Pine-bark biosorbents 0.652 — 5 25 Lago et al., 2024 *°
Olive-stone biochar 4.82-146.45 6-7 1-50 RT This study

ability to achieve superior adsorption capacities for FLX.
Further, FLX removal combined with the valorization of agri-
cultural residues, represents a novel approach that addresses
the dual objectives of environmental remediation and zero-
waste principles. We believe this integration fills an important
research gap and contributes to advancing sustainable solu-
tions for emerging contaminants.

A higher adsorbent dose of 20 mg/50 mL was also studied for
initial FLX concentrations of 25 and 50 mg L™', as shown in
Fig. 3. For initial FLX concentration 25 mg L™, biochar dose of
10 mg removed 85.49 + 1.22% FLX with maximum uptake
capacity of 106.32 + 2.73 mg g~ ', while adsorbent dose 20 mg
could remove 99.10 + 0.18% of FLX with adsorption capacity of
125.27 + 0.90 mg ¢~ (Fig. 3a and b). Similarly, for 50 mg L™"
FLX, 10 mg of olive-stone derived biochar had a removal effi-
ciency of 61.87 & 5.39 and an uptake of 146.45 + 10.55 mg g ',
while 20 mg of biochar removed 93.35 & 3.62% FLX with g, of
230.56 + 15.48 mg g * (Fig. 3¢ and d). This is markedly better
than other reported agri-food waste derived adsorbents and
comparable to the maximum adsorption capacities of
commercial adsorbents explored by Silva et al., (2020), which
ranged between 21.86-233.50 mg g~ *.*°

To further understand the kinetics of the adsorption, the
experimental data was fit into the PFO, PSO, and IP models
(Fig. S31). The model parameters as obtained are shown in
Table 2. A comparative analysis of the model parameters reveals
that the correlation coefficient of the PSO rate equation is
higher than that of the PFO kinetics equation, thereby sug-
gesting that the adsorption of FLX onto biochar follows PSO
kinetics. Since high-fitting correlations to PFO and PSO have
often been related to physisorption and chemisorption,
respectively; the adsorption of FLX in the present study indi-
cates chemisorption. However, physicochemical properties of
both adsorbate and adsorbent, activation energy, and thermo-
dynamic parameters, as mentioned elsewhere, play a crucial
role in the adsorption mechanism.??

Also, it is noteworthy that both the kinetic models- PSO and
PFO, exclude mass transfer considerations. Since the olive-
stone-derived biochar is highly porous with internal pores
accessible to FLX and the media, consideration of mass

© 2025 The Author(s). Published by the Royal Society of Chemistry

transfer, and external and internal diffusion becomes impor-
tant. Thereby, to determine diffusion and rate limiting step
during adsorption, the experimental data was fit to IP diffusion
model.

The model parameters- C (mg g~ ') and rate constant (Kp,), as
determined from the intercept and slope of the linear plot of g,
vs. Jt (Fig. S3ct), respectively, are shown in Table 2. Since the
plot does not pass through origin, the intraparticle diffusion
model plot, demonstrates that there are more than one rate-
limiting steps for the adsorption of FLX onto the surface of
biochar. The plot can be divided into two zones-zone I, and zone
II, with different slopes. In zone I, the slope is steeper, indi-
cating the adsorption of FLX molecules onto the macropores of
the biochar and the existence of diffusion film.*° While zone II is
associated with the diffusion of FLX into the microporous
structure of biochar. Further, the greater the value of the y-
intercept, the more is the intraparticle diffusion.** Since the y-
intercept (i.e., C (mg g~ ")) is greater in zone Il compared to zone
I, the process is driven by intra-particle diffusion.

For lower initial FLX concentrations of (1 and 5 mg L"), the
plateau in both zone I and zone II indicate that the system has
reached equilibrium. For a concentration of 10 mg L™, zone I
suggests the simultaneous occurrence of both film and intra-
particle diffusion, while zone II represents equilibrium. Simi-
larly, for higher concentrations (25 and 50 mg L™ "), both zone I
and zone II indicate a concurrent occurrence of film and intra-
particle diffusion, as mentioned previously.*®** As the initial
concentration of FLX increases from 1 to 50 mg L', the value
for the boundary thickness (C) also increases. Larger the inter-
cept, more the boundary layer effect. Also, as shown in Table 2,
the value of K, also increases with increasing initial concen-
tration of FLX, indicating a direct correlation between FLX
concentration and the intra-particle diffusion.***®

3.3 Adsorption isotherm

To understand the adsorption behavior and predict the nature
of adsorption mechanisms, the experimental data was fit into
the Langmuir and Freundlich isotherm models (Fig. S471). The
fitting coefficients and statistical parameters for both models
are summarised in Table 3. These parameters show that both
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for FLX concentrations of 25 mg L™ for 0-120 minutes; (c) removal
of 50 mg L™t for 0-120 minutes.

Table 2 Rate constants (ky, k», and Kj,) obtained for different initial concentrations of FLX by PFO, PSO, and intraparticle diffusion kinetic model

PFO PSO IP (zone I) IP (zone II)

FLX qe kq qe ks, (o} kp C kp

(mgL™") (mgg ") (min") R* (mgg ') (gmg 'min") R* (mgg ') (mgg 'min) R (mgg ') (mgg 'min') R
50 65.366 0.031 0.662 141.844 0.002 0.994 65.092 11.686 0.992 98.059 4.408 0.997
25 75.944 0.050 0.648 102.459 0.004 0.994 54.065 7.031 0.999 75.232 2.869 0.940
10 49.402 0.168 0.785 49.652 0.061 1.000 38.102 2.301 0.997 49.057 0.037 0.999
5 24.532 0.130 0.584 24.704 2.128 1.000 24.603 0.009 0.990 24.287 0.065 1.000
1 4.759 0.121 0.516 4.751 1.064 1.000 4.268 0.099 0.879 4.757 —0.004 0.757

the isotherm model fit the experimental data with good
regression coefficients. From a comparative analysis of model
parameters, it is evident that Langmuir isotherm model was the
better fit for the obtained data, with higher values for linear
regression coefficients (R> > 0.98). As the experimental data
aligns best with Langmuir isotherm, the separation factor, Ry,
can be appropriately determined using eqn (4).*>*”

1

R=—
LT 116G

4)

20336 | RSC Adv, 2025, 15, 20330-20340

where C, is the initial concentration of FLX. It is a dimensionless
equilibrium parameter to understand the feasibility of the
adsorption behavior of FLX onto the adsorbent. Based on the
value of Ry, the process of adsorption can be unfavorable (Ry, > 1),
linear (R;, = 1), favorable (0 < Ry, < 1) and irreversible (R, = 0).>>*
For the experimental data, the value of Ry, varied between 0.324
and 0.986, ie, 0 < Ry < 1, thereby suggesting favourable
adsorption of FLX onto the biochar for initial FLX concentrations
varying from 1 to 50 mg L™ '32% Also, as the initial FLX
concentrations increased from 1 mg L' to 50 mg L', the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Langmuir and Freundlich isotherm model parameters of adsorption of FLX on biochar

Langmuir isotherm

Freundlich isotherm

FLX (mg L") Qo (mg g ™) b(Lmg™) Ry R Ky [(mg g™") (L mg " 1/n R

50 58.514 0.003 0.860 0.976 2419.390 0.961 0.975
25 58.140 0.001 0.986 0.991 183.950 0.395 0.959
10 44.723 0.060 0.626 0.997 47.350 0.02 0.735
5 97.371 0.088 0.695 1.000 23.104 0.024 0.967
1 4.382 2.082 0.324 0.999 3.950 0.062 0.940

highest maximum monolayer adsorption (Q, (mg g ')) ranged
from 4.38 to 58.51 mg g™, respectively. The observed maximum
monolayer adsorption was higher than that obtained for
high-surface-area nanoparticles reported previously (40.7 mg g~ *
for RuFeO; and 15.8 mg g~ * for CeFeO;).*

In addition, the model parameters obtained by data fitting to
Freundlich isotherm model (as shown in Table 3) further
provide insight into the adsorption of FLX onto the surface of
the biochar. For instance, the values for Kr >1 indicate strong
adsorption capacity, 0 < Kr < 1 suggests favorable irreversible
adsorption, while Kz = 1 for linear isotherm. As shown in the
Table 3, Kg values of 3.95, 23.10, 47.35, 183.95, and 2419.39 were
observed for [FLX], 1, 5, 10, 25 and 50 mg L', respectively,
which represents that favourable irreversible adsorption. That
is, olive-stone derived biochar has a high capacity for adsorbing
FLX from its aqueous solution. The heterogeneity factor, 1/n,
also suggests favourable adsorption (0 < 1/n < 1). Typically, 1/n
closer to 0 indicates that the adsorption intensity is higher.*®

3.4 Regeneration and reusability tests

To desorb the adsorbed FLX and regenerate the spent biochar,
solvents with different polarities were used as eluents and the
results are summarized in Fig. S6a.t Since solvent polarity
affects the contaminant desorption, a polar protic solvent
(methanol) and a dipolar aprotic solvent (50% ACN) were
employed for the study. Deionized water was used to verify
desorption at equilibrium. A very low recovery rate of 0.06 +
0.03% was observed with water, indicating that the bond
strength was sufficient to prevent the establishment of a new
equilibrium.*

Methanol has often been used as a desorption solvent owing
to its ability to disrupt polar interactions, such as hydrogen
bonding, that may exist between the adsorbate and the surface
of the adsorbent. It was also identified as the best desorption
solvent for the recovery of FLX from nanofibers, with 100%
recovery.”” However, in the present study, only 21.51 + 2.44%
desorption was observed. Similarly, pH-adjusted MeOH (pH 2),
under low magnetic stirring at 30 °C, performed best for the
desorption of FLX from the chitosan-derived hydrogel beads,
thereby achieving >95% desorption.>” However, in the present
study, this solvent could only desorb 19.83 + 4.78% after 24 h of
stirring at room temperature. This can be explained by the
nature of forces acting between FLX and the adsorbent in both
studies. The study by Nkana et al., (2024) suggested the phys-
isorption of FLX on active sites of the biosorbent, while in the

© 2025 The Author(s). Published by the Royal Society of Chemistry

present study, the adsorption of FLX on biochar is attributed to
chemisorption and intra-particle diffusion.*

Acetonitrile is another solvent popularly used as an eluent.
In a recent study by Lago et al., (2024), 50% acetonitrile (% v/v)
was found to be the best desorption solvent for FLX from pine-
bark-derived biosorbents with 100% desorption within 48 h.*
The present study observed 19.02 + 3.26% desorption with 50%
acetonitrile, indicating a strong interaction, such as pore filling
and/or strong m-m stacking, between FLX and the surface of the
biochar. This also highlights the need for advanced regenera-
tion methods to recover the porosity of the spent biochar
without altering the structural parameters.

Previous studies have suggested the use of solvent-free
techniques, such as the Fenton and Fenton-like process with
peroxymonosulphate (PMS), to regenerate the spent biochar
and subsequent cost reduction.”*** However, the use of strong
oxidants, such as hydrogen peroxide, can often result in the
collapse of pores by introducing oxygen-rich functional groups
on the walls and at the entrance of the pores, as observed in the
present study.’>***3° Despite this loss of porosity, Fe-UlS regen-
erated biochar retained 38.78 & 1.59% removal efficiency for
cycle 2 of adsorption with 25 mg L' FLX after 2 h of treatment
(as shown in Fig. S6bt). This decrease in FLX uptake can be
attributed to the blocking of pores due to oxidation and loss of
potential interaction sites of FLX and biochar.*® Further,
a comparative analysis of TGA curves of unused and regen-
erated biochar shows an additional weight loss between 200-
400 °C, thereby suggesting the presence of residual FLX in the
biochar regenerated using solvents. While Fe-UIS regenerated
biochar shows higher mass loss than raw biochar, but less than
solvent-regenerated biochar. This indicates either more effec-
tive desorption of FLX by the synergistic action of Fe-catalysed
oxidation and ultrasound. However, in practical application,
the dose of the oxidant and the treatment time for regeneration
can be optimized to maximize the retention of the porous
network, without altering the surface of the adsorbent.*®

3.5 Adsorption mechanism

The exchanges between the adsorbent and the adsorbate, and
the subsequent removal by effective adsorption, can occur
through one or more of these chemical interactions- (i) elec-
trostatic attractions between functional groups of the adsorbate
and the adsorbent owing to their opposing electrical charges,
(ii) hydrogen bonding or dipole-dipole interactions, (iii)
hydrophobic, (iv) -7 electron-donor-acceptor (EDA) interac-
tions, and (v) pore filling.">*°

RSC Adv, 2025, 15, 20330-20340 | 20337
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Fig. 4

The adsorption via electrostatic interactions is governed by
the surface charge of the adsorbent and the adsorbate, ruled by
the pHzc and pK,, respectively. The pHzc of the synthesized
biochar was observed to be around 7, i.e., it has positive and
negative charges that balance to give electrically neutral bio-
char. When the pH of the solution is less than pHzc, the surface
of the biochar is positively charged, favouring the adsorption of
anionic species.** Meanwhile, for pH > pHzc, the negative
surface charge of the biochar favours the adsorption of cationic
species via electrostatic attraction. The pK, of FLX is 9.8, sug-
gesting the presence of FLX as a cationic species at circum-
neutral pH.">* Therefore, under the conditions of the study (6 <
pH < 7), when the biochar is electrically neutral (with slightly
more positive charge) and FLX is positively charged, weak
electrostatic forces are expected. For the solution pH <7 (pH = 3
and pH = 5), where both FLX and biochar surface are positively
charged, electrostatic repulsion is expected, while at pH = 9
electrostatic attraction is predicted due to the opposite charge
of both entities (FLX predominantly positive and negative bio-
char surface). Since FLX exists predominantly in uncharged
form, no electrostatic forces are expected at pH = 11.

Therefore, under typical electrostatic considerations,
maximum adsorption of FLX is expected at pH 9, where FLX is
positively charged while biochar carries a negative charge.
However, the observed adsorption order (pH 11 > 9-5 > 6.5 > 3)
deviates from the classical electrostatic expectations. In the
present study, the maximum adsorption was observed for pH 11
(as shown in Fig. 4a), where FLX is predominantly neutral and
electrostatic attraction is minimal. The findings suggest that
there is no significant effect of on the adsorption of FLX on
biochar (p value < 0.05) and electrostatic interactions are not the
primary forces driving the adsorption. In addition, no appre-
ciable changes (p value < 0.05) in the adsorption of FLX on
biochar on varying the concentration of NaCl from 0.01 to 0.1 to
0.5 M (Fig. 4b) further strengthen that electrostatic forces play
only a minor role. Further, the heteroatom-rich, negatively
charged surface functional groups, such as -C-O-C-, C=0, -C-
O-, -OH, -NH(R), can establish hydrogen bonding with the
protonated amine (-NH,) functionality of FLX.*>**

Besides electrostatic forces and hydrogen bonding, FLX can
also base hydrophobic-hydrophobic (van der Waals interac-
tion), attractive interactions, owing to the hydrophobic nature

20338 | RSC Adv,, 2025, 15, 20330-20340
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Effect of (a) pH, (b) NaCl (ionic strength), and (c) MeOH (organic solvent) on the adsorption of FLX (Co 25 mg L™ onto biochar.

of both-the biochar surface and the target pollutant.** The
octanol partition coefficient of FLX (K, of 4.17) indicates the
hydrophobic nature of the pharmaceutical compound and its
tendency to adsorb on a solid surface rather than remain in the
aqueous phase.*»*® However, co-solvent experiments using
methanol (2.5-10% v/v) revealed no appreciable changes in the
adsorption (p value < 0.05), thereby suggesting hydrophobic
interactions do not play a dominant mechanism either (as
shown in Fig. 4c). If hydrophobic interactions were central, the
presence of methanol would disrupt the hydrophobic parti-
tioning of FLX into the biochar matrix, thereby affecting the
adsorption process.

Moreover, low desorption using solvents, methanol, acidic
methanol (pH 2), and 50% ACN, also suggests strong and irre-
versible adsorption, like pore entrapment, or strong coordina-
tion of FLX with the surface functional groups of biochar, rather
than electrostatic and hydrophobic forces. The aromatic rings
in the structure of FLX can serve as the m-electron acceptors for
the carbon-based biochar, which can typically conform as
robust m-donors due to the presence of oxygen-rich function
groups, such as hydroxyl.***"*** In addition, the microporosity
of the olive-stone biochar, coupled with high surface area (855
m” g7), is also expected to greatly contribute to the adsorption
of small organic polar molecule, FLX, on the biochar surface.*
Thereby, for FLX, non-electrostatic and non-hydrophobic
interactions, such as pore filling, hydrogen bonding or
complexation with functional groups, and -7 EDA forces are
expected to play a significant role in adsorption on olive-stone-
derived CO,- activated biochar.

4. Conclusions

In the present study, olive stone waste was used as a carbon
precursor to produce biochar, which was employed to remove
FLX from aqueous solutions. The study of adsorption kinetics
demonstrated that the pseudo-second-order kinetic model best
described the experimental data with a regression coefficient of
>0.99. The process is also driven by intra-particle diffusion, with
a direct correlation between initial FLX concentration and the
intra-particle diffusion constant. Further, both Langmuir and
Freundlich's isotherm models were in good agreement with the
experimental data, with good regression coefficients. Model

© 2025 The Author(s). Published by the Royal Society of Chemistry
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parameters, including Ry, (between 0.324 and 0.986, i.e., 0 < Ry, <
1), and K (>1), suggested favourable irreversible adsorption of
FLX onto the biochar for initial FLX concentrations varying
from 1 to 50 mg L~'. Further, the maximum adsorption
capacities ranged from 4.82 + 0.04 mg g~ to 146.45 4 10.55 mg
g, for initial FLX concentrations of 1 mg L' to 50 mg L™,
respectively, which exceeds the adsorption capacity of previ-
ously reported waste-derived biochar used for FLX removal.

The findings also suggest a significant contribution of pore
entrapment, hydrogen bonding, and m-1 EDA forces in the
adsorption of FLX on olive-stone-derived CO,-modified biochar,
and a minor contribution from the electrostatic attractive and
hydrophobic-hydrophobic forces. Overall, the study shows that
agri-food waste-derived biosorbents can be a potential alterna-
tive to produce high-capacity adsorbents for industrial appli-
cations while sustaining the vision of a circular economy and
waste valorization.
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