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i2Fe4O9) nanosheets: an efficient
adsorbent for triclosan

Komal Shuklaa and Raju Kumar Gupta *abcde

Triclosan (TCS) is the most common antimicrobial agent used in personal care products. Even a small

concentration of TCS (<0.3 mg L−1) in water poses a potential threat to human and aquatic lives. We

investigated TCS adsorption from aqueous solutions using hydrothermally synthesized bismuth ferrite

(Bi2Fe4O9) or BFO materials. Different compositional variations of bismuth ferrite were obtained by

altering the mole ratio of bismuth and iron precursors (Bi/Fe ratio) and NaOH concentration. The

synthesized BFO materials were then analyzed using XRD, FESEM, BET, FTIR spectroscopy and zeta

potential analysis. Moreover, batch adsorption experiments were conducted to investigate the influence

of different BFO materials, pH and adsorbent loading on the TCS adsorption equilibrium. We examined

the efficacy of TCS adsorption by different BFO materials and fitted the experimental data to different

isotherms. The Redlich–Peterson model was the most suitable for describing the TCS adsorption on

BFO. Furthermore, the mean free adsorption energy obtained from the D-R isotherm indicated that

physical adsorption played a key role in the adsorption process. The adsorption kinetic fitting revealed

that TCS adsorption followed a pseudo-second-order kinetic model. Our experimental results showed

that altering the solution pH drastically affected the adsorption behaviour. The interaction mechanism

revealed a high TCS adsorption rate attributed to hydrogen bonding and electrostatic interactions. The

BFO sample with a 1 : 1 Bi/Fe mole ratio and 5 M NaOH concentration demonstrated the maximum TCS

adsorption capacity, reaching 903 mg g−1 at pH 3, with a 0.2 g L−1 adsorbent loading at 298 K. This

remarkable adsorption capacity of BFO nanosheets with minimal adsorbent loading and material stability

validates its strong potential as a sustainable adsorbent for the efficient removal of emerging

contaminants, like TCS, from wastewater.
Sustainability spotlight

Bismuth ferrite (Bi2Fe4O9 or BFO) has recently emerged as a potential adsorbent. It is composed of bismuth and iron elements, with relatively low toxicity, good
environmental compatibility andminimal leaching risk, making it an emerging material in environmental remediation. The application of BFO as an adsorbent
for the removal of pollutants found in personal care products, e.g. triclosan (TCS), is not reported yet. TCS is a persistent antimicrobial agent found in personal
care products. Its extensive use has led to environmental contamination, particularly in water bodies, with potential risks of antibiotic resistance, endocrine
disruption, and toxicity to aquatic life. The BFO nanosheets synthesized using a Bi/Fe mole ratio of 1 : 1 and 5 M NaOH exhibited a TCS adsorption capacity of
903 mg g−1 in 180 minutes at pH 3 and an adsorbent loading of 0.2 g L−1, which is quite higher than that reported in the literature (average TCS adsorption
capacity ∼190 mg g−1). This rapid adsorption of TCS onto BFO occurs due to hydrogen bonding and electrostatic interactions. It offers an environmentally
friendly solution that reduces the reliance on toxic chemicals or energy-intensive processes. Moreover, it can be easily regenerated and reused, enhancing its
sustainability prole. By integrating BFO into wastewater treatment systems, we can take a step toward cleaner water and a greener future.
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1. Introduction

Triclosan [5-chloro-2-(2, 4-dichloro-phenoxyphenol)] (TCS) is
a common antimicrobial agent found in many personal care
products like soaps, toothpaste, and cosmetics.1,2 The high
prevalence of TCS in consumer products contributes signi-
cantly to its presence in wastewater. Once these products are
used and washed off, TCS enters the sewage system through
household drains, contributing to the inuent stream of
wastewater treatment plants. Li et al. have reported the waste-
water inuent and effluent concentrations of TCS to be 86000
© 2026 The Author(s). Published by the Royal Society of Chemistry
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ng L−1 and 5400 ng L−1, respectively, and demonstrated
a signicant decrease in TCS concentrations from the inuent
to the effluent stream of wastewater treatment plants.2 The
globally reported concentrations of TCS in water are as follows:
1.4 to 40 000 ng L−1 in surface waters, 20 to 86 161 ng L−1 in
wastewater inuent, 23 to 5370 ng L−1 in wastewater effluent,
and less than 0.001 to 100 ng L−1 in seawater.3 However, the
persistence of the measurable amounts of TCS in the effluent
signies the challenges treatment systems face in completely
removing or degrading TCS to non-detectable levels.

TCS and its derivatives have been identied as endocrine
disruptors, which are compounds that can interfere with the
normal functioning of hormones in organisms.4 These disrup-
tions can affect various physiological processes, potentially
leading to adverse health effects in humans and wildlife.
Additionally, emerging research has raised concerns about
a potential connection between TCS exposure and antibiotic
resistance.4 Long-term exposure to TCS results in biological
accumulation and high toxicity due to the generation of toxic
byproducts, such as chlorinated dioxins and chlorinated
phenols, particularly when exposed to heat and sunlight during
wastewater treatment processes.5 Therefore, numerous
methods have been adopted to eliminate TCS from polluted
water sources via chemical decomposition or transformation,
like ozonation, Fenton reactions, and microbiological degra-
dation. While these methods can reduce TCS concentrations,
they struggle to achieve complete mineralization or elimination
of TCS and can potentially produce more toxic byproducts,
posing additional environmental risks.6

In contrast, adsorption technology has emerged as a prom-
ising and environmentally friendly strategy for removing
pollutants like TCS from aqueous solutions. Adsorption
involves the adherence of contaminants onto the surface of
solid materials (adsorbents), effectively removing them from
water. This method oen boasts low energy consumption,
generates no secondary pollutants, and is highly effective in
removing a wide range of emerging contaminants (ECs).7

Developing novel adsorbents with specic properties like high
adsorption capacity, low cost, and easy recyclability has
garnered considerable attention from the research community.
The goal is to create adsorbents that can efficiently and
economically remove TCS and other pollutants from water
sources. Its adsorption behaviour on various adsorbents has
been studied extensively due to concerns about its environ-
mental impact. The common adsorbents are based on several
materials, such as activated carbon,6,8,9 biochar,10,11 MOFs7 and
other functionalized materials,12 designed specically for
effective pollutant adsorption.

Apart from these adsorbents, few studies have been done on
bismuth ferrite [Bi2Fe4O9] (BFO) nanomaterial as an adsorbent
for the removal of pollutants like heavy metal ions [Pb(II), Cr(III),
Cu(II), As(V)] and methylene blue.13–15 Kong et. al. reported the
adsorption capacity of BFO nanoplates as 42.7 mg g−1 for Cu(II)
removal.13 In another study by Ting Hu et al., BFO with a coral-
like hierarchical structure exhibited excellent adsorption
performance toward heavy metal ions [Pb(II), Cr(III), Cu(II),
As(V)], achieving the highest adsorption capacity of
© 2026 The Author(s). Published by the Royal Society of Chemistry
approximately 214.5 mg g−1 for Pb(II).14 The nanocomposite
BFO-GO showed an adsorption capacity of 55.46 mg g−1 for the
removal of methylene blue dye.16

BFO with different morphologies, including particles,
sheets, plates, cubes, rods, and owers, can be easily synthe-
sized by tuning the Bi/Fe ratio and NaOH concentration.17–19

Apart from adsorption, it is explored in photocatalysis appli-
cations as it exhibits a narrow band gap and thus shows strong
absorption in the visible light region. Bi2Fe4O9 has an ortho-
rhombic structure with the space group of Pbam and lattice
constants of a= 0.796 nm, b= 0.844 nm, and c= 0.599 nm. The
standard unit cell of orthorhombic Bi2Fe4O9 consists of corner-
sharing FeO4 tetrahedra and edge-sharing FeO6 octahedra, with
Bi3+ ions surrounded by eight oxygen atoms. In the crystal
structure of Bi2Fe4O9, the chains of FeO6 octahedra parallel to
the c-axis are alternately connected along the c-axis through
FeO4 tetrahedra and bismuth atoms.20 BFO contains the 3d
transitionmetal iron (Fe), which possesses a magnetic moment.
However, bulk BFO exhibits a non-magnetic nature because of
antiferromagnetic coupling between the Fe3+ ions.17 It can be
synthesized via hydrothermal methods to obtain different
morphologies like sheets, rods, hollow structures, etc.17

BFO nanosheets can efficiently remove TCS from solution
through strong surface interactions (e.g., hydrogen bonding,
hydrophobic interactions and electrostatic attraction).21

However, adsorption does not mineralize or degrade TCS.
Combined adsorption–photocatalysis can degrade and miner-
alize TCS into smaller, less toxic compounds (e.g., CO2, H2O,
and simple organics). Therefore, BFO nanosheets can poten-
tially overcome incomplete mineralization if used in a hybrid
adsorption–photocatalytic system, where adsorbed TCS mole-
cules are subsequently degraded in situ under visible light.22

The 2D nanosheet morphology of BFO exposes abundant
active sites for pollutant attachment and facilitates easy diffu-
sion and strong interfacial contact between BFO and contami-
nants (TCS), while surface oxygen vacancies enhance
adsorption affinity through electron transfer and coordination
effects. Additionally, the surface functional groups (–OH, Bi–O,
and Fe–O) provide numerous active sites for pollutant binding
through electrostatic attraction, hydrogen bonding and hydro-
phobic interactions.21 These properties make BFO nanosheets
an effective adsorbent.

Aer adsorption, BFO can be recycled and reused again
for adsorption. Furthermore, post-adsorption, BFO can be used
as a photocatalyst to degrade the contaminants under visible
light.

However, the release of BFO nanoparticles can lead to bi-
oaccumulation, which is an environmental concern. Under
severe conditions (acidic environment), small amounts of Bi3+

or Fe3+ ions might leach. Surface coating or immobilization of
BFO on stable supports and controlled regeneration help
reduce environmental concerns.

The novelty of this work involves the application of BFO
material as an adsorbent for TCS removal for the rst time,
achieving high adsorption capacity at very low adsorbent
loading, which has not been reported yet, to our knowledge.
RSC Sustainability, 2026, 4, 438–455 | 439
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2. Experimental section
2.1 Chemical reagents

Bismuth nitrate pentahydrate [Bi(NO3)3 5H2O], ferric chloride
[Fe(Cl3)3$6H2O] and sodium hydroxide (NaOH) were purchased
from Merck with 99% purity. Ethylene glycol, ammonium
hydroxide solution (28.0–30.0% NH3 basis), and triclosan [5-
chloro-2-(2,4-dichlorophenoxy) phenol] (C12H7Cl3O2) were
purchased from Sigma-Aldrich. Premium-grade ethanol (100%)
was purchased from Hayman. All chemicals were used as
received, without further purication. Milli-Q water was used in
all the processes.

2.2 Synthesis of Bi2Fe4O9 (BFO) nanosheets

Bismuth ferrite (BFO) nanosheets were synthesized through
a hydrothermal approach (as shown in Scheme 1) by following
Hua et al.'s method with some modications.23 The nanosheet
synthesis involved using a 1 : 1 ratio of Bi/Fe (the mole ratio of
bismuth and iron precursors). For this, 5 mmol of Bi(NO3)3-
$5H2O was dissolved in 50 mL of ethylene glycol and stirred for
30 minutes at room temperature (20–25 °C). Subsequently,
5 mmol of Fe(Cl3)3$6H2O was added to the solution and stirred
for another 30 minutes. In this mixture, 200 mL of Milli-Q water
was added, and the pH was adjusted to 10–11 using a 28–30%
ammonium hydroxide solution. The resulting precipitate was
separated via centrifugation, washed with Milli-Q water until
reaching a pH of 7. The obtained precipitate was re-dispersed in
40 mL of Milli-Q water, followed by addition of 5 M NaOH and
continuous stirring of 30 minutes. The resulting suspension
was transferred into a 50 mL Teon-lined steel autoclave and
subjected to hydrothermal treatment at 160 °C for 12 hours.
Scheme 1 Schematic of the synthesis of bismuth ferrite in various Bi/Fe

440 | RSC Sustainability, 2026, 4, 438–455
Aer completing the reaction, the autoclave was allowed to cool
naturally to room temperature. The resulting product BFO (1 : 1,
5 M NaOH) was collected through centrifugation and washed
with Milli-Q water and ethanol multiple times. At last, the ob-
tained powder was dried at 60 °C in an air oven overnight.

Additionally, the synthesis process of BFO was further
explored by adjusting the mole ratio of bismuth and iron
precursors (Bi/Fe ratio) to investigate the impact of different Bi/
Fe molar ratios (1 : 2 and 2 : 1) while maintaining a constant
NaOH concentration of 5 M. Furthermore, investigation for the
variations in the NaOH concentration (3 M, 5 M and 8 M) in the
synthesis process were examined by maintaining a Bi/Fe mole
ratio of 1 : 1, while keeping the other parameters unchanged.

The synthesis of bismuth ferrite by the hydrothermal process
involved: (1) dissociation of the Bi and Fe salts in the ethylene
glycol (C2H6O2) solution, (2) formation of Bi(OH)3 and Fe(OH)3
during the addition of water and ammonium hydroxide, and (3)
formation of Bi2Fe4O9 in the presence of NaOH during hydro-
thermal treatment.24 The chemical reactions (eqn (1)–(4))
involved in the synthesis of bismuth ferrite are as follows:

Bi(NO3)3 5H2O + C2H6O2 / [Bi(C2H5O2)]
2+ + 3NO3

− + H+(1)

FeCl3 6H2O / [Fe(H2O)6]
3+ + 3Cl− (2)

[Bi(C2H5O2]
2+ + [Fe(H2O)6]

3+ + NH4OH /

Bi(OH)3 + Fe(OH)3 + NH3 + C2H6O2 (3)

2BiðOHÞ3
þ 4FeðOHÞ3 �����������������������!5 M NaOH; hydrothermal at 160 �C=12 h

Bi2Fe4O9 þ 9H2O

(4)
mole ratios and NaOH concentrations.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.3 Preparation of the TCS stock solution

TCS has minimal solubility in water (<10 mg L−1), but it is
completely soluble in ethanol, as shown in Table 1, which
represents the physical and chemical properties of TCS.25 A
stock solution of 1000 mg L−1 TCS was prepared by dissolving
50 mg of TCS powder in 50 mL premium-grade ethanol (100%).
The stock solution was preserved in a fridge. The sample solu-
tions were prepared by mixing the stock solution with Millipore
water to achieve the desired concentration. Stock solutions with
varying ethanol concentrations (e.g., 5% and 10%) were previ-
ously tested but found to be unstable, as the TCS powder began
to precipitate aer 4–5 hours, making them unsuitable for
further solution preparation and adsorption analysis. There-
fore, we prepared the stock solution in pure ethanol.
2.4 Adsorption isotherms

Adsorption involves the mass transfer of adsorbate from the
bulk solution to the interior surface of the porous adsorbent,
where adsorption takes place. There is no further net adsorp-
tion aer the solution and adsorbent reach the thermodynamic
equilibrium of adsorbate concentration. The concentrations of
adsorbent and adsorbate in the system, along with parameters
like pH, viscosity, and temperature, dene this equilibrium.
The most essential characteristic of the adsorbate–adsorbent
interaction is the adsorption equilibrium. Consequently, the
thermodynamic equilibrium serves as the foundation for the
development of theoretical and empirical models that explain
reversible adsorption.

An adsorption isotherm describes how the solute (TCS)
molecules interact with the adsorbent surface at a constant
temperature. To study the interaction behavior and explain the
adsorption process, some important isotherm models like
Langmuir, Freundlich, Temkin, Redlich–Peterson and Dubi-
nin–Radushkevich (D–R) isotherms were employed.

2.4.1 Langmuir adsorption isotherm. Langmuir adsorp-
tion describes monolayer adsorption on the adsorbent surface
containing a nite number of active sites with no further
interaction between the adsorbed species. This can express the
Table 1 Physical and chemical characteristics of TCS25

Chemical Triclosan

IUPAC name 5-Chloro-2-(2,4-dichloro phenoxy)phen

Chemical structure

Chemical formula C12H7Cl3O2

Molecular weight 289.54
Appearance White solid
Melting point 55–57 °C
Boiling point 120 °C
Solubility Slightly soluble in water (10 mg L−1 o

© 2026 The Author(s). Published by the Royal Society of Chemistry
adsorbent surface characteristics and its affinity for the adsor-
bate. Langmuir adsorption can be represented by the following
eqn (5).8,10,26,27

qe ¼ QmKLCe

1þ KLCe

(5)

Here qe and Qm are the amount of TCS adsorbed at equilibrium
time (mg g−1) and the maximum amount of TCS adsorbed per
unit mass of adsorbent, respectively. KL and Ce are the Lang-
muir constant related to the binding energy (L mg−1) and the
TCS concentration at equilibrium time (mg L−1). The equilib-
rium parameter (RL) (eqn (6)), also known as the separation
factor or equilibrium parameter, is a dimensionless constant
that is used to dene the basic characteristics of the Langmuir
isotherm. The value of RL signies the nature of adsorption:
favorable if 0 < RL < 1, linear if RL = 1, unfavorable if RL > 1 and
irreversible if RL = 0. It can be calculated as

RL ¼ 1

ð1þ KLCOÞ (6)

In our study, the value of RL was found to be 0.040 at the initial
concentration of 200mg L−1, which is between 0 to 1, indicating
that adsorption is favorable.

2.4.2 Freundlich adsorption isotherm. The Freundlich
isotherm is an empirical model used to describe the adsorption
of molecules from a solution onto a solid surface. It is expressed
as an equation relating the amount of substance adsorbed onto
the surface of the adsorbent to the concentration of the
substance in the solution. The Freundlich isotherm is repre-
sented by eqn (7):8,10,26,27

qe ¼ KfCe

1
.
nf

(7)

where Kf is the Freundlich isotherm constant related to
adsorption capacity ((mg g−1) (L mg−1)1/n), and 1=nf denotes the
adsorption intensity.

The Freundlich isotherm does not adhere to the assump-
tions of ideal adsorption. It is versatile as it accounts for
multilayer adsorption and non-uniform surface energies. Its
importance lies in its ability to describe adsorption on
ol

r ppm at 20 °C), high solubility in ethanol, methanol, and diethyl ether

RSC Sustainability, 2026, 4, 438–455 | 441
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heterogeneous surfaces with high accuracy compared to
simpler models like the Langmuir isotherm. The n value reects
the adsorption intensity: if nf > 1, adsorption is favorable; if nf <
1, it is unfavorable.

2.4.3 Temkin adsorption isotherm. The Temkin isotherm
is another empirical model used to describe the adsorption of
molecules from a solution onto a solid surface. It considers the
effects of indirect interactions between the adsorbate molecules
on a heterogeneous surface. The Temkin isotherm can be rep-
resented by eqn (8):8,10,27

qe ¼
�
RT

b1

�
lnðKtCeÞ ¼ B lnðKtCeÞ (8)

where Kt is the equilibrium binding constant (L g−1), b1 is the
adsorption heat (kJ mol−1), R is the gas constant (8.314 J mol−1

K−1), and T is the absolute temperature (298 K).
The Temkin isotherm assumes a linear decrease in adsorp-

tion energy with coverage due to adsorbate–adsorbent interac-
tions. This model is particularly useful for describing systems
where interactions between adsorbate molecules play a signi-
cant role in the adsorption process.

2.4.4 Redlich–Peterson isotherm. The Redlich–Peterson
isotherm [eqn (9)] is an empirical model used to describe the
adsorption of molecules from a solution onto a solid surface. It
is a modication of the Freundlich isotherm and provides
a more exible equation to t a wider range of experimental
data.10

qe ¼ KRCe�
1þ AC

g
e

� (9)

Here, KR (L g−1) and A (L mg−1) are the Redlich–Peterson
constants, KR/A indicates the removal capacity, and g is the
Redlich–Peterson constant related to the adsorption intensity.
The Redlich–Peterson isotherm allows a better t of experi-
mental data than some other models because it introduces an
additional parameter A, which enhances its exibility. This
exibility is crucial in cases where the adsorption behavior does
not strictly adhere to the assumptions of simpler models.

2.4.5 Dubinin–Radushkevich isotherm. The Dubinin–
Radushkevich (D–R) isotherm is a model based on the
assumption that the adsorption energy is not constant but
varies exponentially with surface coverage. The Dubinin–
Radushkevich isotherm describes physical adsorption
processes occurring in systems where the adsorbent surface is
not uniform. The mathematical expression and its linearized
form are given as eqn (10) and (11), respectively.8,27

qe = qme
−K32 (10)

ln(qe) = ln(qm) − K32 (11)

3 ¼ RT ln

�
1þ 1

Ce

�
(12)

E ¼ 1ffiffiffiffiffiffiffi
2K

p (13)
442 | RSC Sustainability, 2026, 4, 438–455
Here, 3 is the Polanyi potential (eqn (12)), K is the activity
coefficient, and E denotes the mean free adsorption energy (kJ
mol−1) (eqn (13)). E < 8 corresponds to physisorption, 8 < E < 16
indicates that adsorption involves ion exchange, and E > 8
represents chemisorption.

2.4.6 Boyd isotherm. The Boyd model is utilized to inves-
tigate the actual rate-controlling step involved in the adsorption
process, either by lm diffusion or intraparticle diffusion. Eqn
(14) represents the Boyd model, which is used to analyze the
experimental adsorption data.13,28

Bt ¼ �ln

�
1� qt

qe

�
� 0:4977 (14)

Here, qe (mg g−1) is the adsorption capacity at equilibrium, and
qt (mg g−1) is the adsorption capacity at time t. Bt is the function
of the fraction of solute adsorbed at different times. The
calculated Bt values are plotted against time (t). The linearity of
this plot offers important information regarding the rate-
controlling step. If the linear tting is a straight line and
passes through the origin, it indicates that intraparticle diffu-
sion (pore diffusion) is the rate-controlling step in the adsorp-
tion process. If the tting of the data is nonlinear or linear but
does not pass through the origin, it indicates involvement of
lm diffusion or external mass transport, which will be the rate-
limiting step in the adsorption process.28,29
2.5 Adsorption kinetics

Adsorption kinetics refers to the understanding of how quickly
molecules are captured or adsorbed onto the surface of an
adsorbent material. The experiment data of the TCS adsorption
experiment were tted by applying various models, including
the pseudo-rst-order (PFO) [eqn (15)] and pseudo-second-order
(PSO) models [eqn (16)].8,10

qt = qe(1 − e(−k1t)) (15)

qt ¼ k2qe
2t

1þ k2qet
(16)

Here, qe is the amount of TCS removed at equilibrium time (mg
g−1), k1 is the PFO rate constant (1/h), and k2 is the PSO rate
constant (g mg−1 h−1).
2.6 Batch adsorption experiments

TCS was used to perform the pollutant adsorption test of the
different as-prepared BFO materials. Briey, 14 mg of each
adsorbent (0.2 g L−1) was dispersed in a 200mg L−1 TCS (70 mL)
solution in a glass Petri dish and stirred at 300 rpm for an
adsorption analysis duration of 180minutes in the dark at room
temperature (25 °C). During the adsorption experiments, each
Petri dish was covered with another glass Petri dish to avoid
ethanol evaporation. Next, 2 mL of the sample was taken out at
a xed interval of 30 minutes, centrifuged, and ltered using
a 0.22 mm lter to remove the adsorbent before absorbance
measurement. The absorbance of the samples was measured
using a UV–vis spectrophotometer during the adsorption
process, and the concentration of TCS was calculated from the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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calibration curve (see SI Fig. S1). The peak wavelength at
maximum absorbance for TCS was located at 280 nm. The
adsorption capacity of TCS (mg of TCS g−1 of adsorbate) at
equilibrium and time (t) was calculated using the following eqn
(17) and (18):8,30

qe ¼
�
Co � Ceq:

�� V

w
(17)

qt ¼ ðC0 � CtÞ � V

w
: (18)

qe is the amount of TCS adsorbed per gram of adsorbent aer
achieving the equilibrium (mg g−1), and qt is the amount of TCS
adsorbed per gram of adsorbent at time t (mg g−1). C0, Ceq. and
Ct are the initial TCS concentration (mg L−1), the equilibrium
concentration of TCS (mg L−1), and the TCS concentration at
time t (mg L−1), respectively. V and w are the TCS solution
volume (L) and weight of the adsorbent (g), respectively. The
percentage adsorption was calculated using the following eqn
(19):

% adsorption ¼ ðCo � CtÞ
Co

� 100 (19)

To explore the inuence of the initial concentration of TCS
on the adsorption capacity of BFO materials, initial concentra-
tions of 100 mg L−1, 150 mg L−1, 185 mg L−1, 190 mg L−1,
195 mg L−1 and 200 mg L−1 were selected for the study. Other
parameters were held constant throughout the study. The
impact of the initial pH of the TCS solution (pH= 3, 6, and 8) on
the adsorption of TCS was examined by adjusting the pH using
0.1 M HNO3 and NH4OH solutions. This investigation was
conducted at an initial concentration of 200 mg L−1 and an
adsorbent loading of 0.2 g L−1. However, due to very small
adsorbent loading (0.2 g L−1), the volume of the adsorbent was
negligible compared with the total solution volume; thus, no
volume correction was applied in the adsorption calculations.
The adsorption results indicated that at pH 3, the adsorption of
Fig. 1 XRD patterns of samples (a) with different Bi/Fe ratios and (b) wit

© 2026 The Author(s). Published by the Royal Society of Chemistry
TCS on BFO was more effective compared to pH 6 and 8.
Subsequently, to further explore the inuence of adsorbent
loading (0.2, 0.25, 0.3 g L−1) on the adsorption of TCS on BFO,
investigations were carried out at pH 3 and an initial concen-
tration of 200 mg L−1.
2.7 Data analysis

The concentration of TCS was estimated using the calibration
curve equation provided in the SI. The adsorption capacity and
% adsorption were calculated using eqn (16)–(18), respectively.
The adsorption isotherm models and kinetic data were tted
using Origin soware.
3. Material characterization

Powder X-ray diffraction analysis of the as-prepared samples
was done using Cu-Ka as the X-ray source (l = 1.5406 Å) (XRD,
X'Pert Pro, PAN analytical). The morphology of the Bi2Fe4O9

samples was recorded using a eld-emission scanning electron
microscope (FEI NOVA NANO SEM 450, FESEM). The prepared
samples were gold-coated (∼10 nm) before the SEM analysis.
The elemental analysis and mapping of the elements present in
the samples were done using energy-dispersive X-ray spectros-
copy (EDX linked to FESEM, Oxford Instrument). Surface area
and pore size distribution (PSD) analyses were carried out using
the Brunauer–Emmett–Teller (BET) (Quanta Chrome, USA)
instrument. A Zeta potentiometer (Malvern, ZS90) was used to
measure the zeta potential of the samples. The functional group
analysis of samples was performed using FTIR spectroscopy
(PerkinElmer, Spectrum Two UATR).
4. Results and discussion
4.1 XRD analysis

The high crystallinity and purity of the as-synthesized BFO
samples were measured in the 2q range of 10°–80°. Fig. 1(a) and
(b) show the XRD patterns of the as-prepared BFO samples with
h different NaOH concentrations.
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Fig. 3 FTIR spectra of different BFO samples.
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variations in the Bi/Fe molar ratio and NaOH concentration,
respectively. In Fig. 1(a), the diffraction patterns of the samples
with Bi/Fe ratios of 1 : 1 and 1 : 2 match well with the standard
data (JCPDS no. 25–0090), which is the pure phase of Bi2Fe4O9

ascribed to its orthorhombic structure (space group Pbam; lattice
constant a = 7.965 Å, b = 8.440 Å and c = 5.994 Å). The
diffraction pattern observed at a Bi/Fe ratio of 2 : 1 matches the
standard data (JCPDS no. 046-0416), which is ascribed to the
Bi25FeO40 nanomaterial. In Fig. 1(b), the diffraction patterns of
samples having a Bi/Fe ratio of 1 : 1 and different NaOH
concentrations match the standard data (JCPDS no. 25-0090),
which is the pure phase of Bi2Fe4O9. However, the crystallinity
of the samples changed with the variation in the NaOH
concentration. The sample with 5 M NaOH concentration
showed higher crystallinity than samples with 3 M and 8 M
NaOH concentrations. This may be due to controlled nucleation
and crystal growth, resulting in the formation of well-ordered
square-shaped crystal structures of BFO NSs at 5 M NaOH.

The crystallite size of BFO (1 : 1, 5 M NaOH) was calculated
using the Debye–Scherrer eqn (20) and is presented in Table S1
(SI).31

D ¼ kl

b Cos q
(20)

Here, D represents the crystallite size (nm), k is the shape factor
(value taken as 0.9), lambda (l = 1.5406 Å) is the wavelength of
the incident X-rays, theta (q) is the angle of diffraction (radian),
and b (radian) indicates the full-width at half maxima (FWHM)
of the characteristic peaks (121 and 211) determined from the
XRD data tted using the Origin soware.
4.2 FESEM analysis

FESEM was used to examine the surface morphology of the
prepared adsorbents. Fig. 2 illustrates the varying morphologies
of the BFO materials with different Bi/Fe ratios (1 : 1, 1 : 2, and
2 : 1) and NaOH molar concentrations (3 M, 5 M, and 8 M). The
Bi/Fe ratio plays a pivotal role in dictating the resulting
Fig. 2 FESEM images of (a) BFO (1 : 1, 5 M NaOH), (b) BFO (1 : 2, 5 M NaOH
NaOH), and (f) BFO (1 : 1, 8 M NaOH).

444 | RSC Sustainability, 2026, 4, 438–455
morphology. For instance, a 1 : 1 Bi/Fe ratio yielded uniform 2-D
nanosheets [Fig. 2(a)], with an average thickness of about
47 nm. In contrast, a 1 : 2 ratio produced square or rectangular
cubes [Fig. 2(b)], with an average thickness of around 237 nm.
Moreover, a 2 : 1 ratio led to the formation of clusters [Fig. 2(c)]
comprising small nanosheets. Notably, when the NaOH
concentration was adjusted while maintaining a xed Bi/Fe
ratio of 1 : 1, it signicantly inuenced material thickness. At
NaOH concentrations of 3 M, 5 M, and 8 M [Fig. 2(d)–(f)], the
thickness decreased, measuring average values of 128 nm,
47 nm, and 42 nm, respectively, as shown in Fig. S2. The average
length of the BFO (1 : 1, 5 M NaOH) was estimated to be 580 nm
or 0.58 mm, as shown in Fig. S3. Particularly, at 5 M and 8 M
NaOH concentrations, the material manifested as nanosheets.
4.3 FTIR data

Fig. 3 presents the FTIR data of the as-prepared BFO samples. In
the BFO (1 : 1, 5 M NaOH), BFO (1 : 1, 3 M NaOH) and BFO (1 : 1,
), (c) BFO (2 : 1, 5 M NaOH), (d) BFO (1 : 1, 3 M NaOH), (e) BFO (1 : 1, 5 M

© 2026 The Author(s). Published by the Royal Society of Chemistry
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8 M NaOH) samples, the absorption bands at around 803 cm−1

and 609 cm−1 in the infrared spectrum are typically attributed to
the Fe–O stretching and Fe–O–Fe bending vibrations within the
FeO4 tetrahedron, respectively.32,33 The absorption bands at
around 486 cm−1, 454 cm−1 and 426 cm−1 are assigned to the Fe–
O stretching vibration and bond stretching in the FeO6

octahedron.33–35 BFO (1 : 2, 5 M NaOH) also has the same IR
spectra as the above three samples, but with a small shi in
Fig. 4 Nitrogen adsorption–desorption (BET) isotherm plots of (a) BFO (
BFO (1 : 1, 3 M NaOH), and (e) BFO (1 : 1, 8 M NaOH).

© 2026 The Author(s). Published by the Royal Society of Chemistry
wavenumbers to 803 cm−1 and 609 cm−1. This shimay be due to
excess Fe present while using a 1 : 2 Bi/Fe ratio, which alters the
Fe–O stretching and Fe–O–Fe bending vibrations. Moreover, BFO
(2 : 1, 5MNaOH) exhibited a different IR spectrum, corresponding
to Bi25FeO40. The three main absorption bands within the 400–
700 cm−1 zone were identied as typical absorptions associated
with Bi–O and Fe–O. Specically, the robust absorption peaks at
461 cm−1 and 522 cm−1 are attributed to Bi–O vibration modes,
1 : 1, 5 M NaOH), (b) BFO (1 : 2, 5 M NaOH), (c) BFO (2 : 1, 5 M NaOH), (d)
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while the additional peak at 578 cm−1 corresponds to the
stretching vibration of the Fe–O bond.33 These ndings from the
XRD data collectively highlight the cubic nature of selenite-type
Bi25FeO40.
4.4 BET analysis

The specic surface areas of all synthesized BFO materials were
analyzed by the BET multi-point method using N2 adsorption–
desorption isotherms. All samples were degassed for 10 hours at
200 °C under high-purity N2 purging before measurement. The
pore volume and pore size data were calculated by the Barrett–
Fig. 5 Pore size distribution patterns of (a) BFO (1 : 1, 5 M NaOH), (b) BFO
and (e) BFO (1 : 1, 8 M NaOH).

446 | RSC Sustainability, 2026, 4, 438–455
Joyner–Halenda (BJH) method using the Kelvin equation. Fig. 4
shows the N2 adsorption–desorption isotherms of (a) BFO (1 : 1,
5 M NaOH), (b) BFO (1 : 2, 5 M NaOH), (c) BFO (2 : 1, 5 M NaOH),
(d) BFO (1 : 1, 3 M NaOH), and (e) BFO (1 : 1, 8 M NaOH). Table S2
presents the BET surface area, average pore size and BJH pore
volume details of all BFO samples. As revealed from the BET
analysis, the BFO (1 : 1, 5 M NaOH) sample showed the highest
BET surface area and average pore size among other samples and
was compatible with a type-IV adsorption isotherm having an H3
hysteresis loop.36,37 The BET results indicate that the nanosheets
obtainedwith 5Mand 8MNaOHhad higher surface area and TCS
(1 : 2, 5 M NaOH), (c) BFO (2 : 1, 5 M NaOH), (d) BFO (1 : 1, 3 M NaOH),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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adsorption capacity than the other BFO materials, indicating
a direct relationship with the BET surface area.

The t-plot (Vads vs. static thickness) method was used to
determine the micropore volume of the material. The slope and
intercept of the t-plot represent the external surface area and
micropore volume, respectively. All t-plots (Fig. S4) showed
Fig. 6 TCS adsorption equilibrium curves and fitted isotherms of in (a) BF
5 M NaOH), (d) BFO (1 : 1, 3 M NaOH), and (e) BFO (1 : 1, 8 M NaOH) sam

© 2026 The Author(s). Published by the Royal Society of Chemistry
negative intercepts except for the BFO (1 : 1, 3 M NaOH) sample,
which indicates that all samples except BFO (1 : 1, 3 M NaOH) had
only mesopore volume and zero micropore volume. The pore size
distributions of the samples presented in Fig. 5 show that the pore
sizes of the samples were mostly within the range of 2–50 nm,
conrming the mesoporous nature of the BFO materials.
O (1 : 1, 5 M NaOH), (b) BFO (1 : 2, 5 M NaOH), 5 M NaOH, (c) BFO (2 : 1,
ples at pH 6 and 298 K.
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4.5 Triclosan adsorption results

Various isotherm models, including Langmuir, Freundlich,
Temkin, Redlich–Peterson, and Dubinin–Radushkevich (D–R)
and Boyd models, were tted to the experimental data, as
depicted in Fig. 6–8. The parameters obtained from these
Fig. 7 D–R isotherm fitted data of TCS adsorption by (a) BFO (1 : 1, 5 M Na
BFO (1 : 1, 3 M NaOH), and (e) BFO (1 : 1, 8 M NaOH) at pH 6 and 298 K.

448 | RSC Sustainability, 2026, 4, 438–455
models are detailed in Table S3. In line with the experimental
ndings (as shown in Table 2), among the various BFO samples,
the highest TCS adsorption capacity was determined to be
871.3 mg g−1 for the BFO (1 : 1, 5 M NaOH) sample. Moreover,
other BFO samples, such as BFO (1 : 2, 5 M NaOH), BFO (2 : 1,
OH), (b) BFO (1 : 2, 5 M NaOH), 5 M NaOH, (c) BFO (2 : 1, 5 M NaOH), (d)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Adsorption isotherms parameters of TCS on BFO (1 : 1, 5 M
NaOH) (C0 = 200 mg L−1, adsorbent loading = 0.2 g L−1, T = 298 K)

Isotherm

Value of parameters

Average data for BFO (1 : 1, 5 M NaOH)

Experimental data qm exp (mg g−1) 858.1
Langmuir qm (mg g−1) 1154.7

KL (L mg−1) 0.1187
R2 0.991

Freundlich n 2.6821
Kf ((mg g−1) (L mg−1)1/n 261.194
R2 0.979

Temkin Kt (L g−1) 0.982
b1 (kJ mol−1) 9.14
R2 0.987

Redlich–Peterson Kr (L g−1) 85.071
A (kJ mol−1) 0.00756
g 1.6409
R2 0.998

Dubinin–Radushkevich qm (mg g−1) 895.8
K (J mol−1)2 5.3099 × 10−6

E (kJ mol−1) 0.307
R2 0.999

Fig. 8 Boyd model fitting for TCS adsorption by BFO (1 : 1, 5 M NaOH)
at pH 6 and 298 K.
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5 M NaOH), BFO (1 : 1, 3 M NaOH), and BFO (1 : 1, 8 M NaOH),
exhibited notable adsorption capacities at 827.7, 816.3, 792.8
and 832.1 mg g−1, respectively, indicating considerable
adsorption potential. In descending order, the adsorption
capacities ranked as follows: BFO (1 : 1, 5 M NaOH) > BFO (1 : 1,
8 M NaOH) > BFO (1 : 2, 5 M NaOH) > BFO (2 : 1, 5 M NaOH) >
BFO (1 : 1, 3 M NaOH). The declining TCS adsorption capacity of
these BFO samples is mainly due to the decreasing surface area
of the samples, which is also veried by the BET data (Table S2).
Fig. 9 Equilibrium TCS adsorption isotherms of BFO (1 : 1, 5 M NaOH) at p

Table 2 Adsorption capacities of TCS by different BFO samples (C0 = 2

Isotherms Parameter

Value of parameters

BFO
(1 : 1, 5 M NaOH)

BFO
(1 : 2, 5 M

Experimental data qm exp (mg g−1) 871.3 827.7

© 2026 The Author(s). Published by the Royal Society of Chemistry
The plot of calculated Bt vs. time (t) for the adsorption of TCS
on BFO (1 : 1, 5 M NaOH) is shown in Fig. 8 for the Boyd model
analysis. The linear tted curve did not pass through the origin,
implying the contribution of the lm diffusion mechanism to
the adsorption process of TCS on BFO (1 : 1, 5 M NaOH).

According to the experimental ndings, the maximum
capacity was noted for BFO (1 : 1, 5 M NaOH). Consequently, the
H 6 and 298 K: (a) experimental data and (b) fitted isothermmodel data.

00 mg L−1, adsorbent loading = 0.2 g L−1, T = 298 K)

NaOH)
BFO
(2 : 1, 5 M NaOH)

BFO
(1 : 1, 3 M NaOH)

BFO
(1 : 1, 8 M NaOH)

816.3 792.8 832.1
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adsorption experiment was replicated three times to acquire an
average adsorption capacity. All the above-stated adsorption
isotherm models were then tted to the average experimental
data. Fig. 9(a) and (b) display the equilibrium adsorption
isotherm of BFO (1 : 1, 5 M NaOH) with error bars and the
corresponding tted isotherm plot, respectively. The tted
isotherm model data is shown in Table 3. The analysis of tted
Fig. 10 TCS adsorption kinetic data fitting by (a) BFO (1 : 1, 5 M NaOH), (b)
1, 3 M NaOH), and (e) BFO (1 : 1, 8 M NaOH) at pH 6 and 298 K.

450 | RSC Sustainability, 2026, 4, 438–455
isotherm models revealed that the Redlich–Peterson model
exhibited the best t for this sample, based on an R2 value of
0.998. The corresponding adsorption capacity (qm) of 852.8 mg
g−1 aligned closely with the experimental data. The Dubinin–
Radushkevich model provided the mean free adsorption energy
(E) value of 0.307 kJ mol−1 for the adsorbent BFO (1 : 1, 5 M
NaOH), indicating the preference for physical adsorption.
BFO (1 : 2, 5 MNaOH), 5 M NaOH, (c) BFO (2 : 1, 5 M NaOH), (d) BFO (1 :

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4.6 Adsorption kinetics results

The contact time between the adsorbent and adsorbate signif-
icantly inuences the adsorption process. To comprehend how
TCS interacts with various BFO materials over time, an
adsorption kinetic study was conducted, as depicted in Fig. 10.
It was evident from the experimental ndings that the adsorp-
tion of TCS on BFO materials rapidly rises within the initial 30
minutes, indicating rapid adsorption onto the BFO materials.
This acceleration is attributed to the mass transfer driving force
originating from the initial concentration disparity between the
TCS solution and the available adsorption sites. However, as the
contact time prolonged, no obvious change in the adsorption
capacity was observed until reaching an equilibrium state in 180
minutes. This slowdown occurs due to the decrease in
concentration difference between the two phases and the like-
lihood that the adsorption sites on the BFO surface approach
saturation. Consequently, the interaction between TCS and BFO
gradually weakens.

The experimental data were tted using pseudo-rst-order
(PFO) and pseudo-second-order (PSO) kinetic models to
examine the adsorption kinetics of TCS on various BFO mate-
rials. The parameters obtained from this kinetic study are
detailed in Table 4. While both kinetic models demonstrated
satisfactory ts to the experimental data, the PSO model
exhibited notably strong agreement with the experimental
adsorption capacity for BFO (1 : 1, 5 M NaOH), achieving an R2

value of 0.998. Furthermore, other variants, such as BFO (1 : 2,
Table 4 Adsorption kinetic parameters of TCS on different BFO sample

Samples

Pseudo-rst order

qe (mg g−1) k1 (h
−1)

BFO (1 : 1, 5 M NaOH) 850.7 5.41
BFO (1 : 2, 5 M NaOH) 816.7 5.40
BFO (2 : 1, 5 M NaOH) 801.6 4.98
BFO (1 : 1, 3 M NaOH) 786.4 7.38
BFO (1 : 1, 8 M NaOH) 812.5 04.11

Fig. 11 TCS adsorption data for BFO (1 : 1, 5 M NaOH) at pH 6 and 298

© 2026 The Author(s). Published by the Royal Society of Chemistry
5 M NaOH), BFO (2 : 1, 5 M NaOH), and BFO (1 : 1, 8 M NaOH),
also displayed good ts with the PSO model, whereas BFO (1 : 1,
3 M NaOH) aligned better with the PFO model based on their
respective R2 values. Notably, the qe values calculated from the
PSO model closely matched the experimental qe values. Hence,
the PSO model emerged as the most accurate in predicting the
adsorption kinetics of TCS onto BFO materials.

According to the experimental ndings, the maximum
capacity was noted for BFO (1 : 1, 5 M NaOH). Consequently, the
adsorption experiment was replicated three times to acquire an
average adsorption capacity, and the average kinetic data were
plotted (Fig. 11) till the equilibrium time of 180 minutes. The
tted kinetic data for PFO and PSO are shown in Table 5.
4.7 Effect of initial concentration

As shown in Fig. 12(a), the adsorption capacity (qe) exhibited
a linear increase with the rise in initial concentration. As the
initial concentration of TCS increased from 100 to 200 mg L−1,
it led to a corresponding increase in adsorption capacity, esca-
lating from 467 mg g−1 to 858 mg g−1. This improved adsorp-
tion capacity with increased initial concentration is attributed
to the concentration acting as a driving force, effectively over-
coming the mass transfer resistance between the aqueous and
solid phases.38 Consequently, a higher initial concentration
exerts a stronger driving force, resulting in an elevated
adsorption capacity.
s (C0 = 200 mg L−1, adsorbent loading = 0.2 g L−1, T = 298 K)

Pseudo-second order

R2 qe (mg g−1) k2 (g mg−1 h−1) R2

0.997 873.7 0.0234 0.998
0.997 840.5 0.0228 0.998
0.997 827.1 0.0204 0.998
0.997 788.4 0.1524 0.996
0.997 854.9 0.0114 0.999

K: (a) experimental kinetic data and (b) kinetic fitting data.
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Table 5 Adsorption kinetic parameters of TCS on BFO (1 : 1, 5 M NaOH) sample (C0= 200mg L−1, adsorbent loading= 0.2 g L−1, pH= 6, T= 298
K)

Samples

Pseudo-rst order Pseudo-second order

qe (mg g−1) k1 (h
−1) R2 qe (mg g−1) k2 (g mg−1 h−1) R2

BFO (1 : 1, 5 M NaOH) 849.3 3.55 0.996 911.6 0.00754 0.999
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4.8 Effect of pH

The pH signicantly impacts pollutant adsorption in water by
altering the surface charge of the adsorbent (BFO) and the
adsorbate (TCS molecules). The experimental data in Fig. 12(b)
show that an increase in pH from 3 to 8 led to a reduction in the
adsorption capacity of BFO (1 : 1, 5 MNaOH) from 903mg g−1 to
764 mg g−1. In general, elevated pH levels can lead to increased
ionization, causing the surface functional groups to become
partially or fully deprotonated, consequently resulting in the
accumulation of negative charges.39 As a result, alterations in
solution pH affect the dissociation of TCS molecules. It is worth
noting that TCS (with a pKa of 8.14) doesn't dissociate at acidic
pH levels. It exists in a molecular (non-dissociate) state at pH
less than its pKa and in anionic form at pH greater than the
pKa.11 This lack of dissociation at acidic pH reduces electrostatic
repulsive interactions, consequently boosting the adsorption
Fig. 12 Effects of (a) initial concentration, (b) pH, (c) zeta potential, and

452 | RSC Sustainability, 2026, 4, 438–455
capacity. The impact of pH on the adsorption of organic
chemicals hinges on various forces, such as electron donor–
acceptor (EDA) interactions, charge repulsion, and specic
attractive forces like hydrogen bonding and hydrophobic
interactions. Thus, the effect of pH on TCS adsorption can be
explained by investigating the solution pH, TCS pKa, and the
pHpzc of BFO.

The point of zero charge (pHpzc) for BFO (1 : 1, 5 M NaOH)
was found to be 8.5 by measuring its zeta potential across
various pH values (3, 6, 7, and 9), as illustrated in Fig. 12(c). The
surface of BFO is positively charged when pH < 8.5, while it will
be negatively charged at pH > 8.5. When adsorption occurs at
a pH level below 8.14 (pH < pKa < pHpzc), the solution
predominantly contains TCS in its non-dissociated form, while
BFO exhibits a positive surface charge. This scenario results in
improved adsorption capacity owing to increased attractive
(d) adsorbent loading of BFO (1 : 1, 5 M NaOH).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interactions, such as hydrogen bonding and hydrophobic
interactions, coupled with reduced repulsive electrostatic
interactions. In contrast, at pH > pKa, TCS in the solution is in
its anionic state, aligning with the negative charge present on
the surface of BFO (pH > pHpzc). As a result, electrostatic
repulsion opposes attractive interactions, ultimately contrib-
uting to a decline in the adsorption capacity of TCS with
increasing pH levels.
4.9 Effect of adsorbent loading

Considering the pH study revealed higher adsorption capacity
at pH 3, the adsorbent loading variation study was conducted
under pH 3, maintaining an initial TCS concentration of
200 mg L−1. With an increase in adsorbent loading from 0.2 g
L−1 to 0.3 g L−1, the corresponding adsorption capacity
decreased from 903 mg g−1 to 769 mg g−1, as shown in
Fig. 12(d). This decline in adsorption capacity at higher adsor-
bent dosages may be explained by the very less residual
adsorption site availability and a diminished concentration
gradient between the adsorbent surface and TCS in solution.10

This phenomenon could be a result of overlapping adsorption
sites, which reduce the efficacy of adsorption. Similarly, the %
adsorption also demonstrated a reduction from 90.3% to 80.6%
accordingly. Table 6 summarizes the TCS adsorption capacities
of several adsorbents reported in the literature in comparison
with the as-prepared BFO (1 : 1, 5M NaOH).
4.10 Recyclability and reusability

The BFO adsorbent was recycled by centrifuging the solution
aer adsorption. The material was then washed multiple times
with Milli-Q water and ethanol, followed by drying at 60 °C in an
air oven overnight. In this study, the reusability tests could not
be performed due to the very low adsorbent dosage used (0.2 g
L−1, corresponding to ∼14 mg for 70 mL of solution), which
resulted in unavoidable material loss during the separation and
washing steps. However, to indirectly assess the material
stability aer adsorption, we analyzed the XRD and FTIR spectra
of the used BFO nanosheets.
Table 6 Comparison of the TCS adsorption capacity of BFO (1 : 1, 5M N

Adsorbent
Exp. TCS adsorption
capacity (mg TCS g−1)

Initia
conc

Food waste biochar (FWB-300) 55.6 200
Kenaf-derived biochar (KNF-750) 110 200
Multi-walled carbon nanotubes 157.7 8
Palm Kernel shell 88.85 50
Nitrogen-enriched porous carbons 205 2000
Biochar obtained from sewage sludge 113 10
Optimized activated carbon 94.1 450
Di octadecyl dimethyl ammonium-
magadiite

543 10

Di octadecyl dimethyl amm1onium-
bentonite

422

Diatomite 120 400
Bismuth ferrite (Bi2Fe4O9) 903 200

© 2026 The Author(s). Published by the Royal Society of Chemistry
The XRD patterns of the recycled/washed BFO nanosheets
[Fig. S5] showed that the crystalline structure of BFO remained
unchanged aer TCS adsorption, while the FTIR spectra
[Fig. 13(b)] indicated the retention of major surface functional
groups, with only minor shis related to adsorbate interaction,
which are explained in Section 5. These results suggest that the
BFO nanosheets possess good structural stability and can
potentially be regenerated and reused.

5. Adsorption mechanism

The adsorption of TCS on the prepared BFO samples is
primarily governed by physical adsorption forces like hydro-
phobic interaction and hydrogen bonding. Moreover, the E
values less than 8 kJ mol−1 in the D-R isotherm model indicate
that the adsorption process is driven by weak interactions.
Fig. 13(a) represents the FTIR data of BFO (1 : 1, 5 MNaOH), TCS
and TCS absorbed BFO (BFO + TCS), whereas Fig. 13(b) shows
the FTIR spectra of fresh and washed BFO aer adsorption. For
fresh BFO (1 : 1, 5 M NaOH), the absorption bands at around
803 cm−1 and 609 cm−1 in the infrared spectrum are typically
attributed to Fe–O stretching and Fe–O–Fe bending vibrations
within the FeO4 tetrahedron, respectively32,33 The absorption
bands at around 486 cm−1, 454 cm−1 and 426 cm−1 are assigned
to the Fe–O stretching vibration and bond stretching in the
FeO6 octahedron.33,46,47

In the TCS infrared spectrum, the absorption bands at
3311 cm−1 and 3065 cm−1 correspond to the O–H bond and
C–H stretching, respectively. The absorption bands in the range
of 1600–1400 cm−1 and 1200–950 cm−1 correspond to the C–C
ring stretching mode of phenyl rings and C–O stretching, while
those at 750–700 cm−1 and 909 cm−1 correspond to C–Cl
stretching with a single Cl and aromatic C–Cl stretching,
respectively.21,48 The interaction mechanisms between BFO and
TCS can be explained by changes in the spectra of spent BFO
(TCS + BFO). The absorption bands at 3311 cm−1 and 3065 cm−1

correspond to O–H stretching (hydrogen bond), and C–H
stretching in TCS was shied to 3513 cm−1 and 3092 cm−1 in
the spent BFO spectra, indicating that TCS is adsorbed on BFO
by hydrogen (O–H) bonding and the multiplicity of weak
aOH) with the reported adsorbents in literature

l TCS
entration (mg L−1)

Catalyst
dosage (g L−1)

Equilibrium
time (h) pH References

3.33 24 7 10
1 3 7 11
0.05 48 3 39
0.0067 12 4 40
1 2 — 41
1.25 8 2 42
1 4 — 43
0.0167 24 — 44

1 — — 45
0.2 3 3 This work
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Fig. 13 FTIR data of (a) TCS, BFO, and TCS adsorbed BFO (TCS + BFO) and (b) fresh and washed BFO after adsorption.
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bonds.21 Furthermore, no additional absorption band was
observed in the washed BFO spectrum [in Fig. 13(b)], indicating
that physical adsorption plays a key role in the adsorption of
TCS on BFO. Table S4 shows the FTIR spectral characteristics of
BFO before and aer adsorption. Moreover, various new
absorption bands appeared with some shis seen for the spent
BFO in the ranges of 400–900 cm−1, associated with Fe–O bond
bending, Fe–O–Fe bending and Fe–O stretching.

6. Conclusion

This study focuses on the adsorption of TCS in an aqueous
solution onto various bismuth ferrite samples. The experi-
mental adsorption capacities of the different BFO samples were
observed to be in the following descending order: BFO (1 : 1, 5 M
NaOH) > BFO (1 : 1, 8 M NaOH) > BFO (1 : 2, 5 M NaOH) > BFO
(2 : 1, 5 M NaOH) > BFO (1 : 1, 3 M NaOH). The kinetic analysis
revealed the second-order kinetic model to be the best t for
these BFO materials. The adsorption–desorption equilibrium
was achieved within 180 minutes, and the Redlich–Peterson
model properly described the adsorption isotherms of TCS on
BFO. The mean free adsorption energy obtained from the D–R
isotherm suggests that the adsorption process in BFO materials
involves physical adsorption mechanisms, predominantly
hydrogen bonding and electrostatic interactions. The study of
pH effects showed that at a lower pH of 3, the interaction
between TCS and BFO was enhanced, leading to improved
adsorption capacity. Moreover, it was found that lower adsor-
bent loadings result in higher adsorption capacities. This is
attributed to the overlapping of adsorption sites at higher
adsorbent loadings, which reduces adsorption effectiveness.
The BFO sample with a 1 : 1 Bi/Fe mole ratio and 5 M NaOH
concentration exhibited the highest TCS adsorption capacity of
903 mg g−1 at pH 3, with an adsorbent loading of 0.2 g L−1 at
a temperature of 298 K. In summary, BFO nanosheets exhibit
excellent adsorption capacity toward triclosan, attributed to
their active surface sites and nanosheet morphology. These
454 | RSC Sustainability, 2026, 4, 438–455
results demonstrate that BFO nanosheets are a promising and
environmentally sustainable material for the efficient removal
of emerging contaminants from wastewater.
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