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henol-A adsorption properties of
a zinc ferrite/b-cyclodextrin polymer
nanocomposite†

Ruksana Sirach and Pragnesh N. Dave *

The present study investigated the use of a nanocomposite, produced by reinforcing nanosize zinc ferrite

(ZnFe2O4) in a porous b-CD based polymeric matrix (b-CD-E-T/ZnFe2O4), for the removal of Bisphenol A

(BPA) from aqueous solutions via adsorption. The thermal stability of the b-CD-based polymer and b-CD-E-

T/ZnFe2O4 nanocomposite were investigated using simultaneous thermal analysis at four heating rates.

Non-isothermal isoconversion methods were employed to study the thermal degradation kinetics of the

b-CD based polymer before and after ZnFe2O4 nano-filling. The results showed that ZnFe2O4 nano-

reinforcement increased the activation energy barrier for the thermal degradation of the b-CD-based

polymeric matrix. Adsorption experiments showed that the b-CD-E-T/ZnFe2O4 nanocomposite exhibited

very high BPA adsorption within 5 minutes. Isotherm, kinetics, and thermodynamic investigations

revealed that the adsorption of BPA was via multilayer adsorption on a heterogeneous b-CD-E-T/

ZnFe2O4 surface. The thermodynamic studies indicated that BPA adsorption on b-CD-E-T/ZnFe2O4 was

spontaneous and exothermic. Overall, the b-CD-E-T/ZnFe2O4 nanocomposite showed less thermal

degradation and high efficiency for removing BPA from contaminated water, indicating its potential as

a promising material for wastewater treatment applications.
1. Introduction

Bisphenol A (2,2-bis(4-hydroxyphenyl)propane; BPA) is a diphe-
nylmethane derivative. BPA is known to exhibit toxic properties
and can disrupt the normal function of endogenous hormones.
Studies have shown that BPA exposure can lead to an increased
risk of cancer and other adverse health effects.1–3 Polycarbonate
plastic is commonly utilized in the packaging of food, bever-
ages, medical equipment, dental supplies, and thermal paper.
However, due to the susceptibility of plastic materials to release
BPA under certain conditions such as high temperatures, and
basic or acidic environments, these plastic products may
contaminate food and beverages with BPA. A survey conducted
by National Health and Nutrition Examination Survey
(NHANES; United States; 2013–2014) revealed that BPA was
detected in 95.7% of randomly selected urine samples. The
median concentration of BPA in urine samples from adults and
children in the United States was found to be 1.24 mg L−1 and
1.25 mg L−1, respectively. Notably, the concentration of BPA in
these samples was signicantly higher than its other deriva-
tives, such as bisphenol F and bisphenol S.4 Analysis of samples
collected by Fürhacker et al.5 from various wastewater sources,
niversity, Vallabh Vidyanagar, 388 120,
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the Royal Society of Chemistry
including metal/wood manufacturing, chemical industry,
hospitals, paper production, cloth washing companies, house-
hold areas, and food industry, revealed that the concentration
of BPA varied widely, ranging from 1 to 72 mg L−1. Notably, the
highest concentration of BPA was found in samples collected
from paper production sites. The harmful effects of BPA have
prompted the development of efficient technologies for its
removal from wastewater. Advanced oxidation, biodegradation,
photocatalytic degradation, membrane ltration, and adsorp-
tion processes are among the methods that have been reported
for the treatment of BPA. These techniques are oen employed
in combination to achieve more efficient removal of BPA.
Further research is needed to identify the most effective and
sustainable approach for the removal of BPA from different
sources.6–12 Adsorption is a simple, cost-effective, and fast
method for the removal of BPA from wastewater. The effec-
tiveness of this process can be further improved by tailoring the
functionality of the adsorbent material. Conventional adsor-
bent materials, such as activated carbons and clay, may have
slower adsorption rates and limited tailoring properties,
making it challenging to achieve optimal results. For instance,
Mart́ın-Lara et al.13 reported that it took activated carbon 2880
minutes to reach equilibrium during the removal of BPA.
Another study demonstrated that activated carbons derived
from biomass can exhibit a high adsorption capacity (>458 mg
g−1) for both anionic and cationic adsorbates, as determined by
Langmuir adsorption isotherm.14 Similarly, other studies
RSC Adv., 2023, 13, 21991–22006 | 21991
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investigating the use of activated carbon as a sorbent have also
noted a lack of selectivity.15,16 Additionally, natural clays rich in
smectite, when used as adsorbents, did not exhibit signicant
changes in selectivity between anionic and cationic adsor-
bates.17 Pleşa Chicinaş et al.18 utilized bentonite clay to remove
cationic and anionic dyes, wherein the clay displayed a slightly
higher adsorption capacity for the cationic dye compared to the
anionic dye, albeit with a negligible difference (<15 mg g−1).
Other potential adsorbent materials, such as metal–organic
frameworks (MOFs), have also been explored.19–21 Although
MOFs can demonstrate good adsorption performance, their
stability is compromised under certain conditions, such as
exposure to water or acidic/alkaline environments.22 Therefore,
it is necessary to utilize adsorbent materials whose properties
can be tailored according to the specic adsorbate being tar-
geted for removal. By employing such tailored adsorbents, the
efficacy of the adsorption process can be enhanced, leading to
a more efficient BPA removal method.

Polysaccharides represent a substantial class of naturally
occurring biologicalmacromolecules, consisting of repeating units
of monosaccharides, such as glucose and fructose. Due to their
abundance, biodegradable nature, nontoxic properties, and cost-
effectiveness, polysaccharides have gained signicant attention
for a broad range of applications. As a result, they have emerged as
one of the most promising and versatile materials for various
scientic and industrial applications.23 Starch is a widely available
polysaccharide found naturally in sources such as potatoes, rice,
wheat, sweet potatoes, and corn. One of the intriguing chemical
compounds obtained from starch is cyclodextrins, which are
oligosaccharides composed of 3 to 10 monosaccharides in their
structure. Cyclodextrins and their derivatives are formed from
glucopyranose units linked together through glycosidic bonds to
form ring structures. These structures are further classied into a,
b, and g-cyclodextrins, consisting of 6, 8, and 10 glucopyranose
units, respectively. b-Cyclodextrin (b-CD), composed of eight glu-
copyranose units, has a cone-shaped structure with an inner
hydrophobic cavity (0.60–0.65 nm) and an outer hydrophilic
portion, owing to the abundance of hydroxyl (–OH) groups.24 b-CD
is a promising material for various scientic and industrial
applications due to its unique shape and chemical properties. One
of the distinctive properties of b-CD is its ability to host or trap
various organic molecules within its cavity, b-CD, and its deriva-
tives have been extensively investigated as potential drug delivery
carriers, owing to their host–guest interaction properties. The
host–guest interaction of b-CD with organic molecules makes it
a promising material for wastewater treatment. However, the
direct use of b-CD inwastewater treatmentmay not be efficient due
to its partial solubility in water (18.6 mg mL−1) and the potential
for creating secondary pollutants during its application.25 To
address the issue, various b-CD based polymers and their nano-
composites are being extensively researched for the potential
removal of BPA from thewastewater. Despite these efforts, effective
removal of BPA remains a signicant challenge, as b-CD based
materials exhibit low adsorption capacity, slow adsorption rates,
poor removal efficiency, and challenging regeneration
processes.26–30 Previous studies have reported on the successful use
of b-CD-based porous polymers, such as b-CD-epichlorohydrin
21992 | RSC Adv., 2023, 13, 21991–22006
(ECH; E)-tetrauoroterephthalonitrile (TFTPN; T) and b-CD-4,4′-
bis(chloromethyl) biphenyl, which contain aromatic moieties, for
the rapid removal of BPA from aqueous solutions with high
adsorption capacity.26,28 However, these polymers exhibited low
equilibrium adsorption capacity, which limits their practical
application. Thus, there is a need for further improvement in the
design and synthesis of b-CD-based polymers to enhance their
adsorption capacity and efficiency for the removal of BPA from
wastewater.

The incorporation of nanosize (size < 100 nm) reinforcement
materials is a common approach to enhance the adsorption
capacity of polymers used in wastewater treatment.31–34 Among
the widely used reinforcements for polymers: clays, metal
oxides, and carbon-based nanomaterials have gained signi-
cant attention. Metal oxides such as zinc oxide (ZnO) and
magnetite (Fe3O4) have been extensively studied for improving
the adsorption performance of polymers. However, the selec-
tion of reinforcement materials for composite production
should be based on their synergetic effect to improve the
removal of BPA. For instance, previously reported composites,
such as b-CD-capped graphene–magnetite nanocomposite and
carboxymethyl-b-CD polymer/Fe3O4, exhibited a slow adsorp-
tion rate for BPA.27,29 Ferrites (MFe2O4; where M represents
metal ions in a 2+ state) have been utilized in a variety of
applications, including catalysis and semiconductor tech-
nology. Zinc ferrite (ZnFe2O4) has previously been employed to
enhance the adsorption performance of polymeric lms due to
its high specic surface area and the synergistic effects between
Fe and Zn.35 ZnFe2O4 can be synthesized using methods such as
the co-precipitation, hydrothermal, sol–gel, and thermal
decomposition to name a few. The hydrothermal method can
provide better nanosized ZnFe2O4 particles with narrow particle
size distributions. Therefore, the authors opted for themodied
hydrothermal method to synthesize nanoscale ZnFe2O4.

The present study investigates the use of a nanocomposite, b-
CD-E-T/ZnFe2O4 reported in our previous work36 for the removal
of BPA from an aqueous solution. The thermal stability and
degradation of the nanocomposite were examined at various
heating rates (5, 10, 15, and 20 °C min−1) to evaluate the inu-
ence of ZnFe2O4 reinforcement. The adsorption of BPA onto b-
CD-E-T/ZnFe2O4 was studied under different conditions, and the
isotherm, kinetic, and thermodynamic properties of the adsorp-
tion process were investigated to determine its efficiency.
Furthermore, the Fourier transform infrared spectroscopy (FTIR)
spectra of the nanocomposite were obtained both before and
aer the adsorption process to evaluate potential interactions
responsible for the adsorption of BPA. It should be noted that, to
the best of the author's knowledge, the utilization of the b-CD-E-
T/ZnFe2O4 nanocomposite for the removal of BPA has not been
reported thus far.

2. Experimental
2.1. Synthesis of b-CD-E-T/ZnFe2O4 nanocomposite

All the chemicals used in this study were received from their
respective suppliers (Table S1†) and used as received without
additional modications.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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For the synthesis of b-CD-E-T polymer, the previously re-
ported method was adopted with a few modications.26 In our
previous work,36 a detailed description of the synthesis proce-
dure was provided. Briey, 25 g of b-CD was dissolved in
37.5 mL of 6 N NaOH at 80 °C with vigorous stirring. Then,
3.75 g of TFTPN was added to the basic b-CD solution, and the
resulting solution was stirred for 60 minutes before being
irradiated with ultrasound in an ultrasound bath for 10
minutes. Aerward, the solution was stirred again, and 31.3 mL
of ECH was slowly injected into the solution. Gelation was
observed aer 13 minutes of the complete addition of ECH. The
obtained gel was washed with water several times to remove the
soluble polymer fraction and then washed with acetone (Soxh-
let) for 8 hours to remove impurities.

To synthesize ZnFe2O4, Zn(NO3)2$6H2O and Fe(NO3)3$9H2O
were mixed in 100 mL of ethylene glycol in a 1 : 2 mole ratio.
Later, sodium acetate (Fe3+ : sodium acetate mole ratio = 1 : 4)
was added. The mixture was vigorously stirred for 60 minutes
and then subjected to ultrasound irradiation for 20 minutes.
Next, 25 mL of ethylene diamine was added to the solution, and
the resulting mixture was again irradiated with ultrasound for
20 minutes. Aer stirring the solution for 60 minutes, it was
kept in an oven at 180 °C for 3 days until precipitations of
ZnFe2O4 were obtained. The insoluble content was ltered and
washed with water to remove any unreacted impurities and then
dried in an oven at 60 °C. Finally, the material was calcined at
500 °C for 3 hours.

To synthesize the b-CD-E-T/ZnFe2O4 nanocomposite, an
appropriate amount of b-CD-E-T polymer (90% by mass) was
dissolved in a mixture of tetrahydrofuran and water (2 : 1 ratio).
The solution was stirred at 60 °C until the b-CD-E-T was
completely dissolved. Thereaer, ZnFe2O4 (10% by mass) was
added to b-CD-E-T solution and subjected to ultrasound irra-
diation for 20 minutes, followed by stirring for 2 hours. Finally,
the solvents were evaporated in an oven to obtain the b-CD-E-T/
ZnFe2O4 nanocomposite.
2.2. Characterization

FTIR spectroscopy was used to study structural changes in b-
CD-E-T/ZnFe2O4 to conrm the formation of interaction
between BPA and b-CD-E-T/ZnFe2O4. FTIR analysis was carried
out between 400–4000 cm−1 wavenumber range (PerkinElmer,
USA) using transmittance mode against KBr reference. For FTIR
measurement, the samples were pre-heated in an oven to
eliminate moisture. Specically, 1 mg of the sample was thor-
oughly mixed with 190 mg of KBr using a mortar and pestle,
resulting in a ne powder. Subsequently, the powder was
compressed into pellets using a manual hydraulic press. Nova
Nano FE-SEM 450 (FEI) was used to conrm the nanosize of
ZnFe2O4 and reinforcement of ZnFe2O4 in the b-CD-E-T polymer
matrix. Nova Touch LX2; Quantachrome Instruments was used
to calculate the pore size, pore volume, and surface area of b-
CD-E-T/ZnFe2O4. The sample was degassed at 150 °C for 5 hours
before N2 physisorption analysis. To study the effect of ZnFe2O4

reinforcement on the thermal stability of b-CD-E-T polymer, the
TG-DTG curves of the sample were obtained using 5000/2960
© 2023 The Author(s). Published by the Royal Society of Chemistry
STA; TA instruments under 150 mL min−1 N2 gas ow
between 30–600 °C in an alumina pan at 5, 10, 15, and 20 °
C min−1 heating rates.
2.3. Adsorption and regeneration studies

The concentration of BPA before and aer adsorption was
monitored using SHIMADZU TCC-240 A UV-vis spectropho-
tometer taking water as a reference solvent. The calibration
curve of BPA was generated by plotting the absorbance of BPA at
lmax = 276 nm against concentration (3–30 mg L−1) (Fig. S1†).
The before and aer adsorption concentration of BPA was used
to calculate the removal efficiency (R%; eqn (1)) and adsorption
capacity (qe; eqn (2)) of b-CD-E-T/ZnFe2O4.

R% ¼ C0 � Ce

C0

� 100% (1)

qe ¼ ðC0 � CeÞ � V

m
(2)

where C0, Ce, V, and m represent initial BPA concentration (mg
L−1), nal BPA concentration (mg L−1), the volume of BPA
solution (L), and mass of b-CD-E-T/ZnFe2O4 adsorbent (g),
respectively.

Adsorption isotherms can provide information on the nature
of the adsorption process (i.e., physical, or chemical adsorp-
tion), as well as the types of interactions that occur between the
BPA and b-CD-E-T/ZnFe2O4 adsorbent. There are a total of four
Langmuir linear equations given in the ESI File (eqn (S1)–(S4)).†
Adsorption models like Freundlich (eqn (3)), Tempkin (eqn (4)),
Langmuir (eqn (5)), and Dubinin–Radushkevich (eqn (6)) were
tested to obtain isotherm parameters of adsorption of BPA on b-
CD-E-T/ZnFe2O4. Moreover, the separation factor (RL), Polanyi
potential (3), and energy (E) of the adsorption were calculated
using eqn (7), (8), and (9), respectively.

log qe ¼ log KF þ 1

n
log Ce (3)

qe = B1 lnAT + B1 lnCe (4)

1

qe
¼ 1

qm
þ 1

qmKL

� 1

Ce

(5)

ln qe = ln qm − d32 (6)

RL ¼ 1

1þ KLC0

(7)

3 ¼ RT ln

�
Cs

Ce

�
(8)

E ¼ 1ffiffiffiffiffi
2d

p (9)

In this context, the symbols R, T, qm, KL, KF, n, bT, AT, d, and Cs

are employed to respectively denote the universal gas constant
(8.314 J mol−1 K−1), the temperature during adsorption, Lang-
muir maximum adsorption capacity (mg g−1), Langmuir
constant, Freundlich constant, heterogeneity factor, Temkin
RSC Adv., 2023, 13, 21991–22006 | 21993
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constant, Temkin equilibrium binding constant (L g−1),
constant related to the energy of the adsorption (eqn (9)), and
saturation concentration of BPA. The value of bT was calculated
using the relation B1 = RT/bT.

To describe the kinetics of BPA adsorption on b-CD-E-T/
ZnFe2O4, we employed four different models: pseudo-second-
order (eqn (10)), pseudo-rst-order (eqn (11)), Elovich (eqn
(12)), and intraparticle diffusion (eqn (13)). We then determined
the best tting model based on the experimental data to get
information about the kinetics of the adsorption of BPA on b-
CD-E-T/ZnFe2O4.

t

qt
¼ 1

K2 qe2
þ t

qe
(10)

logðqe � qtÞ ¼ log qe � k1t

2:303
(11)

qt ¼ ln aebe

be
þ 1

be
ln t (12)

qt = kpt
0.5 + C (13)

where qt, kp, t, k1, k2, and ae; be represents adsorption capacity at
‘t’ time (min), intraparticle diffusion constant, time (min),
pseudo-rst-order constant, pseudo second order constant, and
Elovich constants, respectively. The width of the boundary layer
and its impact on the rate of adsorption can be elucidated using
the variable ‘C’.

Moreover, the effect of temperature was used to investigate
the nature of the adsorption of BPA on b-CD-E-T/ZnFe2O4. The
slope and interception of the plot of ln ke against 1000/T (K−1)
were used to calculate thermodynamic parameters like enthalpy
change (DH°) and entropy change (DS°) using eqn (14). The
value of DH° and DS° was used to calculate free energy change
(DG°) using eqn (15).

ln ke ¼ DS�

R
� DH�

RT
(14)

DG˚ = DH˚ − TDS˚ (15)

where ke = qe/Ce.
To regenerate the adsorbent, the spent adsorbent, BPA-

loaded b-CD-E-T/ZnFe2O4, was washed with acetone under
continuous stirring and dried in an oven at 60 °C. The regen-
erated b-CD-E-T/ZnFe2O4 was reused for up to ve cycles to
evaluate the adsorption reusability of the nanocomposites.
Fig. 1 FTIR spectrum of (a) b-CD-E-T/ZnFe2O4, (b) BPA, and (c) b-CD-
E-T/ZnFe2O4 after BPA adsorption.
3. Results and discussions
3.1. Structural and surface characteristics

FTIR spectrum of b-CD-E-T and b-CD-E-T/ZnFe2O4 is given in
Fig. 1. In the FTIR spectrum, a broad peak between 3000–
3700 cm−1 was observed because of the large number of the
hydroxyl group present in the b-CD moiety giving rise to O–H
stretching vibrations. The peak between 3000–2800 cm−1 was
observed because of C–H stretching vibrations. The peak at
21994 | RSC Adv., 2023, 13, 21991–22006
∼2381–2291 cm−1 conrmed the presence of the nitrile group
in the TFTPN moiety, thereby indicating the presence of the
TFTPN fragment in the synthesized b-CD-E-T/ZnFe2O4 nano-
composite. The characteristic band at 1700–1550 cm−1 corre-
sponds to carbohydrates (from b-CD) present in the b-CD-E-T
polymer matrix. O–H and C–H bending vibrations, C–O, C–O–C,
and aromatic C–C stretching vibrations give rise to peaks
between 1530–1230 cm−1. Additionally, peaks corresponding to
C–O–C at 1087 cm−1 and C–O/C–C stretching vibrations at
1041 cm−1 were observed in the FTIR spectrum of b-CD-E-T/
ZnFe2O4. Peaks below 1000 cm−1 were complex and could not
be accurately assigned, but were thought to arise from various
bending vibrations in the glucopyranose moiety (from b-CD)
and ZnFe2O4.36,37

To investigate potential interactions between b-CD-E-T/
ZnFe2O4 and BPA, the FTIR spectra of b-CD-E-T/ZnFe2O4 and b-
CD-E-T/ZnFe2O4 loaded with BPA (Fig. 1b) were analyzed. The
FTIR spectrum of BPA exhibited bands that were consistent with
prior ndings in the literature.38 There were no major changes
in the FTIR spectrum of b-CD-E-T/ZnFe2O4 before and aer BPA
adsorption. Most peaks in b-CD-E-T/ZnFe2O4 maintained the
same position and width before and aer BPA adsorption.
However, the –O–H stretching vibration band between 3700–
3000 cm−1 in b-CD-E-T/ZnFe2O4 was broadened aer BPA
adsorption. A similar peak broadening for the –OH group
(3700–3000 cm−1) was observed in BPA-adsorbed covalent
organic frameworks.19 According to previous publications, –OH
was crucial in the formation of hydrogen bonds between
adsorbent and BPA, which promoted the adsorption of organic
pollutants.19,39,40 This suggested that –OH probably had
© 2023 The Author(s). Published by the Royal Society of Chemistry
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a signicant impact on the adsorption procedure. Therefore,
hydrogen bonding may have played a signicant role in the
adsorption of BPA onto b-CD-E-T/ZnFe2O4. The peak corre-
sponding to nitrile stretching vibration (∼2381–2291 cm−1) was
eliminated in BPA-loaded b-CD-E-T/ZnFe2O4, indicating
a strong interaction between BPA and b-CD-E-T/ZnFe2O4

nanocomposite. Moreover, BPA is a diphenylmethane derivative
with a p–electron cloud. This allows the p–p interactions
between BPA and TFTPN moiety from b-CD-E-T/ZnFe2O4

nanocomposite. Additionally, the hydroxyl groups in BPA make
the electron-rich and polar areas more prominent, resulting in
enhanced p–p interaction between BPA and b-CD-E-T/
ZnFe2O4.40 The observed p–p interaction could have been
responsible for the reduction in the peak within the range of
∼2381–2291 cm−1. Additionally, the peaks at 1087 and
1041 cm−1 in b-CD-E-T/ZnFe2O4 shied to lower wavenumber
values (i.e., 1080 and 1034 cm−1) suggesting possible interac-
tions between BPA and glucopyranose fragment (C–O–C/C–O) of
b-CD. However, the hydrophobic/host guest interactions
between b-CD from b-CD-E-T/ZnFe2O4 and BPA is also
possible.41,42

b-CD-E-T polymer (Fig. 2a) exhibited an irregular
morphology which could be attributed to different arrange-
ments of TFTPN, ECH, and b-CD during the polymerization.
Fig. 2 SEM images of (a) b-CD-E-T, (b) ZnFe2O4, and (c) b-CD-E-T/ZnF

© 2023 The Author(s). Published by the Royal Society of Chemistry
The polymer appeared as a micron-sized material. The SEM
image of b-CD-E-T polymer showed both low and high sphe-
ricity angular grain shapes. On the other hand, ZnFe2O4

(Fig. 2b) was observed to form aggregates of particles, giving the
appearance of a micron-sized particle. Although the SEM image
of ZnFe2O4 revealed that it was agglomerated, it is worth noting
that nano-sized particles tend to agglomerate due to surface
attractive interactions. The presence of smaller spherical
particles within the aggregate indicated that the size of ZnFe2O4

particles was ∼30–50 nm. Bright, nano-sized spherical spots
were observed on micron-sized granules (Fig. 2c; 200 mm scale),
suggesting successful reinforcement of nano-sized ZnFe2O4 in
the b-CD-E-T polymer matrix. The enlarged image conrmed
the reinforcement of ZnFe2O4 in the polymer matrix.

From BET and Barrett–Joyner–Halenda (BJH) analysis the
surface area, pore volume, and pore size of b-CD-E-T/ZnFe2O4

were found to be 6.97 m2 g−1, 0.0164 cm3 g−1, and 1.70 nm,
respectively.36 The BJH pore size distribution of b-CD-E-T/
ZnFe2O4 is given in Fig. S2.† Depending on pore size, the
material can be classied as (i) microporous (pore size < 2 nm),
(ii) mesoporous (2 nm < pore size < 50 nm), and (iii) macro-
porous (pore size > 50 nm).43 However, from BJH pore size
distribution, it was found that both pore size <2 nm and pore
size between 2–14 nm were present in the b-CD-E-T/ZnFe2O4
e2O4.

RSC Adv., 2023, 13, 21991–22006 | 21995
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nanocomposite. Despite the presence of pores, b-CD-E-T/
ZnFe2O4 has a low specic surface area than other porous
materials. For example, Li et al.,44 reported that b-CD-
Decauorobiphenyl based polymer show micropores between
1.1–1.7 nm with a high specic surface area of 261.1 m2 g−1.
However, the specic surface area of b-CD-E-T/ZnFe2O4 was
higher than that reported for b-CD polymer containing ECH and
TFTPN (0.31 m2 g−1).26 The wide number of pores and moderate
surface area can allow a better interaction between BPA and b-
CD-E-T/ZnFe2O4, leading to signicant adsorption.
3.2. Thermal studies

The thermal stability of b-CD-E-T and b-CD-E-T/ZnFe2O4 was
studied at four heating rates and the corresponding TG-DTG
curves are provided in Fig. 3(a–d). Two decomposition steps
were observed in the TG curve of b-CD-E-T and b-CD-E-T/
ZnFe2O4. The TG curve of both b-CD-E-T (as shown in Fig. 3a)
and b-CD-E-T/ZnFe2O4 (as illustrated in Fig. 3c) indicated
a substantial mass loss occurring below 230 °C. This mass loss
can be attributed to the loss of moisture and volatile content
from the surfaces of b-CD-E-T and b-CD-E-T/ZnFe2O4. The rst
decomposition curve was a common occurrence in the TG curve
of b-CD.45,46 The second step, which exhibited a high mass loss,
was identied as the main decomposition step and was attrib-
uted to the decomposition of glucopyranose units present in b-
Fig. 3 (a) TG curve of b-CD-E-T, (b) DTG curve of b-CD-E-T, (c) TG cu

21996 | RSC Adv., 2023, 13, 21991–22006
CD. The second decomposition step for both b-CD-E-T and b-
CD-E-T/ZnFe2O4 occurred between 200–400 °C, followed by
a slow, gradual mass loss up to 600 °C. The rst decomposition
of b-CD-E-T occurred between 30–220 °C, resulting in a mass
loss of 15%. The primary decomposition of b-CD-E-T took place
between 221–370 °C, exhibiting a mass loss of 55%. Subse-
quently, an additional mass loss of 12% was observed up to
a temperature of 600 °C. Upon subjecting b-CD-E-T to a higher
heating rate, both the TG and DTG curves (as depicted in Fig. 3a
and b) shied towards higher temperatures. The mass loss
observed for the rst and second decomposition step of b-CD-E-
T at a heating rate of 10 °C min−1 was 10% and 50%, respec-
tively. At a heating rate of 15 °C min−1, mass losses of 6% and
55% were observed for the rst and second decomposition
steps, respectively. Similarly, at a heating rate of 20 °C min−1,
mass losses of 7% and 55% were observed for the rst and
second decomposition steps.

The thermal decomposition of pristine b-CD-E-T and b-CD-E-
T/ZnFe2O4 was compared, and it was observed that the latter
occurred at a slightly lower temperature. As previously dis-
cussed, the decomposition pattern of b-CD-E-T/ZnFe2O4 was
like that of b-CD-E-T, as ZnFe2O4 is a stable compound and does
not undergo additional decomposition. The mass loss in the
second decomposition step of b-CD-E-T/ZnFe2O4 was found to
be 7–9% less than that of b-CD-E-T polymer at heating rates of
rve of b-CD-E-T/ZnFe2O4, and (d) DTG curve of b-CD-E-T/ZnFe2O4.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The peak decomposition temperature of b-CD-E-T and b-CD-E-T/ZnFe2O4 at 5, 10, 15, and 20 °C min−1 heating rates

Sample

DTG peak decomposition temperature (K) at four heating rates

5 K min−1 10 K min−1 15 K min−1 20 K min−1

b-CD-E-T 606 617 623 629
b-CD-E-T/ZnFe2O4 601 612 617 622
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10, 15, and 20 °C min−1, which agreed with the ZnFe2O4 rein-
forcement content. However, a slightly higher mass loss was
observed at a heating rate of 5 °C min−1. The peak temperature
of the derivative thermogravimetric (DTG) curves of b-CD-E-T/
ZnFe2O4 (Fig. 3d) was found to shi to a lower temperature than
b-CD-E-T by 5, 5, 6, and 7 K at heating rates of 5, 10, 15, and 20 °
C min−1, respectively. This observation indicates that the
addition of nano ZnFe2O4 destabilized the b-CD-E-T matrix.
Table 1 provides the peak decomposition temperature of the
DTG curves of b-CD-E-T and b-CD-E-T/ZnFe2O4 at the four
heating rates. It was observed that b-CD-E-T/ZnFe2O4 nano-
composite decomposed at a lower temperature than b-CD-E-T at
all heating rates, suggesting that the reinforcement of ZnFe2O4

in b-CD-E-T resulted in matrix destabilization.
However, there are non-isothermal isoconversion methods

are available to conrm the thermal degradation of b-CD-E-T
and b-CD-E-T/ZnFe2O4 from the activation energy of the
decomposition process. To study the thermal degradation, the
activation energy of both b-CD-E-T and b-CD-E-T/ZnFe2O4

nanocomposite was calculated using two non-isothermal iso-
conversion methods namely Flynn–Wall–Ozawa (FWO; eqn
(16)) and Kissinger–Akahira–Sunose (KAS; eqn (17)) and two
iterative methods (it-FWO; eqn (18) and it-KAS; eqn (19)). The
DTG curve of b-CD-E-T at 5 °C min−1 heating rate was decon-
voluted before the calculations.

ln b ¼ ln

�
0:0048AEa

gðaÞR
�
� 1:0516

Ea

RT
(16)

ln

�
b

T2

�
¼ ln

�
AR

gðaÞEa

�
� Ea

RT
(17)

ln
b

Hx

¼ ln

�
0:0048AEa

gðaÞR
�
� 1:0516

Ea

RT
(18)

ln

 
b

hðxÞT2

!
¼ ln

�
AR

gðaÞEa

�
� Ea

RT
(19)

where a, b, A, Ea, and g(a) represent the extent of conversion,
heating rate (°C min−1), pre-exponential factor, activation
energy at a given extent of conversion (kJ mol−1), and mathe-
matical model, respectively. The value of a, H(x), and h(x) was
calculated using eqn (20), (21), and (22), respectively. The extent
of conversion at different heating rates is reported in Fig. S3.†

a ¼ m0 �mt

m0 �mN

¼ Dm

Dmtotal

(20)
© 2023 The Author(s). Published by the Royal Society of Chemistry
HðxÞ ¼
expð�xÞhðxÞ

x
0:0048 expð�1:00516xÞ (21)

hðxÞ ¼ x4 þ 18x3 þ 86x2 þ 96x

x4 þ 20x3 þ 120x2 þ 240xþ 120
(22)

where, m0, mt, and mN represents initial mass, mass at a given
time/temperature, and mass at end of the decomposition step,
respectively. The value of previously calculated activation energy
(using the KAS/FWO method) was used to determine the value
of x (x= Ea/RT) and iteration was used until the change in the Ea
was minimal (DEa < 0.001 kJ mol−1). The value of Ea was
calculated from the slope of the plot of ln b, ln b/T2, ln b/H(x),
and ln b/h(x)T

2 against 1000/T. All tted data were calculated
with a resolution of a = 0.025 across the range of a = 0.1–0.9.
The plots of KAS and FWO for b-CD-E-T polymer and b-CD-E-T/
ZnFe2O4 nanocomposite are depicted in Fig. S4.†

The variation in the activation energy of the decomposition
of b-CD-E-T and b-CD-E-T/ZnFe2O4 with the extent of conversion
along with standard error is given in Fig. 4. Although the
thermal decomposition temperature of b-CD-E-T/ZnFe2O4 was
lower than that of b-CD-E-T polymer, the activation energy of b-
CD-E-T/ZnFe2O4 was found to be higher than that of b-CD-E-T
polymer at all extents of conversions between a = 0.1–0.9.
Regardless of the isoconversion method used, the change in
activation energy was the same, ascending with reaction prog-
ress. This suggests that a single mechanism exists for the
thermal decomposition of both pristine b-CD-E-T and b-CD-E-T/
ZnFe2O4 nanocomposite. The average activation energy of b-CD-
E-T and its composite with ZnFe2O4 was calculated using four
methods, and the results are presented in Fig. S5.† The average
Ea for b-CD-E-T using FWO, KAS, it-FWO, and it-KAS was found
to be 180 ± 9, 179 ± 9, 171 ± 9, and 179 ± 9 kJ mol−1,
respectively. The incorporation of nanosize ZnFe2O4 into the b-
CD-E-T polymer matrix resulted in increased activation energy.
The average Ea for b-CD-E-T using FWO, KAS, it-FWO, and it-
KAS was found to be 218 ± 14, 219 ± 15, 210 ± 14, and 219 ±

15 kJ mol−1, respectively. The value of Ea suggested that the
thermal degradation of b-CD-E-T/ZnFe2O4 nanocomposite was
harder compared to b-CD-E-T polymer, as it possessed a higher
activation energy barrier than b-CD-E-T polymer. The results of
the thermo-kinetic investigations suggest that b-CD-E-T/
ZnFe2O4 was less prone to thermal degradation than b-CD-E-T
polymer. ZnFe2O4 may have signicantly interacted with the
functional groups of b-CD-E-T polymer, leading to the forma-
tion of a new b-CD-E-T/ZnFe2O4 phase with delayed thermal
degradation. ZnFe2O4 may have decreased the mobility of the b-
CD-E-T polymer chains, physically interacted with the surface of
RSC Adv., 2023, 13, 21991–22006 | 21997
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Fig. 4 Variation in the activation energy of the thermal decomposition of b-CD-E-T and b-CD-E-T/ZnFe2O4 calculated using (a) FWO, (b) KAS,
(c) it-FWO, and (d) it-KAS with the extent of conversion.
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b-CD-E-T, and generated a highly stable zone that aided in
decreasing the activation energy of thermal decomposition.47
3.3. Effect of different parameters

The pH level plays a crucial role in determining the adsorption
of contaminants onto the adsorbent surface. Variations in pH
have a direct impact on the surface charge of the adsorbent,
which in turn inuences the ionic attraction and repulsion
forces between the adsorbent and adsorbate, thereby signi-
cantly contributing to the adsorption process. To investigate the
impact of pH on the adsorption process, several parameters
including adsorbent dosage, contact time, the volume of BPA,
temperature, and concentration were kept constant, while only
the pH levels were varied (pH values of 3, 4, 6, 8, and 10 were
used).

The investigation of various pH levels (as shown in Fig. 5a)
revealed that the b-CD-E-T/ZnFe2O4 nanocomposite displayed
a negative surface charge across all conditions (pH > 2.44;
negative charge).36 It is worth noting that the pKa range of BPA
was estimated to be between 9.6 and 10.2.48,49 When the pH
value exceeded the pKa of BPA, the hydroxyl groups of BPA
underwent deprotonation, resulting in a predominantly nega-
tive charge. Conversely, at pH levels below the pKa of BPA, the
compound did not exhibit any charge, either positive or
21998 | RSC Adv., 2023, 13, 21991–22006
negative, and remained neutral. Effect of pH (BPA solution
volume = 20 mL; T = 28 °C; b-CD-E-T/ZnFe2O4 dose = 10 mg;
BPA solution concentration = 32 mg L−1; t = 30 min) on the
removal of BPA from the aqueous solution is depicted in Fig. 5a.
Initially, there were no signicant changes in the adsorption
behavior of BPA onto the b-CD-E-T/ZnFe2O4 nanocomposite
observed up to a pH of 8, except for a 7% drop in removal
percentage observed at pH 4. The adsorption of BPA at pH
values of 3, 6, and 8 was approximately 87%, corresponding to
a qe value of around 56 mg g−1. However, a substantial decrease
in BPA adsorption was observed at pH 10 compared to pH
values between 3 and 8. Specically, the b-CD-E-T/ZnFe2O4

nanocomposite exhibited only ∼55% BPA adsorption (qe of
∼35 mg g−1) at pH 10. The observed decrease in the removal
percentage of BPA at pH 10 can be plausibly explained by the
negatively charged deprotonated BPA species. Due to the
repulsive forces between the negative surface of b-CD-E-T/
ZnFe2O4 and the negative charge of BPA, it becomes more
difficult for the deprotonated BPA molecules to approach and
interact with the adsorbent, leading to a reduced removal effi-
ciency.26,39,40,50,51 This repulsive force is absent between the
neutral BPA molecules and b-CD-E-T/ZnFe2O4 adsorbent at pH
levels below 10. Since the maximum adsorption of BPA occurred
when it was not charged, it is reasonable to infer that the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of (a) pH, (b) ionic salt concentration, (c) contact time, and (d) temperature on the adsorption of BPA by b-CD-E-T/ZnFe2O4 from
aqueous solution.
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interaction between BPA and b-CD-E-T/ZnFe2O4 was not
primarily driven by ionic attraction.52

Moreover, the effect of ionic salt on the removal of BPA was
tested (Fig. 5b). The removal percentage of BPA was studied in
the presence of 0.1, 0.2, 0.3, and 0.4 mol L−1 sodium chloride
(NaCl) solution and the rest of the parameters were unchanged
during the measurement (BPA solution volume = 10 mL; T =

28 °C; b-CD-E-T/ZnFe2O4 dose = 5 mg; BPA solution concen-
tration = 32 mg L−1; t = 30 min). The adsorption of BPA onto b-
CD-E-T/ZnFe2O4 was found to be higher in the absence of any
ionic salt i.e., NaCl, which was attributed to the strong inter-
action between the b-CD-E-T/ZnFe2O4 surface and BPA due to
availability of more adsorption sites. However, as the ionic
concentration of NaCl was increased, the adsorption of BPA
decreased. This can be plausibly explained by the fact that as
the concentration of ionic salt increases, Na1+, and Cl1− ions
can occupy the active adsorption sites and pores on b-CD-E-T/
ZnFe2O4 nanocomposite, resulting in fewer active sites available
for the adsorption of BPA, and hence, a decreased adsorption
percentage of BPA was observed. Nevertheless, it is noteworthy
that the decrease in BPA removal was relatively minor, with the
removal percentage dropping from 93% (59.6 mg g−1) in the
absence of NaCl to approximately 82% (52.2 mg g−1) in the
presence of 0.4 mol L−1 NaCl. These results indicate that BPA
© 2023 The Author(s). Published by the Royal Society of Chemistry
can still be effectively removed even in the presence of Na1+ and
Cl1− ions, which are oen present in wastewater. Furthermore,
the outcomes of the ionic salt effect experiments suggest that
the absorption of BPA by b-CD-E-T/ZnFe2O4 was not driven by
electrostatic attraction, which is consistent with the ndings
obtained from the pH experiments. Had the electrostatic
interaction between b-CD-E-T/ZnFe2O4 and BPA been substan-
tial, a marked reduction in the adsorption capacity would have
been observed. For example, in our prior research,36 we
observed a substantial decline in the removal of malachite
green dye as the sodium chloride concentration increased,
which was attributed to the electrostatic interaction between
the adsorbent and malachite green. No such decline was
observed in the case of BPA adsorption onto b-CD-E-T/ZnFe2O4.
Hence, electrostatic interaction between BPA and b-CD-E-T/
ZnFe2O4 nanocomposite was insignicant.

The effect of b-CD-E-T/ZnFe2O4 dose and BPA dose was
investigated, and the results are shown in Fig. S6 (ESI File).† The
b-CD-E-T/ZnFe2O4 dose was varied between 5 and 100 mg while
keeping other parameters constant (BPA solution volume = 20
mL; T = 28 °C; BPA solution concentration = 32 mg L−1; t =
30 min; pH = 6; b-CD-E-T/ZnFe2O4 dose = varied). Similarly, to
study the effect of BPA dose on the adsorption of BPA on b-CD-E-
T/ZnFe2O4, the BPA dose was varied between 0.2 and 1.6 mg
RSC Adv., 2023, 13, 21991–22006 | 21999
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while keeping other parameters constant (T= 28 °C; t= 30 min;
pH = 6; b-CD-E-T/ZnFe2O4 dose = 5 mg; BPA dose = varied). At
low b-CD-E-T/ZnFe2O4 doses (i.e., 5 mg and 10 mg), nano-
composite exhibited signicant adsorption for BPA (>85%).
However, thereaer, the removal % of BPA drops signicantly
with increasing b-CD-E-T/ZnFe2O4 dose. This could be attrib-
uted to the fact that at low b-CD-E-T/ZnFe2O4 doses, the
adsorbent particles are not agglomerated, resulting in more
interaction between the active surface of b-CD-E-T/ZnFe2O4 and
a larger number of pores being available for adsorption of BPA.
However, at higher b-CD-E-T/ZnFe2O4 doses, a greater number
of moles of b-CD-E-T/ZnFe2O4 are present in the same volume of
BPA solution, which can lead to increased collision/interaction
between b-CD-E-T/ZnFe2O4 adsorbent–adsorbent molecules.
This may result in the formation of agglomerates of b-CD-E-T/
ZnFe2O4, leading to a decrease in available surface area and
pores for BPA-b-CD-E-T/ZnFe2O4 interaction in the solution,
thereby decreasing the overall BPA removal percentage at
higher b-CD-E-T/ZnFe2O4 loadings. Therefore, since the BPA
removal efficiency was almost the same for both 5mg and 10mg
b-CD-E-T/ZnFe2O4 loading, the lower loading of 5 mg b-CD-E-T/
ZnFe2O4 was found to be the most appropriate dose for b-CD-E-
T/ZnFe2O4.

The R% of BPA was decreased by increasing the BPA dose in
the solution from 0.2 to 1.2 mg (Fig. S6b†). However, the
adsorption capacity of b-CD-E-T/ZnFe2O4 was continuously
increased between 0.2 and 1.2 mg BPA dose. The adsorption
capacity of b-CD-E-T/ZnFe2O4 for BPA varied from 27.8 mg g−1

at 0.2 mg BPA dose to 204.6 mg g−1 at 1.2 BPA dose. Aer 1.2 mg
BPA content, a decline in the adsorption capacity was observed.
The removal % of BPA remained >85% up to 0.64 mg BPA dose.
The decrease in the adsorption capacity observed at high BPA
concentrations was attributed to the saturation of active
adsorption sites available on b-CD-E-T/ZnFe2O4 for BPA
adsorption.

The effect of contact time on the R% of BPA is depicted in
Fig. 5c. The effect of contact time was investigated under
dened parameters (BPA solution volume = 20 mL; T = 28 °C;
BPA solution concentration = 32 mg L−1; b-CD-E-T/ZnFe2O4

dose = 5 mg; t = 0–180 minutes; pH = 6). Very rapid adsorption
of BPA onto the b-CD-E-T/ZnFe2O4 nanocomposite surface was
observed, with over 85% BPA adsorbed within 5 minutes. This
can be attributed to the higher availability of BPA molecules,
resulting in more collisions between the adsorbent–adsorbate
and adsorbate–adsorbate molecules. At pH = 6, the BPA mole-
cules could easily approach the surface of the b-CD-E-T/ZnFe2O4

nanocomposite because of their neutral charge and get adsor-
bed, leading to an increase in BPA concentration on the nano-
composite's surface and a decrease in freely movable BPA
molecules in the aqueous solution. The adsorbed BPA mole-
cules occupy active sites on the b-CD-E-T/ZnFe2O4's surface,
reducing the availability of active sites for approaching BPA
molecules in the solution. As a result, BPA adsorption on b-CD-
E-T/ZnFe2O4 slowed down signicantly aer 5 minutes, with
only a 4% increase in removal observed between 5 and 30
minutes. Equilibrium was established thereaer, and no
signicant variation in BPA removal percentage was observed
22000 | RSC Adv., 2023, 13, 21991–22006
up to 180 minutes. Consequently, a contact time of 30 minutes
was selected for the subsequent experimental measurements.
The contact time data was then tted using four kinetic models
to obtain a more comprehensive understanding of the adsorp-
tion kinetics of BPA onto the b-CD-E-T/ZnFe2O4 nanocomposite.

To calculate the thermodynamic parameters concerning the
adsorption process, the effect of temperature on the adsorption
of BPA on b-CD-E-T/ZnFe2O4 adsorbent was investigated under
standard conditions (BPA solution volume = 20 mL; T = varied;
BPA solution concentration = 32 mg L−1; b-CD-E-T/ZnFe2O4

dose = 5 mg; time = 30 minutes; pH = 6). Fig. 5d illustrates the
changes in the BPA R% at three different temperatures. It was
observed that the BPA R% decreased with an increase in
temperature, indicating an exothermic nature of the adsorption
process. The decline in the BPA removal percentage with
increasing temperature was attributed to a greater number of
BPA molecules being desorbed from the b-CD-E-T/ZnFe2O4's
surface than those being adsorbed onto it.53 A decrease in BPA
removal efficiency with rising temperatures was noted in prior
investigations examining the efficacy of covalent organic
frameworks and mesoporous-activated carbon for BPA
removal.19,53 This behavior is typically observed in physical
adsorption processes, where the desorption rate increases with
temperature. It can be inferred that the adsorption of BPA onto
b-CD-E-T/ZnFe2O4 nanocomposite was primarily governed by
physical interactions. The thermodynamic parameters like DS°,
DH°, and DG° were calculated by tting experimental data to get
more insight into the adsorption nature.
3.4. Kinetics, isotherm, and thermodynamic studies

The kinetics of the adsorption process was used to dene the
rate of BPA adsorption by b-CD-E-T/ZnFe2O4 adsorbent, and
various kinetic models were employed to analyze experimental
data to explain the adsorption process. A total of four kinetic
models were used to get insight into the kinetic process of
adsorption. The kinetic plots are given in Fig. 6(a–d) and the
corresponding results are reported in Table 2. Among the four
kinetic models, the pseudo-second-order kinetic model was the
best-suited (correlation coefficient R2 = 0.999) model to
describe the kinetics of the uptake of BPA by b-CD-E-T/ZnFe2O4.
A very good equilibrium adsorption capacity of 121 ± 1 mg g−1

was obtained using a pseudo-second-order t, which was closer
to the experimental value (122 ± 1 mg g−1). The correlation
coefficient for BPA adsorption by b-CD-E-T/ZnFe2O4 was poor
for the intraparticle diffusion model and Elovich model sug-
gesting that the intraparticle diffusion was not rate-determining
the adsorption process. The high value of k2 suggested a very
fast adsorption of BPA onto b-CD-E-T/ZnFe2O4.

The knowledge of adsorption isotherm is critical for plan-
ning and optimizing BPA adsorption on b-CD-E-T/ZnFe2O4

nanocomposite, as well as understanding the underlying
adsorption mechanism (i.e., multilayer, monolayer, chemo-
sorption, physisorption, favourability of the BPA adsorption).54

Adsorption isotherm models were used among the four
isotherm models, all models were showing good linear t
(Fig. 7a–d; R2 = 0.967–0.994). Hence, the adsorption of BPA
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Adsorption kinetics plots of BPA adsorption onto b-CD-E-T/ZnFe2O4: (a) pseudo-second-order, (b) pseudo-first-order, (c) intraparticle
diffusion, and (d) Elovich plot.

Table 2 Kinetics parameters of adsorption of BPA onto b-CD-E-T/
ZnFe2O4 nanocomposite

Kinetic model Parameter BPA

Pseudo-rst order k1 (min−1) 0.194 � 0.073
qe,cal (mg g−1) 18.5 � 12.8
R2 0.701

Pseudo-second order qe,exp 122 � 1
k2 (g mg−1 min−1) 0.0157 � 0.0062
qe,cal (mg g−1) 121 � 1
R2 0.999

Intraparticle diffusion kp (mg g−1 min−0.5) 1.20 � 0.26
C (mg g−1) 112 � 1
R2 0.881

Elovich a (mg g−1 min−1) 24.7 � 4.3
b (g mg−1) (7.07 � 2.9) × 1017

R2 0.926
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could have been due to many possible mechanisms. A high
Langmuir maximum adsorption capacity of 270 ± 36 mg g−1

(Table 3) was obtained for the removal of BPA using b-CD-E-T/
ZnFe2O4 nanocomposite. The Freundlich isotherm proved to be
the most suitable model (R2 = 0.994) for describing the
adsorption process, indicating that the adsorption of BPA onto
the heterogeneous b-CD-E-T/ZnFe2O4 surface occurred via
multilayer adsorption. The high value of Freundlich constant n
(1.63 ± 0.07) suggested the adsorption process was highly
© 2023 The Author(s). Published by the Royal Society of Chemistry
favorable (n > 1).29 The obtained factor n value provided further
support for the high Langmuir adsorption capacity observed.
Additionally, the calculated RL value of 0.155 (0 < RL < 1), indi-
cated favorable adsorption of BPA onto the b-CD-E-T/ZnFe2O4

surface. Based on the results obtained from the Dubinin–
Radushkevich model, the calculated adsorption energy value of
5.87± 0.19 kJ mol−1 was found to be lower than the threshold of
8 kJ mol−1, suggesting that the adsorption of BPA onto the b-
CD-E-T/ZnFe2O4 nanocomposite was primarily a physical
process.54

The analysis of the temperature effects revealed that the
adsorption of BPA onto the b-CD-E-T/ZnFe2O4 adsorbent was
characterized by an exothermic nature. To conrm this DS° and
DH° were calculated from the interception and slope of the plot
given in Fig. S7† (eqn (12)), respectively. From the calculation of
the thermodynamic parameters, it was found that the value of
DH° and DS° for the adsorption of BPA onto the b-CD-E-T/
ZnFe2O4 was −77.1 ± 16.0 kJ mol−1 and −0.213 ±

0.051 kJ mol−1 K−1, respectively. 0 > DH° (negative) conrms the
exothermic nature of the adsorption process. The negative value
of DS° (0 > DS°) indicated a reduction in randomness or an
increase in the orderliness of the system aer BPA adsorption
onto the b-CD-E-T/ZnFe2O4 adsorbent. The calculated values of
DG°, ranging from −11.1 to −8.36 kJ mol−1 with an average of
−9.78 kJ mol−1, were also found to be negative, indicating that
the adsorption of BPA onto the b-CD-E-T/ZnFe2O4 surface
RSC Adv., 2023, 13, 21991–22006 | 22001
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Fig. 7 Adsorption isotherms plots of BPA adsorption onto b-CD-E-T/ZnFe2O4: (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Dubinin–
Radushkevich plot.

Table 3 Isotherms parameters of the adsorption of BPA onto b-CD-
E-T/ZnFe2O4 nanocomposite

Model Parameter BPA

Langmuir qm,exp (mg g−1) 205 � 2
qm (mg g−1) 270 � 36
KL (L mg−1) 0.171 � 0.012
R2 0.984

Freundlich KF (mg g−1 (L mg−1)1/n) 44.1 � 2.0
1/n 0.613 � 0.028
R2 0.994

Temkin AT (L g−1) 1.24 � 0.20
bT (kJ mol−1) 35.4 � 3.4
R2 0.967

Dubinin–Radushkevich qm (mol g−1) 315 � 23
d (mol2 J2) (1.45 � 0.10) × 10−8

E (kJ mol−1) 5.87 � 0.19
R2 0.987
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occurred spontaneously without the requirement of additional
energy. The high negative value DG° at the low temperature
suggested that the adsorption of BPA was more spontaneous at
low temperatures.29 Fu et al. has reported that adsorption of
BPA on imine-based covalent organic frameworks was an
exothermic process with DH° = −37.1 kJ mol−1, DS° =

−0.109 kJ mol−1 K−1, and DG° = −4.24 to −1.95 kJ mol−1.19 The
22002 | RSC Adv., 2023, 13, 21991–22006
more negative value of DG° implied more favorable adsorption
of BPA onto b-CD-E-T/ZnFe2O4 than imine based covalent
organic frameworks, which was conrmed by the higher
adsorption of BPA onto b-CD-E-T/ZnFe2O4.

3.5. Plausible adsorption mechanism

Based on the results obtained from FTIR, isotherm, kinetics,
and thermodynamics analyses, it was evident that the high
adsorption capacity of b-CD-E-T/ZnFe2O4 for BPA was primarily
attributed to physical adsorption. Moreover, the adsorption of
BPA by b-CD-E-T/ZnFe2O4 was found to be unaffected by pH
levels ranging from 3–8 and the presence of ionic salts, indi-
cating that ionic interactions between the b-CD-E-T/ZnFe2O4

adsorbent and BPA adsorbate were not the main driving force
responsible for the adsorption. Instead, the adsorption of BPA
onto b-CD-E-T/ZnFe2O4 was primarily driven by hydrogen
bonding, p–p interaction, and host–guest/hydrophobic inter-
actions, as suggested by the FTIR studies (Scheme 1).19,27,29

Furthermore, it is possible that the cross-linking material
caused the formation of secondary cavities within the polymer
network, which facilitated the sequestration of BPA molecules
within these cavities. In addition, the moderate specic surface
area of b-CD-E-T/ZnFe2O4 provided a greater number of avail-
able adsorption sites for the binding of BPA.27
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Proposed interactions responsible for the adsorption of BPA onto b-CD-E-T/ZnFe2O4.

Fig. 8 Adsorption capacity of b-CD-E-T/ZnFe2O4 nanocomposite
adsorbent for BPA after number of regeneration reuse cycles.
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3.6. Regeneration performance of b-CD-E-T/ZnFe2O4

nanocomposite

The b-CD-E-T/ZnFe2O4 nanocomposite was subjected to ve
regeneration–reuse cycles to evaluate its stability and reus-
ability. As shown in Fig. 8, a signicant decrease in the
adsorption capacity of b-CD-E-T/ZnFe2O4 for BPA was observed
aer each regeneration–reuse cycle. The adsorption capacity
decreased by 25.6%, 49.1%, and 57.0% aer the rst, third, and
h cycles, respectively, with a nal adsorption capacity of only
85.6± 3.3 mg g−1. This reduction in adsorption capacity may be
attributed to the stronger binding between BPA and b-CD-E-T/
ZnFe2O4 adsorbent. The strong interaction between the adsor-
bent and adsorbate resulted in reduced desorption of BPA
molecules, leading to a high decrement in adsorption capacity
with subsequent regeneration/reuse cycles. Despite this
decrease, the adsorption capacity of b-CD-E-T/ZnFe2O4 aer the
h cycle (qe > 85 mg g−1) was still higher than that reported for
other b-CD-containing adsorbents, such as carboxymethyl-b-
CD/Fe3O4 composite, b-CD capped graphene-magnetite nano-
composite, and polyethylenimine–polyethylene glycol-b-CD
polymer.27,29,30 These ndings indicate that the b-CD-E-T/
ZnFe2O4 nanocomposite could be reused to a certain extent.

3.7. Comparative adsorption performance

The adsorption performance of b-CD-E-T/ZnFe2O4 nano-
composite was compared with previously reported adsorbents
© 2023 The Author(s). Published by the Royal Society of Chemistry
for the removal of BPA (Table 4).13,19,26–30,39,40,50–53,55–58 As reported
in Table 4, b-CD based adsorbents like carboxymethyl-b-CD
polymer/Fe3O4 composite, b-CD/graphene-magnetite nano-
composite, and polyethylenimine-polyethylene glycol-b-CD
polymer were not very effective for the BPA elimination from the
aqueous solution.27,29,30 The b-CD based polymer and
RSC Adv., 2023, 13, 21991–22006 | 22003
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Table 4 Comparison of adsorption performance of various adsorbents towards BPA removal

Adsorbent qm (mg g−1) qe (mg g−1)
Equilibrium
time (min) Ref.

b-CD-E-T/ZnFe2O4 nanocomposite 270 � 36 122 � 1 30 Present work
Zeolite-imidazolate-framework-8@mesoporous silica (SBA-15) 135 123 2 52
Activated carbon from hydro-char 21.3 14.2 240 50
Partially reduced GO 346 aNA 1080 55
Mesoporous silica nanoparticles functionalized with
hexadecyltrimethylammonium

128 80.5 � 3.7 60 51

Imine-based covalent organic framework (COF-2) 149 116 60 19
PAF-82 689 aNA 15 56
Polyethylenimine-polyethylene glycol-b-CD polymer 65.3 60.1 1140 30
Sludge-based mesoporous activated carbon (SS-HP) 153 88.8 60 53
Carboxymethyl-b-CD polymer/Fe3O4 74.6 60.8 250 27
L-Glutamic acid modied GO (GO-Glu) 237 � 40 aNA <60 57
GO/cross-linked chitosan/magnetite (GO–CSm) 86.2 81.3 60 39
N/S doped magnetic carbon aerogel 200 197 120 58
b-CD capped graphene-magnetite nanocomposite 66.0 NA 240 29
Iron oxide/graphene aerogel 254 216 480 40
b-CD-4,4′-bis(chloromethyl) biphenyl polymer 139 38.0 10 28
TFTPN-ECH-b-CD polymer 118 21.9 10 26
Activated carbon 91.9 43.1 2880 13
Magnetic reduced GO (MRGO-1) 93.0 60.9 240 60

a NA = not available.
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composites were having a maximum uptake of 65–139 mg BPA
per ‘g’ of adsorbent used. Compared to that the b-CD-E-T/
ZnFe2O4 nanocomposite synthesized in the present work
exhibited a very good BPA adsorption (195–205 mg g−1 more
adsorption than reported b-CD based adsorbents in Table
4).27,29,30 The reported b-CD based adsorbents exhibited very
slow adsorption compared to b-CD-E-T/ZnFe2O4 nano-
composite, except b-CD-4,4′-bis(chloromethyl) biphenyl and
TFTPN-ECH-b-CD polymer.28 N/S doped magnetic carbon aero-
gel, iron oxide/graphene aerogel, partially reduced GO, L-gluta-
mic acid modied GO and porous aromatic framework (PAF)
were reported to show a very good adsorption efficiency for
BPA.40,55–58 However, very slow adsorption was observed for
partially reduced GO, iron oxide/graphene aerogel and N/S
doped magnetic carbon aerogel. PAF-82 exhibited a faster and
high good adsorption capacity for BPA removal. PAF-82 reported
by Mo et al.56 exhibited a very high adsorption performance due
to its high specic surface area (1073 mg g−1) and higher porous
structure than b-CD-E-T/ZnFe2O4 nanocomposite. It is impor-
tant to emphasize that a high specic surface area alone does
not necessarily translate into greater adsorption efficiency.
Effective adsorption relies on the presence of proper interac-
tions between the adsorbate (BPA) and the adsorbent. For
instance, despite having a signicantly higher specic surface
area (1200 m2 g−1; ∼172 times), the activated carbon reported
by Mart́ın-Lara et al.13 exhibited lower BPA adsorption
compared to the b-CD-E-T/ZnFe2O4 nanocomposite described
in this study. Furthermore, Supong et al.59 also reported low
adsorption capacity (qm = 15.7 mg g−1) for the activated carbon,
despite its surface area being about ∼123 times greater than
that of the b-CD-E-T/ZnFe2O4 adsorbent. This discrepancy
suggests that specic interactions between BPA and activated
22004 | RSC Adv., 2023, 13, 21991–22006
carbon may be lacking, unlike those observed between BPA and
the b-CD-E-T/ZnFe2O4 nanocomposite. However, it is worth
noting that within adsorbent materials possessing a similar
composition, a high specic surface area can indeed contribute
to enhanced BPA adsorption.56,60

In conclusion, despite the moderate surface area and
decrease in adsorption performance observed aer the h
cycle, the b-CD-E-T/ZnFe2O4 nanocomposite demonstrated
a higher maximum adsorption capacity than many pristine
materials reported in Table 4. This makes b-CD-E-T/ZnFe2O4

nanocomposite a better adsorbent for the faster removal of BPA
from an aqueous solution.
4. Conclusions

The thermo-kinetic investigations suggested that the b-CD-E-T/
ZnFe2O4 nanocomposite was less prone to thermal degradation
than the b-CD-E-T polymeric matrix due to the high activation
energy barrier required for its thermal degradation. The
adsorption studies conrmed that b-CD-E-T/ZnFe2O4 exhibited
a high affinity towards BPA (qm = 270 ± 36 mg g−1) and ach-
ieved a high equilibrium adsorption capacity within a short
time of 30 minutes. However, the removal of BPA decreased
under highly alkaline conditions and at higher temperatures.
The thermodynamic and isotherm investigations suggested that
BPA adsorption onto the heterogeneous b-CD-E-T/ZnFe2O4

surface was a spontaneous, exothermic, multilayer physical
adsorption process. Furthermore, b-CD-E-T/ZnFe2O4 was effec-
tive in removing BPA from aqueous solutions, even in the
presence of ionic salt like sodium chloride. The ionic effect and
pH studies indicated that ionic interaction was not the main
interaction between b-CD-E-T/ZnFe2O4 and BPA responsible for
© 2023 The Author(s). Published by the Royal Society of Chemistry
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the adsorption. The FTIR studies suggested that the adsorption
of BPA onto b-CD-E-T/ZnFe2O4 was accompanied by strong
hydrogen bonding, p–p interaction, and hydrophobic/host–
guest interaction. One disadvantage of using the b-CD-E-T/
ZnFe2O4 adsorbent for BPA removal was a drastic decrease in
the adsorption efficiency of recycled b-CD-E-T/ZnFe2O4.
However, despite this decrease, b-CD-E-T/ZnFe2O4 still exhibi-
ted a higher adsorption capacity than some of the as-
synthesized adsorbent materials, making it a cost-effective
adsorbent material.
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M. Rada, A. Hegheş, S. E. Zippenfening, C. A. Lucan
(Banciu), A. B. Velciov, G. N. Bandur, N. G. Hădărugă and
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