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Abstract: This study presents the synthesis of silica particles bearing two beta-cyclodextrin (BCD)
(beta-cyclodextrin-BCD-OH and diamino butane monosubstituted beta-cyclodextrin-BCD-NH2). The
successful synthesis of the BCD-modified silica was confirmed by FT-IR and TGA. Using contact
angle measurements, BET analysis and SEM characterization, a possible formation mechanism for
the generation of silica particles bearing BCD derivatives on their surface was highlighted. The
obtained modified silica displayed the capacity to remove bisphenol A (BPA) from wastewater due to
the presence of the BCD moieties on the surface of the silica. The kinetic analysis showed that the
adsorption reached equilibrium after 180 min for both materials with qe values of 107 mg BPA/g for
SiO2-BCD-OH and 112 mg BPA/g for SiO2-BCD-NH2. The process followed Ho’s pseudo-second-
order adsorption model sustaining the presence of adsorption sites with different activities. The
fitting of the Freundlich isotherm model on the experimental results was also evaluated, confirming
the BCD influence on the materials’ adsorption properties.

Keywords: beta-cyclodextrin; bisphenol A; adsorption; covalently modified silica

1. Introduction

Cyclodextrins (CDs) are a class of three-dimensional (3D) cyclic oligosaccharides com-
posed of 6, 7, or 8 D-glucopyranosyl units linked by α-D-(1→4) bonds with amphiphilic
characteristics given by the hydrophilic surface and the hydrophobic internal hollow [1].
These properties, correlated with non-toxic and biodegradable properties and the possibil-
ity to obtain CDs at the industrial level, led to a wide variety of applications tremendously
useful for supramolecular chemistry, catalysis, chromatography, medicine, cosmetics, phar-
macy, food, the perfume industry, and environment decontamination [1–7].

In terms of air, soil, or water decontamination, CDs’ properties were exploited by
creating host–guest inclusion complexes based on the hydrophobicity of the inner cavity
that facilitates the encapsulation of targeted molecules [8]. Different technologies were
employed to remove various pollutants so far, but, according to Gong et. al. [9], adsorp-
tion processes are preferred compared with membrane technology, advanced oxidation
processes, photocatalytic degradation, or extraction due to its higher efficiency and lower
costs [10,11]. Regardless of the decontamination procedure, two strategies have been
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remarked in terms of CDs’ derivatives manufacturing, one based on its linking to poly-
mer chains, while the other involved the CDs’ grafting onto carbonaceous or inorganic
compounds [6,12–18].

Many CDs-based polymers have been used to remove organic pollutants from contam-
inated waters for higher absorption efficiency, but recycling procedures were proven to be
limited sometimes since the structural integrity of the polymer chains gave rise to problems
after repeated recovery cycles [19]. On the other hand, CDs-based inorganic nanoparticles’
(CDs-iNPS) complexes have attracted the attention of scientists since the synthesis of iNPS
permits a high control over the size distribution, surface area, and the possibility to keep
the intrinsic magnetic, photocatalytic, optical, or antimicrobial properties of the Inps [16,20].
These advantages of the hybrid CDs-iNPS complexes makes them a versatile platform for
materials science, catalysis, sensors, nanomedicine, and decontamination processes [21–24].

Ever since bisphenol A (BPA) was discovered as a synthetic estrogen in 1890, its appli-
cation as monomer in the plastic industry was intensively developed in food packaging,
epoxy and polyacrylate resins, unsaturated polyesters, polysulfones, or polycarbonate
plastics [25]. Although it is one of the most abundant additives used in plastics’ manufac-
turing, in the last decades strong attention has been given to the health effects towards
exposure for adults and infants [26]. Thus, the exposure to BPA revealed that it can affect
the functions of thyroid, the pancreas, the central nervous systems, the reproductive system,
and the immune response of the human body [27,28]. BPA releases into the environment
are related to the food chain and improper recyclability of plastic materials. Thus, the
presence of BPA intake by dermal exposure or inhalation is inevitable [29]. According
to the European Chemicals Agency and REACH regulations (Annex XVII-art. 66), BPA
is classified as a chemical compound that negatively affects the fertility and hormonal
systems of humans and animals. It damages eyes, may cause allergic skin reactions and
respiratory irritation [30], and, since 2020, it has been replaced with Bisphenol S in thermal
paper [31]. Even if BPA is replaced with Bisphenol S or Bisphenol F in certain applications,
the problem of contaminated environment with BPA or its possible substitutes remains an
international issue [32].

Different methods have been applied for the removal of BPA from contaminated
environments involved in membrane separation processes, advanced oxidation procedures,
or biological treatments [33,34]. The drawbacks of these methods are strongly related
sometimes with the rigorous control of parameters in the case of biological or advanced
oxidation procedures and laborious or expensive synthesis methods for membranes [35,36].
These circumstances have driven the attention of researchers to the design of CDs-based
inclusion complexes that could be used to adsorb the BPA molecules from the polluted
environment [37–40].

Silica-based materials have been used in numerous applications including pharmacy,
medicine, catalysis, food, paints, and coatings [41–44] and recently in separation tech-
nologies with CDs [16]. The interest for silica-based materials is related to the ease of
manufacturing and the characteristics of the final materials that can exhibit high specific
surface areas (as high as 1500 m2/g) or porous structures depending on the synthesis
method [45]. Another great advantage of using silica (SiO2) comes from the possibility to
modify its surface with functional groups that enhance the adsorption process of targeted
molecules inside the CDs’ cavities. For instance, byproducts from the incomplete fuel com-
bustion, namely, polycyclic aromatic hydrocarbons (PAHs) were removed from water using
two types of CDs (hydroxypropyl-β-cyclodextrin (HPBCD) and β-cyclodextrin (BCD))
and tetraethyl orthosilicate (TEOS) as SiO2 precursor [46]. The silica NPS functionalized
with HPBCD and BCD facilitated the adsorption of PAHs’ hydrophobic molecules up to
1.65 mg/gm which was two folds higher compared with non-functionalized SiO2 nanopar-
ticles [46]. Another study, developed by Carvalho et. al. [47], involved the synthesis of a
hybrid CDs-SiO2 composite by the surface functionalization of SiO2 with BCD that was
used to remove methyltestosterone hormone from contaminated waters. Methacryloyl-
BCD was used also to functionalize SiO2 NPS to remove p-nitrophenol from contaminated
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waters, with kinetic studies confirming that fast adsorption processes occur in the case of
BCD-SiO2-based composites and that the adsorption mechanism is determined by the con-
centration of the organic pollutants and the structure of the hybrid CDs-based material [48].

Thus, the novelty of our work involves the use of BCD-modified SiO2 particles for
enhanced BPA removal from contaminated water. The BCD-SiO2 derivatives are aimed
to improve the interaction between the pollutant and the adsorbent. Therefore, our goal
was to provide a facile synthesis route to access SiO2-BCD materials and to investigate the
maximum complexation capacity of the BCD-SiO2 hybrid composites towards BPA. Thus,
adsorption kinetics, complexation mechanism, and isotherms were taken into consideration
for our study.

2. Materials and Methods

Pyridine (Aldrich) was dried on molecular sieves of 3Å. The β-cyclodextrin (BCD-
OH) (≥95.0%, Wacker Chemie) was vacuum dried before use for 24 h. Glucose (Aldrich
anhydrous), phenol (Merck), sulfuric acid (Sigma-Aldrich, St. Louis, MO, USA), bisphenol
A (Merck), ethanol (Chimopar), 3-(triethoxysilyl)propyl isocyanate, tetraethyl orthosili-
cate (TEOS) (Aldrich), cetyltrimethylammonium bromide (CTAB), and sodium hydroxide
(Fluka) were used as received.

2.1. Synthesis of Diamino Butane Monosubstituted BCD (BCD-NH2)

The synthesis procedure and characterization of BCD-NH2 were presented in our
previous study [39]. Briefly, the procedure for obtaining BCD-NH2 was as follows: 5.5 g
mono tosylated-BCD (4.266 mmol) were dissolved in 166 mL of 1,4-diaminobutane (DAB),
slowly warmed up to 70 ◦C, and kept at this temperature for 24 h. At the end of the
reaction time, the solvent was vacuum distilled and the solid that resulted was dissolved in
a minimum amount of water. This syrup was added dropwise into 150–200 mL of acetone,
which precipitated a white solid. At least two acetone precipitations are needed to obtain
a white powder solid; otherwise, the product seems oily. The final product was obtained
by drying the sample in a vacuum oven at 40 ◦C for 2 days with a 54% yield. NMR and
MALDI characterization were presented in our previous study [39].

2.2. Synthesis of Si-BCD-OH and Si-BCD-NH2

One mmol of BCD derivative (1.14 g BCD-OH or 1.2 g BCD-NH2) was dissolved
in 20 mL of dry pyridine by stirring at 70 ◦C. After 2.5 h of stirring, 1.1 mmol (0.27 mL)
3-(triethoxysilyl) propyl isocyanate were added to the BCD solutions. After 24 h, the
solvent was removed by vacuum evaporation and the residue was washed three times
with n-hexane. The obtained yield was over 95% for both intermediaries. The product
was used directly without any other purification for the synthesis of SiO2-BCD-OH or
SiO2-BCD-NH2 (please see Scheme 1).

2.3. Synthesis of SiO2-BCD-OH and SiO2-BCD-NH2

One-half g of cetyltrimethylammonium bromide (CTAB) was dissolved in 160 mL
of water. The solution was heated at 90 ◦C and 2 mL of NaOH 2 mol/L were added
and stirred for 15 min. Then, 60 mmol (13.4 mL) TEOS were added while continuously
stirring the reaction mixture. After 10 min from the introduction of TEOS (the solution
became opalescent), the silane-BCD precursor (Si-BCD-OH or Si-BCD-NH2) (1 mmol) was
introduced, and the reaction was stirred for an additional 4 h at 90 ◦C. After, the SiO2-
BCD-OH and SiO2-BCD-NH2 were isolated by centrifugation and washed thoroughly with
diluted HCl solution (0.01 M), water, ethanol, and acetone. The final products were dried
at 70 ◦C for 24 h, affording around 4.2 g for each material (yield 85%).

Additionally, the SiO2 sample that was used during the characterization was obtained
by the same procedure without the addition of a BCD silane derivative.
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Scheme 1. Synthesis route of the BCD-OH and BCD-NH2 silane derivative (step A) and synthesis of
the BCD-modified silica particles (step B).

2.4. Methods

The morphologies of the materials were investigated through field emission gun
scanning electron microscope (FEGSEM) Nova NanoSEM 630 (FEI) (Hillsboro, OR, USA).

A KSV CAM 200 apparatus was used for static contact angle measurements performed
on dried films. Water droplets or CH2I2 were used with a drop volume of 20 µL. The
measurement of each contact angle was made within 10 s after each drop to ensure that
the droplet did not soak into the film. The contact angles reported were the mean of
10 determinations. To prepare the SiO2 and BCD-modified SiO2 films, solutions (5%
weight) in isopropanol were prepared by sonication and then deposited by drop-casting on
microscope glass plates (five successive deposition/drying cycles) to ensure a complete
coverage of the glass plates.

FT-IR spectra were recorded on a Bruker VERTEX 70 (Billerica, MA, USA) spectrometer
using 32 scans with a resolution of 4 cm−1 in 4000–600 cm−1 region. The samples were
analyzed using the attenuated total reflection (ATR) technique.

The values for the specific surface areas of the modified SiO2 particles were determined
with a gas (N2) porosimeter-type Gemini V based on the BET method.

The UV-Vis spectra were recorded using a V-550 Able Jasco spectrophotometer, using
a bandwidth of 1 nm and a scanning speed of 1000 nm min−1. The BCD content was
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quantified by determining the reducing sugars of the silica using concentrated H2SO4
acidolysis and phenol colorimetric analysis [49]. The method requires the preparation of a
calibration curve. Thus, solutions containing various concentrations of anhydrous glucose
were mixed with 1 mL of 4% phenol standard solution and 7 mL of concentrated sulfuric
acid. After vigorous shaking, the solutions were incubated at 50 ◦C for 30 min and then the
absorbance of the aqueous mixture was measured at room temperature. The absorbance
values at 490 nm were plotted versus the concentration of anhydrous glucose to obtain
the calibration curve. The analysis procedure involved the dispersing of a 10-mg sample
(SiO2-BCD-OH or SiO2-BCD-NH2) in 2 mL H2O. Then, 7 mL of concentrated sulfuric
acid and 1 mL of 4% phenol standard solution were added and the solution was incubated
at 80 ◦C to ensure hydrolysis and phenol coupling reaction. The glucose level was assessed
using the calibration curve, and the BCD content was calculated as follows (Equation (1)):

BCD content =
c×V ×M

180× n× 0.01
× 100 % (1)

where c is the glucose concentration (g/L), V is the volume of mixed solution (L), M is the
molar mass of BCD (g/mol), and n is the number of glucoses in a BCD unit.

The fluorescence spectra were registered using a FP-6500 Able Jasco spectrofluorometer.
The adsorption of bisphenol A onto BCD-modified SiO2 (SiO2-BCD-OH and SiO2-BCD-
NH2) was conducted using batch equilibrium technology in a mixed solution of ethanol
and doubly distilled water (v:v 3:7) at the desired concentrations and a pH value of 5. In
general, a 0.01-g sample of modified silica was dispersed thoroughly in 50 mL of solution
of bisphenol A at various concentrations (5–30 mg/L) and shaken in a thermostatic bath
(shaker operated at a speed of 180 rpm at 25 ◦C). After equilibrium was reached, the solid
sample was separated by centrifugation. The concentration of bisphenol A in the residual
solution was determined using fluorescence spectrophotometry (bisphenol A: λex/λem
274/307). The amount adsorbed onto the BCD-modified polymer spheres was determined
using Equation (2):

qe =
(c0 − ce)×V

m
(2)

where V is the solution volume (mL), c0 (mg L −1) and ce (mg L −1) are the initial and
final solution concentrations of bisphenol A, and m is the mass of BCD-modified polymer
particles (mg).

The thermogravimetric analyses (TGA) were performed using Netzsch TG 209 F3 Tar-
sus equipment considering the next parameters: nitrogen atmosphere flow rate, 20 mL min−1;
samples mass, ~3 mg; temperature range, room temperature −700 ◦C; and heating rate,
10 ◦C min−1 in an alumina crucible.

3. Results

The first aim of this study was the synthesis of silica particles modified with BCD-
OH, respectively, BCD-NH2. The synthesis approach involved the synthesis of the BCD
silane derivative by reacting the BCD-OH and BCD-NH2 with 3-(triethoxysilyl) propyl
isocyanate (TESPIC) (step A) followed by the hydrolysis–condensation together with TEOS
(step B) (Scheme 1 and detailed in Sections 2.1 and 2.2, respectively).

To confirm the successful synthesis of the BCD silane derivative, FT-IR analysis was
performed on the obtained compounds and materials (Figure 1A).

In the case of Si-BCD-OH, the characteristic bands of the hydroxyl and carbonyl
groups can be noticed in the 3373 and 1726 cm−1 regions. The band observed at 2938 cm−1

was attributed to symmetric stretching of the C-H bond with carbonyl. Additionally, the
specific bands for the urethane functional group 1736, 1608, 1570, and 1520 cm−1 were
present. These bands are typical of the stretching C=O and N-H bonds. In the case of
Si-BCD-NH2, the intensification of the signal at 1608 cm−1 specific for N-H vibration was
detectable. After the BCD silane derivatives’ synthesis, the generation of silica particles
involved the hydrolysis/condensation in the presence of TEOS. The FT-IR analysis was
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also employed to confirm the presence of BCD derivatives chemically attached to the
silica (Figure 1B). Thus, we noticed the presence of the bands at 3400 cm−1 assigned to
asymmetrical stretching of –OH groups, 2920 cm−1 associated with the vibration of the C-H
stretch, the bands at 1154 cm−1 and 1030 cm−1, owing to the vibrations of the asymmetric
stretch of the C–O–C and symmetric stretching link C–O–C, respectively [50]. Further,
silica-based materials displayed the characteristic signals for Si-O-Si vibration at 1080 cm−1.
Thus, the FT-IR data confirmed the synthesis of silica modified with BCD derivatives
covalently attached.
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Figure 1. FT-IR spectra of the BCD silane derivative (Si-BCD-OH and Si-BCD-NH2) (A) and of the
BCD-modified silica (SiO2-BCD-OH, SiO2-BCD-NH2, SiO2 blank reference, and BCD-NH2) (B).

For further information about the degree of modification of the silica with BCD
derivatives, thermogravimetric analysis was performed (Figure 2). Comparing the weight
loss profiles of the two synthesized materials, it was noticed that they followed the same
profile and there was only a slight difference between the samples. Thus, the degree of
modification with BCD was similar, with a slightly higher value being registered for the
SiO2-BCD-OH. The weight loss up to 120 ◦C was attributed to the physisorbed water
desorption from the surface and pores [51], while at temperatures of over 200 ◦C the weight
loss was due to de-hydroxylation of silica surface [52]. At temperatures of 280–320 ◦C, the
decomposition of BCD took place [39]. It was noticed that the weight loss for SiO2-BCD-
OH was around 29.7%, while for SiO2-BCD-NH2 the value was 25.8%. However, these
values included the remaining templating agent CTAB.

To more accurately determine the amount of BCD attached to the silica, UV-Vis
analysis was employed. Thus, the determined BCD content was 23.97% (weight %) and
23.49 (weight %) for SiO2-BCD-OH and SiO2-BCD-NH2, respectively. Thus, the degree of
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modification of the silica with BCD was almost identical, which can be explained by the
high reactivity of the -NCO towards -NH2 and -OH.
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The morphological investigation of the materials was performed by scanning electron
microscopy (Figure 3).
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From the SEM images, the spherical shape of the SiO2 particles was visible, but their
dimension varied between the samples. In the case of SiO2-BCD-OH, the particle diameter
was about 300–350 nm, while for SiO2-BCD-NH2 and SiO2 it was around 150–200 nm.
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The silica generation process included several steps involving the formation of the initial
“clouds” followed by densification, resulting in the primary particles that underwent
collapse or association, leading to assemblies that undertook the growth process [53]. In
our case, the particle size variation was attributed to the alteration of the particle growth
process due to the presence of Si-BCD-OH derivatives (Scheme 2). This is plausible since the
initial nucleation stage was independent of the presence of Si-BCD derivatives; therefore,
the initial particles’ number and primary particles should be similar in all cases. However,
the insertion of Si-BCD changed the growth process, and, in the case of Si-BCD-OH, the
growth of the assemblies was favored. In contrast, for Si-BCD-NH2, the process was much
more similar to SiO2. In the case of Si-BCD-OH, there was the chance of di-silyl derivatives
being formed as the result of similar reactivity between the -OH groups. In contrast, in
the case of Si-BCD-NH2, due to the higher reactivity of -NH2, the monosubstituted silyl
formation was favored. Thus, the presence of di-silyl Si-BCD-OH may be the explanation
for the alteration of the silica formation process by promoting the growth of the assemblies.
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Scheme 2. The formation process of the SiO2 modified with BCD derivatives.

For further information about the characteristics of the modified SiO2 particles, BET
analysis was performed. The BET analysis afforded a surface area of 81, 53, and 90 m2/g
for SiO2 unmodified, SiO2-BCD-OH, and SiO2-BCD-NH2, respectively. Thus, the analysis
of the results indicated that the surface area in the case of SiO2-BCD-NH2 was almost
double compared to SiO2-BCD-OH and only slightly higher than the unmodified SiO2.
The results sustain the mechanism of particle generation and are in accordance with the
SEM analysis.

To ascertain this assumption, contact angle measurements towards water were per-
formed on the unmodified silica and on the two BCD-modified samples. The obtained
contact angles values were 19◦ (SiO2), 16◦ (SiO2-BCD-NH2), and 14◦(SiO2-BCD-OH).
Due to the small difference between the samples, we also performed contact angle mea-
surements using CH2I2. The values for CH2I2 were 11◦ (SiO2), 15◦ (SiO2-BCD-NH2),
and 27◦ (SiO2-BCD-OH). Thus, it was noticed that the hydrophilic characteristic of SiO2
increased [54] with the addition of the BCD derivatives covalently attached to the silica due
to the increased number of hydroxyl groups from the glucose units.

Exposure to BPA is a concern because of the possible health effects on the brain
and prostate gland of fetuses, infants, and children [26]. Therefore, it is of an outmost
importance to develop an efficient method of BPA trapping from aqueous solutions. In this
study, the capacity of SiO2 particles functionalized with BCD derivatives to remove BPA
from aqueous solutions was explored. Thus, the next step of our study consisted of the
determination of the adsorption capacity at equilibrium and, respectively, the time required
to reach equilibrium state. The adsorption profiles of the two BCD functionalized silica are
presented in Figure 4.
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After 180 min of interaction at 25 ◦C using a bisphenol A solution of 100 mg/L
(Figure 4), an equilibrium state was reached for both materials with a qe value of 107 mg
BPA/ g for SiO2-BCD-OH and 112 mg BPA/ g for SiO2-BCD-NH2. From Figure 4. it
can be noted that the absorption process can be divided into two steps. First is a rapid
adsorption stage, which can be explained by the high bisphenol A concentration in solution
that diffuses and is adsorbed to the polymer particles’ surface. The second stage, after
approximatively 150 min, represents an intermediary behavior when the adsorption rate
decreases as the internal diffusion resistance increases, leading to the equilibrium state.
To evaluate the adsorption process, several mathematical models were employed to de-
termine its efficiency and the mechanism that it follows: Lagergren’s pseudo-first-order
kinetic model (Equation (3)), Ho’s pseudo-second-order model (Equation (4)), and Weber’s
intraparticle diffusion model (Equation (5)):

ln(qe − qt) = lnqe − k1t (3)

t
qt

=
1

k2q2
e
+

t
qe

(4)

qt = Kp
√

t (5)

where qe (mg g −1) and qt (mg g −1) are the amounts of bisphenol A adsorbed per unit
mass of BCD-modified SiO2 (SiO2-BCD-OH and SiO2-BCD-NH2) at equilibrium and t
(minutes), respectively, k1 is the pseudo-first-order adsorption rate constant (min −1), k2 is
the pseudo-second-order adsorption rate constant (g (mg min)−1, and Kp is the intraparticle
diffusion constant (mg g−1 min−0.5).

From the analysis of Figure 5A,B and Table 1 data, it was noticed that, although the
high value for R2, the Lagergren pseudo-first-order adsorption model failed to explain the
materials’ response during the adsorption process, since the qe, calc value was very different
than the experimental. The Lagergren pseudo-first-order model assumes that the rate of
change of solute uptake with time is directly proportional to the difference in saturation
concentration and the amount of solid uptake with time, which is generally applicable over
the initial stage of an adsorption process. Therefore, we opted to investigate the suitability
of Ho’s pseudo-second-order adsorption model (Figure 5C,D). The pseudo-second-order
kinetic model assumes that the rate-limiting step is chemical sorption or chemisorption
and predicts the behavior over the whole range of adsorption. Thus, the adsorption rate
is dependent on adsorption capacity not on concentration of adsorbate. The linear fitting
for Ho’s model (Equation (2)) afforded good fitting, with a R2 of 0.921 and 0.959 for SiO2-
BCD-OH and SiO2-BCD-NH2, respectively. Additionally, the determination of qe, calc
afforded a value of 127.22 mg/g and 131.23 mg/g for SiO2-BCD-OH and SiO2-BCD-NH2,
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respectively, which are only slightly higher than the experimental results. Therefore, Ho’s
pseudo-second-order adsorption model could be used to explain the materials’ adsorption
capacity. This would sustain the critical influence of the BCD moieties on the materials’
properties during the adsorption process, confirming its participation in the process through
the introduction of the BPA in the BCD inner cavity. The fitting of Weber’s intraparticle
diffusion model was also explored with results comparable to those of Ho’s pseudo-second-
order adsorption model (Figure 5 E,F). However, considering that a good dispersion of the
materials was achieved in water, this model is not the best suited to explain the adsorption
mechanism for the material as a dispersed phase in water.
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Table 1. Kinetic parameters for the adsorption of bisphenol A by SiO2-BCD-OH and SiO2-BCD-NH2.

Lagergren’s
Pseudo-First-Order Ho’s Pseudo-Second-Order Model Weber’s Intraparticle

Diffusion Model

qe, exp
(mg g−1)

k1 × 103

(min−1)
qe, calc

(mg g−1) R2 k2 × 103

(g mg−1 min−1)
qe, calc

(mg g−1) R2 Kp
(mg g−1 min−0.5) R2

SiO2-BCD-
OH 107.74 27.1 254.85 0.925 0.172 127.22 0.921 7.55 0.935

SiO2-BCD-
NH2

112.77 24.93 256.00 0.903 0.178 131.23 0.959 6.89 0.949

The study of the adsorption isotherms offers information on the interaction between
the adsorbate and the adsorbent when the adsorption process reaches equilibrium and
allows the determination of the adsorption capacity of the material, which is an important
parameter for system evaluation. The most intensively used isotherm adsorption models
are Langmuir (Equation (6)) and Freundlich (Equation (7)).

1
qe

=
1

qmax
+

1
qmaxKL

× 1
ce

(6)

lnqe = lnKF +
1
n

lnce (7)

where qe (mg g−1) indicates the amount of adsorbate at equilibrium, qmax (mg g−1) indicates
the maximum amount of adsorbate at equilibrium, ce (mg L−1) is the equilibrium concen-
tration of the adsorbate in the solution, KL (L mg−1) and KF (L mg−1) are the Langmuir and
Freundlich constants, respectively, and n is the heterogeneity factor.

The linearization of the two selected isotherms in Equations (4) and (5) and the pa-
rameters calculated are presented in Figure 6 and Table 2. From Figure 6A,C, it can be
noticed that, although there is good fit for the linearization (R2 0.949 and 0.994) of the
Langmuir isotherms (Equation (6)), the value for the intercept is negative, resulting in
negative values for KL and qmax for SiO2-BCD-OH and SiO2-BCD-NH2, confirming that
the Langmuir isotherm is not well suited to explain the adsorption at equilibrium for both
materials. Since the Langmuir isotherm does not apply to the materials’ adsorption at equi-
librium, it means that the monolayer adsorption of BPA did not take place. The Langmuir
model can used to describe most of the adsorption processes that involve predominantly
chemical interactions between solute and sorbent and, with some restrictions, for physical
sorption processes. The primary condition for this model validity is the existence of only
one type of active site on the surface of the sorbent [55]. Thus, the results suggest that the
adsorption sites on the materials exhibited a heterogeneity in terms of activity, which can
be explained by a higher activity of the BCD during the adsorption process compared to
the Si-OH binding sites present on the silica. Furthermore, the preferred adsorption of
BPA on the BCD moieties was sustained by the fitting of the Freundlich isotherm, which is
usually specific for chemisorption adsorption processes. Unlike the Langmuir model, the
Freundlich isotherm’s general hypothesis are (1) not all the active centers on the surface of
the sorbent are energetically equal; (2) there may be a certain interaction between the solute
molecules, and, therefore, once the surface of the sorbent is covered, additional molecules
can still be adsorbed; and (3) the model can be used to describe the adsorption process
of solute in multilayer [56]. The results obtained from the linearization of the Freundlich
isotherm for 1/n values >1 are indicative of S-type isotherms. These are relatively uncom-
mon but are often observed at low concentration ranges for compounds containing a polar
functional group, at low concentrations. Such compounds are in competition with water
for adsorption sites [57]. In this case, there was a competition between water and BPA
adsorption on Si-OH sites and at the interior of the BCD cavities. KF is the Freundlich
constant, which represents adsorption capacity as well as the n term, which is an empirical
constant indicating the adsorption intensity of the system was larger for SiO2-BCD-NH2,
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indicating both a stronger adsorption and higher capacity of the material, probably due to
the presence of amino functionality, which led to a different access to the BCD inner cavity.
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Table 2. Isotherm parameters for the adsorption of bisphenol A by SiO2-BCD-OH and SiO2-BCD -NH2.

Absorbent Adsorbate
Langmuir Freundlich

KL/ (L mg)−1 qmax/ (mg g−1) R2 KF/ (L mg−1) n R2

SiO2- BCD-OH Bisphenol A −0.032 −0.786 0.949 0.00099 0.365 0.962
SiO2- BCD-NH2 Bisphenol A −0.0183 −17.9856 0.994 0.17384 0.717 0.991

Comparing the data presented in Table 3, it was observed that the obtained materials in
this study displayed good adsorption capacity towards bisphenol A. This can be explained
by the steric morphology of the particles, which facilitated high adsorption due to a
high surface/volume ratio due to the particle size and BCD content. Although there
was only a small difference between the maximum amount of BPA that can be adsorbed
on the materials, the interaction strength between BPA and the adsorbent was distinct.
Thus, the SiO2-BCD-NH2 displayed a stronger interaction, as suggested by the slightly
shorter period until the equilibrium state was attained and from KF and n values of the
Freundlich isotherm.
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Table 3. Comparison of adsorption capacities of different adsorbents for bisphenol A.

Adsorbent Phenolic Pollutants qmax (mg g−1) References

Hyper-crosslinked β-CD
porous polymer Bisphenol A 278 [58]

Graphene oxide-β-CD nanocomposites Bisphenol A 373.4 [59]

BCD polymer-functionalized Fe3O4
magnetic nanoparticles Bisphenol A 74.63 [9]

BCD-grafted cellulose beads Bisphenol A 30.77 [60]

(BCD+epichlorohydrin) polyBCD Bisphenol A 84 [61]

BCD-Functionalized
Mesoporous Magnetic Clusters Bisphenol A 52.7 [62]

BCD-poly(glycidyl methacrylate)-SiO2-
nanoparticles Bisphenol A 22.48 [63]

Diatomite cross-linked BCD polymers Bisphenol A 83.57 [64]

Fly ash-derived zeolite modified
by BCD Bisphenol A 33.784 [65]

BCD-modified graphene oxide
membranes Bisphenol A 25.5 [38]

Mesoporous silica nanoparticles-CTAB Bisphenol A 155.78 [66]

CTAB-SiO2 Bisphenol A 198.8 [67]

Polymer colloids modified with
BCD-NH2

Bisphenol A 148.37 [39]

Polymer colloids modified with
BCD-OH Bisphenol A 37.09 [39]

SiO2-BCD-NH2 Bisphenol A 107.7 this study

SiO2-BCD-BCD-OH Bisphenol A 112.7 this study

4. Conclusions

This study presents the synthesis of silica modified with two BCD derivatives (BCD-
OH and BCD-NH2). The obtained modified silica displayed the capacity to adsorb organic
molecules such as bisphenol A due to the presence of the BCD moieties on the surface
of the silica. The chemical attachment of the BCD derivatives (BCD-OH and BCD-NH2)
to the surface of the silica particles was qualitatively confirmed by FT-IR spectroscopy
and quantitatively by acidolysis and phenol colorimetric analysis. The degrees of silica
functionalization using the BCD-OH and BCD-NH2 derivatives were 23.97 and 23.49 weight
%. The morphology of the obtained silica particles was investigated by SEM and BET
analyses. Using contact angle measurements, a possible formation mechanism for the
generation of silica particles bearing hydrophile groups on their surface was highlighted.

The kinetic analysis of the adsorption revealed that the process reached equilibrium
after 180 min for both materials, with qe values of 107 mg BPA/ g for SiO2-BCD-OH
and 112 mg BPA/ g for SiO2-BCD-NH2. The kinetics followed Ho’s pseudo-second order
adsorption model, sustaining the critical influence of the BCD moieties on the materials’
properties during the adsorption process and its participation in the process through the
introduction of the BPA in the BCD inner cavity. This aspect was also demonstrated by
the fitting of the Freundlich isotherm model on the experimental results. The materials’
adsorption capacity and the process kinetics make them suitable candidates for wastewater
treatment processes.



Nanomaterials 2022, 12, 39 14 of 16

Author Contributions: Conceptualization, E.R. and A.D. (Aurel Diacon); methodology, I.M.; E.R.;
A.D. (Aurel Diacon); software, A.M., A.D. (Adrian Dinescu); validation, S.B., A.M., F.R., A.D. (Adrian
Dinescu), A.G., A.C.B., G.V. and E.R.; formal analysis, S.B., E.R. and A.D. (Aurel Diacon); investigation,
S.B., A.D. (Aurel Diacon), A.M., F.R., A.D. (Adrian Dinescu), A.G., A.C.B., G.V. and E.R.; resources,
E.R.; data curation, A.D. (Aurel Diacon), A.D. (Adrian Dinescu), A.G., A.C.B., G.V. and E.R.; writing—
original draft preparation, S.B., A.D. (Aurel Diacon) and A.M.; writing—review and editing, A.D.
(Aurel Diacon), E.R. and I.M.; visualization, A.D. (Aurel Diacon) and E.R.; supervision, I.M. and
E.R.; project administration, E.R.; funding acquisition, E.R. All authors have read and agreed to the
published version of the manuscript.

Funding: Aurel Diacon gratefully acknowledges financial support from the Competitiveness Opera-
tional Program 2014–2020, Action 1.1.3: Creating synergies with RDI actions of the EU’s HORIZON
2020 framework program and other international RDI programs, MySMIS Code 108792, Acronym
project “UPB4H”, financed by contract: 250/11.05.2020. The APC was funded by University Po-
litehnica of Bucharest, within the PubArt Program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Crini, G. Review: A History of Cyclodextrins. Chem. Rev. 2014, 114, 10940–10975. [CrossRef]
2. Gogolashvili, A.; Lomsadze, K.; Chankvetadze, L.; Takaishvili, N.; Peluso, P.; Dallocchio, R.; Salgado, A.; Chankvetadze, B.

Separation of tetrahydrozoline enantiomers in capillary electrophoresis with cyclodextrin-type chiral selectors and investigation
of chiral recognition mechanisms. J. Chromatogr. A 2021, 1643, 462084. [CrossRef]

3. Hapiot, F.; Menuel, S.; Ferreira, M.; Léger, B.; Bricout, H.; Tilloy, S.; Monflier, E. Catalysis in Cyclodextrin-Based Unconventional
Reaction Media: Recent Developments and Future Opportunities. ACS Sustain. Chem. Eng. 2017, 5, 3598–3606. [CrossRef]

4. Schneiderman, E.; Stalcup, A.M. Cyclodextrins: A versatile tool in separation science. J. Chromatogr. B Biomed. Sci. Appl. 2000, 745,
83–102. [CrossRef]

5. Alvarez-Lorenzo, C.; García-González, C.A.; Concheiro, A. Cyclodextrins as versatile building blocks for regenerative medicine. J.
Control. Release 2017, 268, 269–281. [CrossRef]

6. Liu, Z.; Ye, L.; Xi, J.; Wang, J.; Feng, Z.-g. Cyclodextrin polymers: Structure, synthesis, and use as drug carriers. Prog. Polym. Sci.
2021, 118, 101408. [CrossRef]

7. Fenyvesi, É.; Vikmon, M.; Szente, L. Cyclodextrins in Food Technology and Human Nutrition: Benefits and Limitations. Crit. Rev.
Food Sci. Nutr. 2016, 56, 1981–2004. [CrossRef]

8. Roy, M.N.; Ekka, D.; Saha, S.; Chandra Roy, M. Host–guest inclusion complexes of α and β-cyclodextrins with α-amino acids.
RSC Adv. 2014, 4, 42383–42390. [CrossRef]

9. Gong, T.; Zhou, Y.; Sun, L.; Liang, W.; Yang, J.; Shuang, S.; Dong, C. Effective adsorption of phenolic pollutants from water using
β-cyclodextrin polymer functionalized Fe3O4 magnetic nanoparticles. RSC Adv. 2016, 6, 80955–80963. [CrossRef]

10. Bi, J.; Tao, Q.; Huang, X.; Wang, J.; Wang, T.; Hao, H. Simultaneous decontamination of multi-pollutants: A promising approach
for water remediation. Chemosphere 2021, 284, 131270. [CrossRef]

11. Gentili, A. Cyclodextrin-based sorbents for solid phase extraction. J. Chromatogr. A 2020, 1609, 460654. [CrossRef]
12. Zolfaghari, G. β-Cyclodextrin incorporated nanoporous carbon: Host–guest inclusion for removal of p-Nitrophenol and pesticides

from aqueous solutions. Chem. Eng. J. 2016, 283, 1424–1434. [CrossRef]
13. Constantin, M.; Fundueanu, G.; Bortolotti, F.; Cortesi, R.; Ascenzi, P.; Menegatti, E. Preparation and characterisation of poly(vinyl

alcohol)/cyclodextrin microspheres as matrix for inclusion and separation of drugs. Int. J. Pharm. 2004, 285, 87–96. [CrossRef]
[PubMed]

14. Crini, G.; Bertini, S.; Torri, G.; Naggi, A.; Sforzini, D.; Vecchi, C.; Janus, L.; Lekchiri, Y.; Morcellet, M. Sorption of aromatic
compounds in water using insoluble cyclodextrin polymers. J. Appl. Polym. Sci. 1998, 68, 1973–1978. [CrossRef]

15. Mohamadhoseini, M.; Mohamadnia, Z. Supramolecular self-healing materials via host-guest strategy between cyclodextrin and
specific types of guest molecules. Coord. Chem. Rev. 2021, 432, 213711. [CrossRef]

16. Gómez-Graña, S.; Pérez-Juste, J.; Hervés, P. Cyclodextrins and inorganic nanoparticles: Another tale of synergy. Adv. Colloid
Interface Sci. 2021, 288, 102338. [CrossRef] [PubMed]

17. Lin, S.; Zou, C.; Liang, H.; Peng, H.; Liao, Y. The effective removal of nickel ions from aqueous solution onto magnetic multi-walled
carbon nanotubes modified by β-cyclodextrin. Colloids Surf. A Physicochem. Eng. Asp. 2021, 619, 126544. [CrossRef]

http://doi.org/10.1021/cr500081p
http://doi.org/10.1016/j.chroma.2021.462084
http://doi.org/10.1021/acssuschemeng.6b02886
http://doi.org/10.1016/S0378-4347(00)00057-8
http://doi.org/10.1016/j.jconrel.2017.10.038
http://doi.org/10.1016/j.progpolymsci.2021.101408
http://doi.org/10.1080/10408398.2013.809513
http://doi.org/10.1039/C4RA07877B
http://doi.org/10.1039/C6RA16383A
http://doi.org/10.1016/j.chemosphere.2021.131270
http://doi.org/10.1016/j.chroma.2019.460654
http://doi.org/10.1016/j.cej.2015.08.110
http://doi.org/10.1016/j.ijpharm.2004.07.025
http://www.ncbi.nlm.nih.gov/pubmed/15488682
http://doi.org/10.1002/(SICI)1097-4628(19980620)68:12&lt;1973::AID-APP11&gt;3.0.CO;2-T
http://doi.org/10.1016/j.ccr.2020.213711
http://doi.org/10.1016/j.cis.2020.102338
http://www.ncbi.nlm.nih.gov/pubmed/33383472
http://doi.org/10.1016/j.colsurfa.2021.126544


Nanomaterials 2022, 12, 39 15 of 16

18. Alothman, Z.A.; AlMasoud, N.; Mbianda, X.Y.; Ali, I. Synthesis and characterization of γ-cyclodextrin-graphene oxide nanocom-
posite: Sorption, kinetics, thermodynamics and simulation studies of tetracycline and chlortetracycline antibiotics removal in
water. J. Mol. Liq. 2021, 116993. [CrossRef]

19. Salipira, K.L.; Mamba, B.B.; Krause, R.W.; Malefetse, T.J.; Durbach, S.H. Carbon nanotubes and cyclodextrin polymers for
removing organic pollutants from water. Environ. Chem. Lett. 2007, 5, 13–17. [CrossRef]
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