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Abstract: The adsorption of bisphenol A into untreated montmorillonite clay, doped titanium com-
posite and cationic polymer modified tripartite magnetic montmorillonite composite was investigated
under different conditions. The magnetic property of the modified adsorbent was ascertained by
action of external magnetic field on the materials when dispersed in aqueous media. The XRD results
for the unmodified and modified adsorbents showed that interlayer spacing of the clay material
increases due to intercalation of the precursor molecules. The textural properties of the adsorbents
from BET analysis showed that pore size and specific surface area of the tripartite magnetic composite
was calculated to be 288.08 m2/g while that of the unmodified clay was 90.39 m2/g. The TGA results
showed the tripartite magnetic composite was more stable with the lowest percentage mass loss
compared to the unmodified montmorillonite. The tripartite magnetic composite showed higher
adsorption capacity. Adsorption was best described by the Freundlich isotherm model, which con-
firmed that the adsorption process was multilayer coverage unto the uneven surface of the adsorbents.
Kinetic treatment of the adsorption data confirmed the the process followed a pseudo-second-order
kinetic model and predominantly chemisorption process. The standard Gibb’s free energy computed
for the adsorbents showed that the adsorption processes were favourably spontaneous with highly
negative energy values of −336.70, −533.76 and −1438.38 KJ/mol, respectively, for the unmodified
montmorillonite, doped titanium composite and the tripartite magnetic composite. It was observed
that the addition of cationic aromatic moiety to the clay material increased pollutant-adsorbent
interactions and improved adsorption capacity for micro-pollutants in a simulated industrial effluent.

Keywords: tripartite magnetic montmorillonite; bisphenol A; adsorption; simulated industrial effluents

1. Introduction

Decontamination of industrial effluents before disposal is a necessary step in the
industrial process for removal of toxic pollutants for the preservation of the environment
and ecosystems [1,2]. Emerging organic contaminants (EOCs) in industrial effluents mostly
in developing countries are receiving little or no attention with respect to the method and
technology for their remediation and removal [3]. Most of these emerging contaminants are
known carcinogens and endocrine disruptive chemicals (EDCs) with toxic consequences
on living components of the ecosystem [4]. Bisphenol A (BPA) is an endocrine disrup-
tive compound used as plasticizers in manufacturing of many plastic materials such as
polycarbonates, polyurathanes and some phenol resins [5]. Hence, BPA exists in water
bottles, food cans, thermal receipts, electronic equipment, medical devices, toys, etc. Their
presence in effluents can result in health complications even at very low concentration if
not remediated [6]. As a lipophilic and low biodegradable chemical, BPA accumulates in
the body fat of aquatic and terrestrial animals. BPA is associated with bio-accumulative
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persistence and toxicity. The phenolic estrogenic BPA is among the most frequently de-
tected emerging organic pollutants in various aqueous matrices in Africa and many other
regions of the world [7–11]. Concerns about BPA contamination are mainly based on
its endocrine disrupting activities and reproductive toxicity on living systems, including
humans [6]. The discharge of such effluent into water bodies and the environment results
in accumulation in the biota and hence its health and ecological consequences [12]. Due
to a lack of regulations in developing countries for these emerging contaminants in the
environment, their presence in the environment is sometimes ignored, hence the need to
develop local and cost-effective technology for remediating these wastes for environmental
sustainability. Again, in the industries, water is an important material input and accounts
for over 10% of the cost of production in some companies [13]. Water reusability leading to
reduced cost of water consumption can be enhanced through efficient effluent treatment
technology. Some approaches developed for remediation of BPA in water include: laccase-
catalysed degradation [14], advanced oxidation process using zero-valent iron activated
persulphate system [15–18], degradation using TiO2 photocatalysis with ozone [19–23],
enzymatic remediation using biosurfactants [24], removal using electro-Fenton process [25],
adsorption [26], oxidation using UV-C/peroxymonosulphate system and mineralization
using integrated ultrasound-UV-Fe(II) treatment [27,28]. Also, some microorganisms such
as fungi and bacteria have been shown to have a degradation effect on some pollutants [29].
Specifically, some experiments on degradation of BPA by microorganisms by some strains
of fungi and bacteria have been reported [30,31]. Many of these methods are expensive
and cannot be applied in developing countries. Others, such as conventional coagulation
methods and chemical precipitation, cause secondary contaminants, requiring an addi-
tional treatment and increasing the treatment cost [32]. Interestingly, adsorption is the
most attractive process in developing countries due to its lower cost and high efficiency
in removing different types of contaminants. Many reports on modified clay for removal
of BPA were focused on metal nanoparticles; however, some research on use of cationic
surfactants and polymers has also been reported in literature [5,13,33–35]. These include the
use of multi amine-containing Gemini surfactant as organic modifiers for montmorillonite
clay [13] and the use of cetyl trimethyl ammonium bromide (CTAB) for modification of
magnetic bentonite [33]; also, clays modified using octadecyltrimethylammonium bromide
(ODTMA, organic modifier) and hydroxy aluminium (Al13, inorganic modifier) [36]; use
of dodecyltrimethylammonium, tetradecyltrimethylammonium, hexadecyltrimethylam-
monium, and didodecyldimethylammonium, at different concentrations into two natural
clays from Burkina Faso [37]; use of hexadecyltrimethylammonium bromide (HS) and
alkyldimethylbenzylammonium chloride [38]; use of Titanium (IV) tetra-iso-propoxide
and cetyltrimethylammonium (CTA) [39]; use of dodecyldimethyl 3-sulphonate, dode-
cyldimethyl N-carboxylate and dodecyldimethyl N-phosphate [40] have been reported
in literature. However, most of these organic modifiers are non-biodegradable and may
persist in the environment, thus resulting in secondary pollution [41]. Also, metal com-
posites without supportive components display serious shortcomings during application
such as agglomeration, limited reusability, and non-biodegradability, resulting in further
contamination of the environment [42,43]. Additionally, surfactants lack mechanical and
thermal stability, as well as low adsorptive efficiency. In order to overcome these limita-
tions, researchers have developed clay-polymer nanocomposites (CPNs) combining the
advantageous characteristics of both clay minerals (cheapness, availability, eco-friendly,
large surface area and stability) and polymers (mainly the high adsorption efficiency, high
surface area and better regeneration) [44,45]. Interestingly, CPNs showed advanced proper-
ties (mechanical strength, low gas permeability and heat resistance) allowing cost reduction
and enhancing their efficiencies in removing various contaminants from water. In addi-
tion, many of these CPNs can be synthesized from green materials, which are considered
sustainable [46]. Some polymeric modifiers loaded on clay have been reported including
cationic polyacrylamide [5], sulfonated polystyrene [3] and resorcinol-formaldehyde poly-
mer blend [47]. However, these polymer-clay nanocomposites (PCNs) were synthesized
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and applied for wastewater treatment containing mostly of dyes, phenols and other organic
pollutants such as pesticides. Another setback of engineered clays for adsorption has
to do with their recovery from effluent stream. The introduction of magnetic particles
into the composite matrix can enhance its recovery using an external magnetic field as
demonstrated in this work. Hence, the use of a polymeric biodegradable cationic organic
moiety with positive N-group to facilitate adsorption of BPA from a simulated industrial
effluent through increased electrostatic interaction and hydrophobic attraction is reported
in this paper.

The main objective of this work was to examine the adsorption capacity of a tripartite
magnetic montmorillonite composite modified by doped titanium oxide and polymeric
cyclodextrin-toluenediisocyanide alt-polymer with positive N- head group as biodegrad-
able organic moiety to improve the efficiency of the clay material for adsorption of BPA
from simulated industrial effluents.

2. Materials and Methods

Montmorrilonite clay was obtained from deposits in Itu, Nigeria, which has been
previously identified as montmorilonite type clay at Soil Science Department, University
of Uyo, Uyo, Nigeria [48]. Beta cyclodextrin, toluenediisocyanate, dimethyl sulfoxide,
were from Siqma Aldrich, Milwaukee, WI, US. Acetone, ethanol, SDS, were from Merck,
Darmstadt, Germany. FeCl2·5H2O, FeCl3·6H2O, NH4OH, and NaOH were obtained from
Double Bond Chemicals, Uyo. BPA was obtained from Xiya Chemicals Manufacturing,
(Shandong, China). NiCl2.5H2O, PbSO4.H2O and CdCl2.H2O were of analytical grade
from Merck, Darmstadt, Germany. All other reagents were of analytical grades and were
used without further purification.

2.1. Characterization of Composite

Surface morphologies of the parent and composite materials were deduced using
Scanning Electron Microscope (SEM) at University of Cape Town, South Africa. Surface
area and pore parameters, crystallinity and functional group were deduced using BET sur-
face analyzer (Micromeritics), X-ray Diffraction spectroscopy and Fourier-Transformed In-
frared (FTIR) spectroscopy, Energy dispersion spectroscopy, Scanning electron microscopy
and thermogravimetry.

2.1.1. Nitrogen Adsorption–Desorption Measurements

Nitrogen adsorption–desorption measurements (BET method) was measured using
exactly 1 g each of MM, DT-Fe@MM and nCDp/DT-Fe@MM samples at liquid nitrogen
temperature (−196 ◦C) and relative pressure Po/P between 0.01–1.00 with an autosorb
BET apparatus, Micromeritics ASAP 2020, surface area and porosity analyzer. The anal-
ysis procedure is automated and operates with static volumetric technique. Before each
measurement, the samples were first degassed by heating at 200 ◦C for 2 h according to the
method of Liu et al. [49].

2.1.2. X-ray Diffraction (XRD)

The bulk structure of both parent clay and the modified clay composites were con-
firmed by X-ray Diffraction (XRD). X-ray diffraction data of the obtained materials were
obtained by a Bruker D8 Advance powder X-ray diffractometer (Bruker, Munich, Germany)
of Cu Ka radiation with a step size of 0.028 at a rate of 17.7 s step−1 from 2◦ to 60◦ according
to the method of Liu et al. [49].

2.1.3. Fourier Transformed Infrared (FTIR)

The determination of the surface functional groups was carried out using FTIR spec-
trophotometer (Fisher Thermoscientific, Waltham, MA, USA) following standard proce-
dures. The spectra were recorded using KBr wafers in the range 4000 cm−1 to 400 cm−1

according to the method of Men et al. [5].
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2.1.4. Scanning Electron Microscope (SEM)

The Scanning Electron Microscope (SEM: JSM-5310LV Microanalyzer, JEOL Co., Tokyo,
Japan) was employed to determine the surface morphology of catalysts according to the
method of Men et al. [5].

2.1.5. Thermogravimetric Analysis

The Thermogravimetric data were recorded on a TGA-50 (ASCII-Microanalyzer, JEOL
Co., Tokyo, Japan) at a temperature range of 19.7 ◦C to 999.91 ◦C and sample mass of
10.285 mg over acquisition time of about 10 h and nitrogen flow rate of 50 mL/min on a
platinum macro pan according to the method Liu et al. [50].

2.2. Preparation of Magnetic Montmorillonite

Montmorillonite was converted to its magnetic form following the modified method
of Cao et al. [33]. Briefly, about 10.0 g MM in 100 mL deionized water and left to stabilize
for 5 h at 50 ◦C. FeCl2·6H2O (8.6 g) and FeCl3·7H2O (12.8 g) were then added and stirred
vigorously for 1 h at 70 ◦C followed by addition of 28% NH4OH in drops and the pH was
adjusted to 10 using dilute NaOH. Mixture was filtered; the solid particles were washed
with deionized water and Ethanol and dried then at 80 ◦C for 12 h. The resulting product
was named Fe@MM.

2.3. Preparation of Doped Titanium Magnetic Montmorillonite

The doped titanium component was prepared using the modified method of Cao et al. [33].
Briefly, about 2 g TiO2 and STS in a 16 v/v acetone solution and ethylenediamine was
added at 70 ◦C and stirred in an autoclave for 2 h to form a sol-gel. This was added to a 5 g
solution of Fe@MM in acetone and stirred magnetically for another 30min with addition of
0.22 M NaBH4 in drops. The mixture was centrifuged for 30min, and the obtained solid
was dried at 80 ◦C for 12 h and labelled as DT-Fe@MM.

2.4. Preparation of β-Cyclodextrin Nano-Polymer and Composite Blending

To prepare the β-cyclodextrin-toluenediisocyanide alternating nanopolymer, about
10 g of β-CD was added to 15 v/v acetone in deionized water and stirred vigorously for
1 h. TDI was added in drops and the solution was stirred at 50 ◦C. It was then poured
into a stream of acetone, and the precipitate was separated and washed with acetone and
deionized water and dried in a vacuum desiccator for 12 h, labelled as nCDp. Blending
of the different components to form the tripartite composite was as follows: about 5.5 g
of DT-Fe@MM was dispersed in DMSO and stirred magnetically for 4 h, followed by
addition of 1.8 g of nCDp and 2.2 g of SDS at 70 ◦C with continuous stirring for another
1 h. The mixture was then centrifuged at 3600 rpm for 30 min, and the obtained solid
was dried at 110 ◦C with further calcination at 550 ◦C for 6 h. The product was labelled
nCDp/DT-Fe@MM. The preparation of the tripartite magnetic montmorillonite composite
can be represented by the schematic diagram in Figure 1.
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2.5. Batch Adsorption Studies

Exactly 0.2 g of unmodified montmorillonite doped titanium composite and the pre-
pared tripartite magnetic composite was added to about 20 mL of simulated effluent at
varying concentrations of 10, 20, 40 and 50 mg/L in a conical flask and covered with alu-
minum foil. The conical flask was agitated on a platform shaker at 360 rpm for 90 min. The
mixture was then filtered and stored in glass vials for analysis. The adsorption process was
repeated by varying temperature range from 30–70 ◦C and varying the pH range between
3–12. The concentration of BPA was analysed by ultraviolet-visible spectrophotometry
while metals concentration was analysed by atomic absorption spectrophotometry. The
removal efficiency and adsorption capacity of the different adsorbents was calculated
using Equations (1) and (2), respectively. The mechanism of adsorption was studied using
four adsorption models, namely, Langmiur, Freundlich, Florry-Huggins and Dubinin-
Radushkevich isotherms.

% adsorption = (1− Ce

Co
) × 100% (1)

qe =
(Co − Ce)

m
× V

1000
(2)

where Co and Ce represent the initial and equilibrium concentration of micro-pollutants in
solution (mg/L), qe is the equilibrium adsorption capacity of the adsorbents, V (L) is the
volume of simulated effluent used and m is the mass (g) of adsorbent used.

2.6. Desorption Experiment

To measure the rate of desorption of the adsorbate in acetone and deionized water after
adsorption, 2.0 g of the residue obtained from the adsorption experiment was dispersed in
40 mL of acetone and deionised water in two different conical flasks. The resultant solution
was then agitated between 0–120 min at different time intervals, filtered and the percentage
desorption was calculated using Equation (1).

2.7. Preparation of Simulated Effluents

Stock solution of BPA was prepared by dissolving 0.5 g of the compound in 500 mL
deionised water to obtain 100 µg/mL. Lower concentrations was prepared from the stock
solution using dilution principle. A total of 100 µg/mL each of solutions of cadmium, lead
and arsenic salts were prepared by dissolving 0.05 g of CdCl2, Pb(NO3)2 and AsCl3 in
1000 mL of deionised water, respectively. An equal proportion of each of the solutions of
the micropollutants were mixed together to obtain the simulated industrial effluents; the
resultant pH of the solution was 5.7 and the net ionic strength was about 0.01 M.

3. Results and Discussion
3.1. Magnetic Property of Modified Composite

The modified composite was dispersed in a solution and its magnetic property was
examined using an external magnetic field. The composite was attracted by an external
magnetic field and was separated from the solution using a magnet, as shown in Figure 2.
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Figure 2. (a) nCDp/DT-Fe@MM without external magnetic field, (b) nCDp/DT-Fe@MM particles
attracted to an external magnetic field, (c) nCDp/DT-Fe@MM particles in solution carried by an
external magnetic field placed behind it.

3.2. UV-Visible Calibration Curve of Absorbance of BPA from Solution

The calibration curve for UV-visible absorbance to concentration plot for the BPA at
278 nm is presented in Figure S1 (Supplementary Material). The calibration plot shows
an almost perfect fitting with R2 value of 0.995, showing the high sensitivity of the equip-
ment for accurate determination of BPA concentration in the simulated and pretreated
samples. Other instrumental quality parameters were adjusted according to united state
pharmacopia specifications. The phtometric accuracy was adjusted in the operational wave-
length region using potassium dichromate solution (60 mg/L, 80 mg/L and 160 mg/L)
and solutions standard accordingly. Also, wavelength acuracy and precision in the region
of 240–650 nm was set using a holmiun oxide solution. Since the ionic strength of the
simulated industrial effluent prepared using deionised water was relatively low, its matrix
effect on the measurement of bisphenol concentration using uv-vis spectrophtometer could
be accounted for using the standard calibration curve.

3.3. Functional Group Characterization of the Prepared Adsorbents

The FT-IR spectra of the raw montmorillonite (MM) and the functionalized composites
are shown in Figure 3a–c. The raw montmorillonite showed mostly -OH, Si-O and Al-O
peaks at 3623, 998, and 749 cm−1, respectively. The modified montmorillonite not only has
the characteristic peak of MM but also shows new peaks, which proves that the chemical
structure of the modified composites has changed. The sulphur doped titanium composite
showed peaks for -NCS (isocyanate) at 1990 cm−1 and the organic modified composite
showed peaks for open chain azo (-N=N-), cyanide (-OCN), and transition metal carbonyl
(-M=CO-) at 1032, 1625 and 2050 cm−1, respectively. This new peak showed functionaliza-
tion of the composites occurred and that sulphur, titanium and the isocyanate-cyclodextrin
biodegradable polymer were intercalated into the montmorillonite framework [3,5,51,52].
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Figure 3. FT-IR spectra of the (a) raw montmorillonite (MM), (b) doped titanium composite and
(c) the tripartite magnetic composite.

3.4. Scanning Electron Microscopy

The scanning electron microscopy (SEM) showing the surface morphologies of the
raw clay, titanium doped clay and the tripartite magnetic nanocomposites are presented
in Figure 4a–c, respectively. The surface of the raw clay showed a typical flat and flaky
morphology compared to the doped titanium composited whose morphology became a
thin layer structure with fluffy appearance after the modification. The tripartite composite
showed further smaller flakes and a more loosed structure showing also the appearance
of submicron sized globules of the polymeric organic modifier on the montmorillonite
surface [53].
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Figure 4. (a–c): SEM images of raw clay (MM), doped titanium composite (DTC) and the tripartite 
magnetic nancomposites (TMC) showing their surface morphologies. 
Figure 4. (a–c): SEM images of raw clay (MM), doped titanium composite (DTC) and the tripartite
magnetic nancomposites (TMC) showing their surface morphologies.
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3.5. X-ray Diffraction Patterns of Studied Materials

The X-ray patterns of the unmodified montmorillonite (RC), doped titanium composite
(DTC) and the tripartite magnetic montmorillonite composite are depicted in Figure 5a–c.
The unmodified montmorillonite showed typical peaks for clay material in the following
mineral phases; Quartz at 2θ = 20.9, 26.7, 36.6 and 39.6 according to JCPDS No. 79-1906;
Montmorillonite at 2θ = 54.7 and 62.3 according to JCPDS No. 03-0009; Moganite at
2θ = 19.95 according to JCPDS No. 79-2403. However, most of the peaks disappeared or
were weakened on loading of the doped titanium particles and the polymeric organic
moiety leaving mostly peaks for the quartz and montmorillonite at 2θ = 26.7, 36.6, 54,7 and
62.3. The raw clay also showed its first reflection (d001) peaks at 2θ = 5.26 with a d-spacing
of 1.67 nm, which is typical of Ca-montmorillonite [54]. However, this peak was deflected in
the doped titanium to 2θ = 5.21, corresponding to a d-spacing of 1.71 nm and confirms that
the doped titanium particles were successfully intercalated into the montmorillonite layer.
Unsurprisingly, in the tripartite composite, the peak was further shifted to 2θ = 20.4 and
corresponds to d-spacing of 0.44 nm. This suggests that the polymeric organic moiety was
rather adsorbed on the surface of the clay mineral without intercalation. The reduction in
interlayer spacing in the tripartite composite could be a result of the loading of structurally
bulky groups onto the clay surface or a gradual delamination of the clay framework due to
high temperature calcination [33,55].
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3.6. BET Analysis

The N2 adsorption-desorption studies of the unmodified montmorillonite, doped tita-
nium composite and the tripartite magnetic composite are represented in Figure 6. The raw
clay according to IUPAC classification is exhibited as a type III curve and H3 hysteresis loop
which indicates the presence of mesoporous materials [33]. The two modified composites
exhibited a type II curve showing lower surface area for monolayer coverage in agreement
with basic isotherm model predictions for the modified composites. The BET surface area
for the tripartite magnetic composite was calculated to be 288.08 m2/g, while that of the
unmodified clay was 90.39 m2/g. The increase in specific surface area with modification was
due to increased sorption sites on the surface of the modified material. However, although
the specific surface area of the modified composite was larger, its pore volume was smaller
compared to the unmodified clay due to interlayer modification by the intercalating species.
This increase in SBET should be reflected in the enhancement of the adsorption capacity. A
summary of textural properties of the adsorbents is presented in Table 1.
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Figure 6. BET surface characterization result of unmodified montmorillonite (MM), doped titanium
composite (DT-Fe@MM) and tripartite magnetic composite (nCDp/DT-Fe@MM).

Table 1. Summary of textural properties of the adsorbents from BET analysis.

Sample Name SBET (m2/g)
Total Pore Volume

(cm3/g)
BJH-Average Pore

Diameter (nm) Pore Size (nm) Micropore
Volume (cm3/g)

MM 90.398 0.3285 14.30 6.730 0.002729
DT-Fe@MM 210.720 0.1435 6.37 2.725 0.077269

nCDp/DT-Fe@MM 288.079 0.1907 5.69 2.648 0.113633

3.7. Thermogravimetric Analysis

The thermogravimetric analysis plot for the unmodified montmorillonite, doped
titanium nanocomposite and the tripartite magnetic montmorillonite is presented in
Figure 7a–c. The unmodified clay showed two stages of weight loss at a temperature
between 30–150 ◦C and 450–600 ◦C, corresponding to a release of physisorped water and
removal of the dehydroxylation layer inside the clay material, respectively [49]. The doped
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titanium nanocomposite exhibited mass loss at 30–150 ◦C, 450–550 ◦C and above 800 ◦C,
which were attributed to a slight removal of absorbed water, removal of the layer of de-
hydroxylation, and the burning of carbon residue, respectively [49,50]. For the tripartite
nanocomposite, there was only negligible mass loss until a temperature of 230–400 ◦C
was reached, which was attributed to the removal of N-groups from modifier groups [56].
Also, from the plots, the modified nanocomposites presented lower percentage mass losses
(22.4 and 3.4) compared to the unmodified clay (28.1).
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Figure 7. (a–c) Thermogravimetric analysis plot for the unmodified montmorillonite, doped titanium
nanocomposite and the tripartite magnetic montmorillonite.

3.8. Zeta Potential of Unmodified and Modified Montmorillonite Adsorbents

Zeta potential of the adsorbents materials was also studied as a function of pH to
ascertain the stability of the materials to coagulation in aqueous dispersion. The result of
the zeta potential studies is presented in Figure 8. From the results, the zeta potentials of
the materials were high, showing high stability to coagulation. Also, the isoelectric point of
the materials (pzc) was defined for each adsorbent, showing that the materials were generally
stable to agglomeration since their zeta potential falls outside the isoelectric point. The pzc for
the adsorbents were MM (4.7), DT-Fe@MM (7.4) and nCDp/DT-Fe@MM (9.4), respectively.
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3.9. Adsorption Efficiencies of Adsorbents for BPA in Simulated Industrial Effluents

The preliminary adsorption efficiency of the tripartite composite compared to that
of doped titanium composite and the natural unmodified montmorillonite is depicted in
Figure 9 for adsorption of BPA. With an equal adsorbent dosage of 0.02 g, it was found that
the tripartite composite showed higher percentage adsorption than the other adsorbents
under the same conditions.
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From the plots, it was also found that percentage adsorption increases with an increase
in initial concentration of adsorbate for the composite in contrast with other adsorbent
with relative decrease adsorption at higher concentration. This suggests that the composite
has a higher surface area. This functionalized surface enhances better pollutant-adsorbent
interactions to adsorb at higher concentration compared to other adsorbents, which are
suspected to undergo slight desorption at a higher concentration due to low surface area
and poor pollutant-adsorbent interactions [57–59].

3.10. Effect of Dosage of nCDp/DT-Fe@MM

Result of effect of dosage on adsorption of BPA unto nCDp/DT-Fe@MM, DT-Fe@MM
and MM is presented in Figure 10. Adsorption increased with dosage and reaches equi-
librium at a dosage of 0.02 g/L. Further increase in adsorbent dosage was found to exert
little or no effect on adsorption capacity of the process. Higher adsorption efficiency was
recorded for the tripartite magnetic composite. This was due to better functional sites and
interaction forces as a result of the modifications.
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Figure 10. Effect of dosage on the removal of BPA. (Adsorption conditions: Co 50 mg/L; T = 30 ◦C;
t = 120 min; pH = 7).

3.11. Effect of Time on Adsorption of BPA

The variation in rate of BPA adsorption unto the three adsorbents was studied and
the result is presented in Figure 11. The adsorption of BPA increased with increasing time
and reaches equilibrium at 30 min with a slight change up to 90 min followed by slight
decrease beyond this equilibrium time. Adsorption capacity of nCDp/DT-Fe@MM for
BPA was higher than that of DT-Fe@MM and MM. Increased adsorption by the tripartite
magnetic montmorillonite was due to addition of hydrophobic cyclodextrin nanopolymer
with positive N-group, which increases the π-π and OH-π interactions as well as increased
electrostatic interaction between BPA and the functionalized composite [5,33,59,60].



Pollutants 2022, 2 376Pollutants 2022, 2, FOR PEER REVIEW 15 
 

 

 
Figure 11. Effect of adsorption time on the removal of BPA. (Adsorption conditions: Co 50 mg/L; T 
= 30 °C; dosage = 0.02 g/L; pH = 7). 

3.12. Effect of Solution pH 
The adsorption behavior of BPA under varying solution pH was studied and the re-

sult is presented in Figure 12. Solution pH has been observed to have an effect on adsorp-
tion capacity of adsorbents in such medium [5,13]. Adsorption of BPA increased with in-
creased pH with maximum adsorption at pH 8 and thereafter began to decline at higher 
pH value. Similar results were observed by Cao et al. [33]. At a lower pH value, BPA, 
being a weak acid, exists in the protonated form and reaches first deprotonation at pH 8, 
thus increasing electrostatic attraction between the positive N-group of the modified ad-
sorbent, leading to peak adsorption capacity. However, beyond a pH value of 8, the sur-
face of the modified montmorillonite composite becomes negatively charged due to ioni-
zation of oxygen containing groups, and leading to increased electrostatic repulsion be-
tween the composite and BPA; hence, the reduction in adsorption capacity at higher pH 
values [13,33,61]. 

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100 120 140

q e
(m

g/
g)

Time (minutes)

nCDp/DT-
Fe@MM
MM

DT-Fe@MM

Figure 11. Effect of adsorption time on the removal of BPA. (Adsorption conditions: Co 50 mg/L;
T = 30 ◦C; dosage = 0.02 g/L; pH = 7).

3.12. Effect of Solution pH

The adsorption behavior of BPA under varying solution pH was studied and the
result is presented in Figure 12. Solution pH has been observed to have an effect on
adsorption capacity of adsorbents in such medium [5,13]. Adsorption of BPA increased
with increased pH with maximum adsorption at pH 8 and thereafter began to decline at
higher pH value. Similar results were observed by Cao et al. [33]. At a lower pH value,
BPA, being a weak acid, exists in the protonated form and reaches first deprotonation at
pH 8, thus increasing electrostatic attraction between the positive N-group of the modified
adsorbent, leading to peak adsorption capacity. However, beyond a pH value of 8, the
surface of the modified montmorillonite composite becomes negatively charged due to
ionization of oxygen containing groups, and leading to increased electrostatic repulsion
between the composite and BPA; hence, the reduction in adsorption capacity at higher pH
values [13,33,61].

3.13. Effect of Adsorbent Particle Size on BPA Adsorption

The effect of adsorbent particle size on the adsorption of BPA from an industrial
effluent is presented in Figure 13. Adsorption increases with particle size, with maximum
adsorption occurring at 0.02 nm and thereafter began to decrease with increase in particle
size. It was found that lower adsorption capacity at 0.1 nm could be due to agglomeration
followed by rapid desorption [62]. Larger particle size ranging from 0.2 nm to 1 nm can
resist the agglomeration effect; hence, a higher adsorption capacity is maintained.
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3.14. Effect of Temperature on Adsorption of BPA

The result effect of temperature on BPA adsorption is presented in Figure 14. There was
high adsorption recorded at room temperature and it increased and reached a maximum
value at 40 ◦C. Thereafter, there was a decrease in adsorption as the temperature increased.
It was observed that a decrease in adsorption capacity at a higher temperature could be due
to energetics of the adsorption process, showing that adsorption is an exothermic process
and is favoured at lower temperature [5].

Pollutants 2022, 2, FOR PEER REVIEW 17 
 

 

3.14. Effect of Temperature on Adsorption of BPA 
The result effect of temperature on BPA adsorption is presented in Figure 14. There 

was high adsorption recorded at room temperature and it increased and reached a maxi-
mum value at 40 °C. Thereafter, there was a decrease in adsorption as the temperature 
increased. It was observed that a decrease in adsorption capacity at a higher temperature 
could be due to energetics of the adsorption process, showing that adsorption is an exo-
thermic process and is favoured at lower temperature [5].  

 
Figure 14. Effect of temperature on the removal of BPA. (Adsorption conditions: Co = 50 mg/L; dos 
age = 0.02 g/L; t = 120 min; pH = 8). 

3.15. Desorption Studies of BPA from Used Adsorbent 
The rate of desorption of adsorbate molecules from used adsorbent was studied and 

the result is presented in Figure 15a,b. The rate of desorption was higher for the tripartite 
magnetic composite than the conventional doped titanium composite and much lower for 
natural montmorillonite. Rate of desorption was comparably higher in acetone as eluent 
compared to the DI water. Also, high rate of desorption in the tripartite magnetic compo-
site in both eluents suggests increased pore volume and high surface area and possible 
application as reusable adsorbent in waste water treatment plants [63]. Acetone was a 
better solvent for BPA and can be used for regeneration of used adsorbent and enhance 
reuse. [13,53].  

 

0.00

20.00

40.00

60.00

80.00

100.00

120.00

0 20 40 60 80

q e
(m

g/
g)

Temperature (celcius)

nCDp/DT-
Fe@MM

MM

DT-Fe@MM

0

5

10

15

20

25

0 50 100 150

Pe
rc

en
ta

ge
 d

es
or

pt
io

n 
(w

at
er

)

Time (minutes)

nCDp/DT-
Fe@MM

MM

DT-Fe@MM

(a)

Figure 14. Effect of temperature on the removal of BPA. (Adsorption conditions: Co = 50 mg/L; dos
age = 0.02 g/L; t = 120 min; pH = 8).

3.15. Desorption Studies of BPA from Used Adsorbent

The rate of desorption of adsorbate molecules from used adsorbent was studied and
the result is presented in Figure 15a,b. The rate of desorption was higher for the tripartite
magnetic composite than the conventional doped titanium composite and much lower
for natural montmorillonite. Rate of desorption was comparably higher in acetone as
eluent compared to the DI water. Also, high rate of desorption in the tripartite magnetic
composite in both eluents suggests increased pore volume and high surface area and
possible application as reusable adsorbent in waste water treatment plants [63]. Acetone
was a better solvent for BPA and can be used for regeneration of used adsorbent and
enhance reuse. [13,53].
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constant of the Langmuir isotherm model and KL is the Langmuir dimensionless constant. 
From the Langmuir isotherm plot, it was found that the correlation coefficients were low 
for the adsorption process, showing that the process could not be described completely 
by the model. However, the model fits could be used to describe the process to some ex-
tent as a monolayer adsorption process. The process can further be described by the Lang-
muir dimensionless constant KL, which, according to Israel et al., could provide a hint on 
how favourable the adsorption process was [62]. From our study and the Langmuir fitting 
parameter presented in Table 2, it was found that 0 < KL < 1 was computed for the three 
adsorbents; hence, the adsorption process was favourable for the unmodified montmoril-
lonite and the functionalized composites.  
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Figure 15. (a,b) Rate of desorption of BPA from used adsorbent residue using DI water and acetone.
(Desorption conditions: volume of DI water; 40 mL; dosage = 0.02 g/L; t = 1–120 min; pH = 8).

3.16. Adsorption Isotherms Analysis

Adsorption isotherms can be applied to study the behaviour of adsorbate on adsorbent.
Adsorption data can be subjected to various isotherm models which are useful in explaining
the mechanism of the process [64]. Langmuir isotherm has been applied by Men et al. [5].
Israel et al. used Freundlich and Flory-Huggins model to study behaviour of modified coir
extract on adsorption of zinc and copper from industrial effluents [62].

Langmuir model was applied to this study to access the surface coverage and adsorbent-
adsorbate interaction in terms of layers of coverage. The isotherm fitting is presented in
Figure S2 (Supplementary Material) and the isotherm parameters for the adsorption process
are presented in Table 1. The linear form of the Langmuir equation and the Langmuir
dimensionless constant equation are presented below.

Ce

qe
=

1
Qob

+
Ce

Qo
(3)

KL=
1

1 + bCo
(4)

where Co, Ce and qe are initial, equilibrium concentration and adsorption capacity of BPA
on adsorbent, respectively, Qo is the theoretical maximum adsorption capacity, b is the
constant of the Langmuir isotherm model and KL is the Langmuir dimensionless constant.
From the Langmuir isotherm plot, it was found that the correlation coefficients were low
for the adsorption process, showing that the process could not be described completely
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by the model. However, the model fits could be used to describe the process to some
extent as a monolayer adsorption process. The process can further be described by the
Langmuir dimensionless constant KL, which, according to Israel et al., could provide a hint
on how favourable the adsorption process was [62]. From our study and the Langmuir
fitting parameter presented in Table 2, it was found that 0 < KL < 1 was computed for
the three adsorbents; hence, the adsorption process was favourable for the unmodified
montmorillonite and the functionalized composites.

Table 2. Isotherm parameters for adsorption of BPA on functionalized montmorillonite.

Adsorbents
Langmuir Freundlich Flory-Huggins Dubinin-Radushkevich

KL qm b R2 KF 1/n R2 KFH αFH ∆G◦ R2 qm Ea R2

MM 0.21 12.34 0.070 0.858 1.191 1.306 0.954 1.143 1.301 −336.70 0.851 1.89 270.27 0.793
DT-Fe@MM 0.22 15.55 0.072 0.892 1.104 1.332 0.959 1.236 1.438 −533.76 0.972 17.62 222.22 0.847

nCDp/DT-Fe@MM 0.25 25.44 0.080 0.916 1.412 1.273 0.957 1.770 1.208 −1438.38 0.931 18.86 220.22 0.687

Freundlich isotherm model was applied to determine heterogeneity of adsorbent
surface for multilayer coverage. The Freundlich isotherm fitting is presented in Figure S3
(Supplementary Material), and the isotherm parameters for the adsorption process are
presented in Table 1. The linear form of the model equation is given by the formula below.

logqe =
1
n

LogCe + Log KF (5)

where KF is the affinity coefficient of the Freundlich isotherm model and n is the constant
of the Freundlich isotherm. Ce and qe have the same meaning as in the Langmuir isotherm
model. From the results, it was found that the adsorption data were best fitted into the
Freundlich model with higher correlation coefficients R2, which were 0.954, 0.959 and
0.957 respectively for the unmodified clay, doped titanium composite and the tripartite
magnetic composite, respectively. This implies that the adsorption process was multilayer
with adsorbate molecules filling the uneven sites on the adsorbent surfaces [5,34,65].

The Flory–Huggins isotherm has been used to describe the sorption of adsorbate
on adsorbents and the result is presented in Figure S4 (Supplementary Material) and the
isotherm parameters for the adsorption process are presented in Table 1. This model, which
helps to account for the degree of surface coverage characteristics of the adsorbate on the
adsorbents, is expressed in a linear form as

Log θ/Co = log KFH + αFH log (1 − θ) (6)

where θ is the surface converge of the adsorbents by the adsorbate θ = (1 − Co/Ce). KFH
and αFH are equilibrium constants of the Flory–Huggins isotherm model. Co and Ce are
the initial and equilibrium concentration of BPA in the simulated effluent respectively.

The equilibrium constant KFH from the Flory–Huggins model is related to the Gibb’s
free energy using Equation (7).

∆G◦ = RT/n KFH (7)

where R is the universal gas constant = 8.314 JK−1mol−1, T is the absolute temperature (◦K)
and KFH is the Flory–Huggins’s equilibrium constant. From the correlation coefficients in
the model, it was found that the adsorption could be relative described by the model and
that the adsorbent has high surface coverage. The standard Gibb’s free energy computed
for the adsorbents showed that the adsorption processes were favorably spontaneous with
highly negative energy values of −336.70, −533.76 and −1438.38 KJ/mol, respectively, for
the unmodified montmorillonite, doped titanium composite and the tripartite magnetic
composite. It was also found that the tripartite magnetic composite has the least Gibb’s
free energy, and hence the most favourable and spontaneous process occurred with this
adsorbent. This is due to the presence of some functional groups that facilitate the adsorp-
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tion process during its modification. Men et al. and Cao et al. reported similar results for
organically modified clays of different origins [5,33].

The Dubinin–Radushkevich isotherm model, which describes the uneven adsorbent
surface and pore adsorption, was also used to study the adsorption process of BPA on the
functionalized montmorillonite. The isotherm fitting is presented in Figure S5 (Supplemen-
tary Material), and the isotherm parameters for the adsorption process are presented in
Table 1. The linear form of the model equations is shown as follows:

lnqe = lnqm − βε2 (8)

ε = RTln
(

1 + Ce

Co

)
(9)

where ε is the adsorption potential energy of the Polanyi, Co, Ce and qm have the same
meaning as in Langmuir model and β (mol2/J2) is the constant of the Dubinin–Radushkevish
model and is related to the activation energy of the adsorption process by the following equation:

Ea =
1
√2β

(10)

From the results and the model fittings, it was found that the process produces linear
fittings with low correlation coefficients, thus showing that the adsorption data were
not best fitted into the Dubinin–Radushkevich model. Also, the activation energy was
computed for each process, and it was found that the tripartite magnetic composite had the
least activation energy (220.22) compared to raw montmorillonite (270.27) and titanium
doped composite (222.22), thus showing the readiness and ease of adsorption by the
tripartite magnetic composite [34,62]. The summary of BPA adsorption capacity of the
adsorbents as compared to those in literature is presented in Table 3.

Table 3. Summary of BPA adsorption capacity of the adsorbents as compared to those in literature.

Adsorbent Adsorption Capacity (mg/g) Reference

MM 12.34 This study
DT-Fe@MM 15.55 This study
nCDp/DT-Fe@MM 25.44 This study
Organo-Arizona Mont. 151.52 Zheng et al. [66]
Natural Sericite 4.816 Tiwari et al. [39]
Aluminium modified Sericite 5.047 Tiwari et al. [39]
Natural bentonite 4.816 Li et al. [37]
HTAB modified Bentonite 10.449 Li et al. [37]
EGIS/CPAB modified bentonite 119.88 Men et al. [5]
CST modified Bentonite 77.36 Cao et al. [33]

3.17. Adsorption Kinetics Model Analysis

Adsorption kinetics models reveal the effect of time on different adsorption processes.
It provides theoretical insight into the mechanism of the adsorption process. In this study,
the experimental data for the adsorption of BPA onto functionalized montmorillonite, raw
montmorillonite and activated carbon were fitted into the pseudo-first-order kinetic model,
pseudo-second-order kinetic model and intra-particle diffusion model [5,67].

The Pseudo-first-order kinetic model assumes single diffusion of adsorbate on an
adsorbent surface and also assumes that adsorption is proportional to adsorbate initial
concentration. Pseudo-first-order model adsorption processes are mainly characterized by
physisorption. The model equation can be stated as follows:

Log(qe − qt) = logqe − K1t (11)
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where K1 is the rate constant of the pseudo-first-order kinetic model, qe and qt represent
adsorption capacity of BPA adsorbed at time t and at equilibrium, respectively. The model
fitting is presented in Figure S6 (Supplementary Material), and the model parameters are
presented in Table 4. The low correlation coefficient from the model fittings shows that
the adsorption process could not be effectively described by the pseudo-first-order kinetic
model and that the process was not a physisorption one [68].

Table 4. Kinetic models fitting parameters for adsorption of BPA on functionalized montmorillonite.

Adsorbents qe,exp
Pseudo-First-Order Pseudo-Second-Order Intra-Particle Diffusion

K1 qe,cal R2 K2 qe,cal R2 Kid C R2

MM 21.17 0.012 2.20 0.239 2.232 23.095 0.999 0.722 14.71 0.628
DT-Fe@MM 22.94 0.012 2.30 0.268 1.907 22.989 0.999 0.691 16.73 0.650
nCDp/DT-Fe@MM 23.52 0.03 38.63 0.749 2.317 23.584 0.999 0.575 18.34 0.624

The Pseudo-second-order kinetic model can be applied to describe the relationship
between rate of adsorption and the square of the unoccupied sites on the adsorbent during
the adsorption process. The model equation is expressed in Equation (12):

t/qt =
1

k2q2
e
+ t/qe (12)

where K2 (min−1) is the rate constant of the pseudo-second-order, qe and qt have the
same meaning as in pseudo-first-order model. The model fitting is presented in Figure S7
(Supplementary Material) and the model parameters are presented in Table 2. The model
fittings showed that the adsorption process could be perfectly described by the pseudo-
second-order model and that the process was chemisorption with the model correlation
coefficients at 0.9999 for all adsorbents under study. Men et al. reported similar fittings for
an organically modified bentonite [5].

The intra-particle diffusion model is used to describe the diffusion of adsorbates
through the pore structure of the adsorbent. If the model fitting gives a straight-line graph
from origin, then the process could be described by intra-particle diffusion. Conversely,
it would imply that there were other processes responsible for the adsorption. The intra-
particle model equation can be expressed as presented in Equation (13):

qt = Kid
√

t + C (13)

where Kid (mg/(g.min0.5)) is the rate constant of the intra-particle diffusion model, C (mg/g)
represents constant related to the thickness of the boundary layer. The model fitting line is
presented in Figure S8 (Supplementary Material), and the model parameters are presented
in Table 2. The intra-particle diffusion model recorded low correlation coefficients for all
adsorbent and indicated that the process could not be described as intra-particle diffusion
as the only rate limiting mechanism but occurred by other mechanisms. Similar results
have been reported for modified coir extract, modified montmorillonite and modified
bentonite [3,5,62].

The Boyd model is used to predict the actual rate-determining step in the adsorption
process. The Boyd model expression is represented by Equation (14). The plot of Bt against
time (Figure S9) indicates that the rate of adsorption for the adsorbents was governed by
the film-diffusion step.

qt
qe

= 1 +
6
π2 ∑∞

n =0
1
n

exp
(

n2Bt

)
(14)

3.18. Adsorption Thermodynamics Analysis

The temperature of adsorption process is related to its energetics and greatly influences
the outcome of the process. The adsorption of BPA unto engineered montmorillonite was
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observed at 303, 313, 323 and 343 K. The standard enthalpy change (∆H◦) and standard
entropy change (∆S◦) were obtained from the van’t Hoff equation and then the standard
Gibb’s free energy change (∆G◦) were calculated. The equations can be expressed as:

lnKd =
∆S◦

R
−∆H◦

RT
(15)

∆G◦ = −RTlnKd (16)

Kd =
qe
Ce

(17)

where Kd (L/mg) is the thermodynamic equilibrium constant, T (K) is the absolute temper-
ature, R, Ce and qe have the same meaning with other models. The plot of lnKd against
1/T for the adsorption of BPA unto the functionalized montmorillonite is presented in
Figure S10 (Supplementary Material) and the model parameters are presented in Table 5.

Table 5. Thermodynamic parameters for the adsorption of BPA on functionalized montmorillonite.

Adsorbents ∆H◦(KJ/mol) ∆S◦(J/(mol.K))
∆G◦(KJ/mol)

303 K 313 K 323 K 343 K

MM −34.48 −1.679 −45.923 −50.977 −34.346 −35.908
DT-Fe@MM −42.95 −1.902 −44.280 −50.050 −33.322 −35.591

nCDp/DT-Fe@MM −107.73 −4.728 −58.214 −63.940 −36.512 −38.601

From the thermodynamic fitting parameters, it was found that the process was exother-
mic and favoured at low temperature with negative change in standard enthalpy (∆H◦),
the degree of randomness decreases with a decrease in the standard entropy value (∆S◦),
as the adsorption proceeds and that the adsorption processes were spontaneous at all
temperatures, but most favored at 313 K with the highest negative value for the standard
Gibb’s free energy (∆G◦). Similar results have been previously reported [5,67,68].

4. Conclusions

In conclusion, adsorptions were effective for unmodified and modified adsorbents.
However, the functionalized adsorbents showed better efficiencies under all conditions,
with more favourable energetics data and high stability as indicated by their zeta potentials.
The textural properties of the materials reveal larger SBET for the modified composites and
hence higher adsorption capacities. It could be concluded from our study that modifications
were effective in adding appropriate functional group(s) to the montmorillonite to enhance
the adsorption process and high BPA uptake. The magnetic property of the modified
composites enhances the separation of the adsorbent form the treatment plant using an
external magnetic field, thus preventing secondary pollution. Moreover, from the photo-
degradation studies, it was noted that the modified adsorbents exhibited high photo-
degradation, thus enhancing reuse of the adsorbent after already being used a few times
prior. The adsorption capacity of the adsorbents increased in the order 12.34 < 15.55 < 25.44,
which implies that the tripartite magnetic composite will have the highest pollutant uptake,
followed by the titanium doped composite and the unmodified composite.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pollutants2030025/s1, Figure S1. UV-visible absorbance to concentration plot for the BPA
at 278 cm−1, Figure S2. Langmuir isotherm model fitting for adsorption of BPA on different adsor-
bents (Adsorption conditions: Initial Conc. 10–50 mg/L; dosage = 0.02 g/L; t = 120 min; pH = 8),
Figure S3. Freundlich isotherm model fitting for adsorption of BPA on different adsorbents (Ad-
sorption conditions: Initial Conc. 10–50 mg/L; dosage = 0.02 g/L; t = 120 min; pH = 8), Figure S4.
Flory–Huggins isotherm model fitting for adsorption of BPA on different adsorbents (Adsorption
conditions: Initial Conc. 10–50 mg/L; dosage = 0.02 g/L; t = 120 min; pH = 8), Figure S5. Dubinin
Radushkevich isotherm model fitting for adsorption of BPA on different adsorbents (Adsorption

https://www.mdpi.com/article/10.3390/pollutants2030025/s1
https://www.mdpi.com/article/10.3390/pollutants2030025/s1
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conditions: Initial Conc. 10–50 mg/L; dosage = 0.02 g/L; t = 120 min; pH = 8), Figure S6. Pseudo-
first-order kinetic model fitting for adsorption of BPA on different adsorbents (Adsorption conditions:
Initial Conc. 10–50 mg/L; dosage = 0.02g/L; t = 120 min; pH = 8), Figure S7. Pseudo-second-order
kinetic model fitting for adsorption of BPA on different adsorbents (Adsorption conditions: Initial
Conc. 10–50 mg/L; dosage = 0.02 g/L; t = 120 min; pH = 8), Figure S8. Intra-particle diffusion kinetic
model fitting for adsorption of BPA on different adsorbents (Adsorption conditions: Initial Conc.
10–50 mg/L; dosage = 0.02 g/L; t = 120 min; pH = 8), Figure S9. Boyd model plot for unmodified
and modified montmorillonite adsorbents at 50 mg/L adsorbate concentration. Figure S10. Thermo-
dynamic model fitting for adsorption of BPA on different adsorbents (Adsorption conditions: Initial
Conc. 10–50 mg/L; dosage = 0.02 g/L; t = 120.
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