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This present study introduces a contemporary innovation of synthesized polymer–silver nanoparticle nanocomposite adsorbent
based on sugarcane bagasse (AgNP-SB-βCD) for the sequestration of emerging micropollutant–bisphenol A from water matrix.
Batch adsorption mode was carried out to assess the effectiveness of AgNP-SB-βCD nanocomposites towards eliminating
bisphenol A (BPA). Characterization techniques including SEM, FTIR, and XRD have confirmed the successful incorporation of
silver nanoparticles (AgNPs) onto bagasse–polymer. At 25°C, pH 7, and contact time of 120min, the nanocomposites had a
maximum uptake capacity of 158.4mg g-1on BPA. The equilibrium isotherm of BPA on AgNPs-SB-βCD has fitted effectively
with Langmuir model while the adsorption kinetics conformed to pseudo-second order. The adsorption phenomenon was
controlled mainly by physisorption (via host–guest inclusion van der Waals bonding and pore filling effect). In addition,
oxidative degradation of BPA by AgNPs-SB-βCD could marginally contribute the removal of BPA due to oxidative dissolution
of AgNPs at pH7. The thermodynamic results substantiate the spontaneity and exothermic behaviors of the adsorption
phenomenon. The polymeric nanocomposite adsorbent was regenerated five times (using 75% ethanol) without considerable
loss of its adsorption capacity. This authenticates its reusability and consistency performances; accordingly, it can be a market
competitor adsorbent for the treatment of water contaminated with BPA.

1. Introduction

Water is amid the most fundamental natural resources in the
life of living organisms, and therefore, it must be properly
consumed to prevent future clean water scarceness [1, 2].
In recent decades, the incident of emerging micropollutants
(EMPs), including bisphenol A (BPA) in water bodies, has
become a growing concern due to their toxicological conse-
quences on aquatic organisms, human health, and ecosystem
[3–5]. For humans, the consumption of water tainted with

BPA can result a number of health complications including
renal disorders [6], neurological problems, cardiovascular
diseases, cancer, infertility, and sexual dysfunction [7].

BPA is among the primary manufactured and consumed
chemicals worldwide [6, 8]. Since the last few decades, the
utilization of BPA in the industries for the fabrication of
epoxy resins and polycarbonate plastic products has been
observed to augment significantly. This has led to generation
of immense amount of BPA wastewaters from the industries.
Intentionally, most of these wastewater effluents are released
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to the environment without being completely treated; as a
result, it causes adverse effects to the ecosystem [9].

As yet, several remediation techniques including adsorp-
tion [10–13], membrane process [14, 15], photocatalytic
degradation [16, 17], and biological treatment process [18,
19] have been applied to treat water systems contaminated
with BPA. Nonetheless, among these techniques, adsorption
process has been regarded as a promising technology for
effective remediation of wastewater polluted with BPA
[20]. Adsorption technique possesses a facile, cost-effective
and flexible operation, fast BPA removal, eco-friendly, and
generates no indirect pollution [21–24].

In general, many researchers have focused on synthesized
novel adsorbents as promising materials for remediation of
water and wastewater to avoid human health complications
and deterioration of the ecosystems [25]. Therefore, different
adsorbents have been so far synthesized to adsorb BPA from
water systems. These include the adsorbent based on natural
materials, carbon and graphene, polymers, composite materials,
nanomaterials, and agricultural waste materials [8]. However, a
portion of adsorbents have demonstrated poor adsorptive and
regeneration performances on bisphenol A [26], while some
possess poor mechanical behaviors and are susceptible to
extreme temperature and pH of the water surroundings. These
limitations pose great challenges to the adsorbents for remedia-
tion of BPA and other noxious pollutants in water andwastewa-
ter. To surmount this challenge, in recent times, there has been
an increasing concern on the application of polymer nanocom-
posite adsorbents (as a new class of adsorbents) for the treat-
ment of noxious contaminants from aqueous systems. These
advanced polymer nanocomposites are economical, highly sta-
ble, and effective adsorbents on removing a broad spectrum of
chemical and biological pollutants [27]. They possess beneficial
characteristics including dimensional flexibility, functionalities,
film forming capability [28], medium mobility, porosity behav-
iors, and sturdy mechanical characteristics [29–31]. Thus, in
this present research, we have reported for the first time the
amalgamation of silver nanoparticles onto polymers based on
sugarcane bagasse and applied for the sequestration of emerging
micropollutant–bisphenol A fromwater. Incorporation of silver
nanoparticles was done to increase the surface features, stability,
and functional moieties on bagasse–polymers, whereby all
these properties are accountable for increasing the uptake
of bisphenol A.

Herein, the colloidal silver nanoparticles (AgNPs) were
synthesized using reduction method, and then, a wet impreg-
nation protocol was performed to immobilize AgNPs onto
bagasse–β–cyclodextrin polymer to form novel bagasse–poly-
mer–silver nanoparticle nanocomposites (AgNP-SB-βCD).
These nanocomposites were characterized using various ana-
lytical techniques and then assessed their adsorptive perfor-
mance towards bisphenol A in water matrix.

2. Materials and Methods

2.1. Materials. Pristine sugarcane bagasse material (SB) was
obtained from Zanzibar Sugar Factory Limited (ZSFL)
Mahonda, Tanzania, and used as a starting material for syn-
thesized polymeric nanocomposites. Bisphenol A (BPA,

C16H18O2, 228.29 gmol−1), silver nitrate (AgNO3,
169.87 gmol−1), beta-cyclodextrin (β-CD, 1134.98 gmol−1),
citric acid (CA, 192.12 gmol−1), poly(N-vinyl pyrrolidone)
(PVP), hydrazine monohydrate (N2H4·H2O, 50.06 gmol−1),
calcium chloride (CaCl2, 110.98 gmol−1), sodium hydroxide
(NaOH, 39.997 gmol−1), absolute ethanol (CH3CH2OH,
46.07 gmol−1), sodium sulfate (Na2SO4, 142.04 gmol−1),
hydrochloric acid (HCl, 36.458gmol−1), and sodium dihydro-
gen phosphate (NaH2PO4, 119.98gmol−1) were used in this
study. All chemicals and standard solutions were of highest
purity and applied as delivery without additional modification
and were purchased from Macklin Biochemical Co., Ltd
(Shanghai, China), Loba Chemie Pvt. Ltd (Mumbai, India),
KasMedics Ltd, and Lab Equip Ltd (Dar es Salaam, Tanzania).

2.2. Preparation of the Novel Bagasse–Polymer–Silver
Nanoparticle Nanocomposites and Bisphenol A Solution.
Optimization protocols were implemented to synthesize
bagasse–polymer–silver nanoparticle nanocomposite
(AgNP-SB-βCD) adsorbent. Herein, sugarcane bagasse
(SB) material was thoroughly cleaned with water to elimi-
nate unwanted materials and then rinsed with distilled water
to remove other inorganic impurities. The clean SB was
cured for over 12h at 60°C and then milled to particle size
of 150μm. An accurate 1.5 g of SB was placed in vessel con-
taining a solution mixture prepared by mixing CA (4.5 g), β-
CD (9.0 g), and NaH2PO4 (0.95 g) in 200mL of distilled
water. The mixture was agitated and cured at 180°C for
30min to obtain bagasse-β-cyclodextrin (SB-βCD) poly-
mers as explained by Mpatani et al. [26]. Then, preparation
of colloidal silver nanoparticles (AgNPs) by reduction
method was performed in fume hood with minor modifica-
tion as described by Abdelwahab and Shukry [32]. 0.08mol
L-1 of AgNO3 solution was prepared and added (while stir-
ring) to a solution obtained by incorporating 1.0 g of PVP
into 200mL of ethanol. Then, N2H4·H2O solution
(0.02mol L-1) was added in drops with constant stirring to
the solution containing AgNO3 and PVP. The solution was
altered to pH8 by 0.1mol L-1 NaOH. Then, the formed solu-
tion was cured at 60°C under constant stirring till the solution
color changed to yellow (AgNP colloidal solution). The SB-
βCD polymer material was then introduced into colloidal
solution and agitated at 120 rpm for overnight to allow suffi-
cient amalgamation of AgNPs into polymer network of SB-
βCD. The resulting polymeric nanocomposites were then fil-
tered and cleaned with distilled water and cured at 60°C for
4h. The AgNP-SB-βCD nanocomposite adsorbent was then
stored in the container and used for adsorption process.

A concentrated solution of bisphenol A (BPA,
1000mgL−1) was prepared by placing 1 g of BPA into a 1 L
graduated flask containing a methanol : water solution (1 : 1
ratio). BPA working solutions were obtained by diluting a
concentrated BPA solution using distilled water to the desir-
able concentration. BPA solutions were regulated to pH of
2.0 to 11.0 using 0.1mol L-1 of HCl or NaOH solution.

2.3. Characterizations of Polymeric Nanocomposite
Adsorbent. The physicochemical properties of the novel
bagasse–polymer–silver nanoparticle nanocomposite
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(AgNP-SB-βCD) adsorbent were characterized with point of
zero charge (pH meter, Mettler Toledo FP30-standard),
Fourier-Transform Infrared Spectroscopy (FTIR, Laser class
1 Bruker Alpha with ATR), X-ray diffraction (XRD, Inxitu
BTX-231 Benchtop), scanning electron microscopy (SEM,
JSM-7600F Thermo NORAN System7), and Brunauer-
Emmett-Teller technique (Quantachrome NOVA 4200e
BET Analyzer, UK).

2.4. Batch Adsorption Experiments. An assortment of
adsorption factors including solution pH, adsorption tem-
perature, adsorbent dose, contact time, salt concentration,
and regeneration study was performed to assess the steadi-
ness and adsorption capacity of AgNPs-SB-βCD towards
removing bisphenol A. Batch adsorption experiments were
done by considering three approaches: (i) the use of different
temperatures (25, 35, and 45°C) at constant BPA concentra-
tion (100mgL-1) and AgNP-SB-βCD dose (0.01 g), (ii) the
use of different AgNP-SB-βCD doses (0.0025, 0.005, 0.01,
0.015, and 0.02 g) at constant BPA concentration
(100mgL-1) and temperature (25°C), and (iii) the use of dif-
ferent BPA concentrations (25–200mgL-1) at stable temper-
ature (25°C) and AgNP-SB-βCD dose (0.01 g). CaCl2 and
Na2SO4 solutions (0–0.1mol L-1) were employed to examine
the influence of ionic strength (salt concentration) on uptake
of bisphenol A. All adsorption experiments were performed
in water bath shaker at rotation speed of 140 rpm using dif-
ferent contact time (5, 10, 15, 30, 45, 60, and 120min). At
given time, the concentration of BPA in the supernatant
sample was measured at 276nm using a UV-Vis spectropho-
tometer (Hewlett-Packard Co. Palo Alto). The adsorption
capacity (qe) and removal efficiency (% P) of bisphenol A
at equilibrium were calculated from Equations (1) and (2),
respectively.

q =
V C0 − Ceð Þ

m
, ð1Þ

P =
C0 − Ceð Þ
C0

× 100%: ð2Þ

In general, 0.01 g of AgNP-SB-βCD nanocomposites,
100mgL of BPA, 10mL of BPA, pH7.0, adsorption temper-
ature of 25°C, and contact duration of 120min were used as
the optimal experimental parameters for adsorption and
regeneration studies.

2.4.1. Kinetic and Isotherm Determination. Adsorption iso-
therm and kinetic can assist in understanding the adsorption
affinity, surface chemistry of the adsorbent, the rate, and
mechanisms that control adsorption phenomenon [33].
Herein, pseudo-first-order (PFO) and pseudo-second-order
(PSO) models were employed to determine the kinetic study,
while Freundlich and Langmuir models were employed to
evaluate the equilibrium isotherms [1, 34]. The expressions
of isotherm and kinetic models are presented in Table 1.

2.4.2. Thermodynamic Approach. The domination of tem-
perature on BPA uptake was examined at 25, 35, and 45°C.
This thermodynamic study can help to understand the

adsorption behavior, interaction, and mechanisms
involved [26]. The Gibbs free change (ΔG0), change in
entropy (ΔS0), and standard enthalpy of the reaction
(ΔH0) were resolute using the subsequent equations.

Kd =
qe
Ce

, ð3Þ

ΔG0 = −RT ln Kd , ð4Þ

ln Kd =
−ΔH0

RT
+
ΔS0

R
, ð5Þ

where Kd (Lmg−1) is the partition coefficient of the
least BPA concentration, qe (mg g−1) is the uptake capac-
ity at equilibrium, Ce (mgL−1) is the equilibrium mass
concentration of the BPA, T (K) is the adsorption tem-
perature, and R (8.314 Jmol−1 K−1) is the molar gas con-
stant. The Van’t Hoff equation (Equation (5)) was
employed to find ΔS0 and ΔH0 from the intercept and
slope by sketching a graph of ln Kd versus 1/T .

2.5. Regeneration Approaches. Three desorption solutions
(0.1M NaOH, 0.1M HCl, and 75% ethanol) were used to
assess the adsorption performance (effectiveness, firmness,
and reusability) of nanocomposite adsorbent towards decon-
taminating bisphenol A from water systems. Desorption–
regeneration analysis is one of the important adsorption
procedures which can be applied to define the economical
and environmental perspective of the adsorbent [35]. In this
study, desorption and regeneration procedures were carried
out in quintuplicate. 0.01 g of AgNP-SB-βCD adsorbent
was put into 50mL Erlenmeyer flask having 10mL of
100mgL−1 BPA solution with pH7.0 and agitated at
140 rpm for 120min. After equilibrium time (120min), the
nanocomposite adsorbent loaded with BPA was then sepa-
rated by centrifugation and thoroughly washed with distilled
water and dried up at 60°C for 8 h. A dried AgNP-SB-βCD
was weighed up and put into Erlenmeyer flask having
10mL of desorption solution. The flask was shaken in a
water bath with rotation speed of 140 rpm at 25°C for
120min. AgNP-SB-βCD sample was centrifuged, cleaned
with distilled water, and cured at 60°C for 8 h. The desorp-
tion solution containing BPA was then measured at
276 nm to calculate the BPA concentration desorbed. These
approaches were carried out independently to all desorption
solutions (0.1M NaOH, 0.1M HCl, and 75% ethanol). The
desorption effectiveness (d) and regeneration effectiveness
(r) of AgNPs-SB-βCD were calculated from Equations (6)
and (7), respectively.

d =
md

m0
× 100%, ð6Þ

r =
qd
q0

× 100%, ð7Þ

where md is the weight (g) of AgNPs-SB-βCD desorbed, m0
(g) is the weight of the BPA left over on the AgNPs-SB-βCD
before desorption, q0 (mg g−1) is the uptake capacity of
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AgNPs-SB-βCD in the initial running experiment, qn
(mg g−1) is the uptake capacity of AgNPs-SB-βCD after
reused, and n is the sum total of regeneration cycles
performed.

2.6. Statistical Data Approach. Adsorption isotherm and
kinetic results were accomplished using nonlinear regres-
sion in Origin 8.5.1. Microsoft excel 2016 was applied in
advance to analyze the data. All tests were carried out in
triplicates (with the exception of regeneration analysis
which was done in quintuplicate), and the results were
expressed as mean ± standard error.

3. Results and Discussion

3.1. Characterization of AgNP-SB-βCD Nanocomposite
Adsorbent. Taking into consideration that adsorption pro-
cess is a surface incident, the nature of surface chemistry
and structure of adsorbent can considerably influence the
uptake of pollutants from water systems. The possession of
surface features (such as functional groups, pores, particle
sizes, and higher surface area) on adsorbent can attribute
to the removal of BPA [20]. Herein, characterization of
AgNP-SB-βCD nanocomposites was performed, and the
results obtained are discussed as follows:

3.1.1. Point of Zero Charge. Determination of adsorbent
point zero charge (pHpzc) is imperative as it helps to under-

stand the surface charge of adsorbent and an appropriate pH
medium that suit adsorption process [1]. Analysis of pHpzc
of AgNPs-SB-βCD was carried out with some modification
using drift method as described by Doczekalska et al. [36].
As shown in Figure 1, AgNP-SB-βCD nanocomposites have
pHpzc of 4.4. This indicated that, at pH solution < pHpzc
(acidic medium), the AgNP loaded onto nanocomposites
destabilized and aggregates causing lower uptake of BPA.
However, at pH solution > pHpzc, the embedded AgNPs
existed into two forms: oxidative dissolution state at neutral
pH medium or stable suspension at alkaline condition [37,
38]. The AgNPs-SB-βCD in the neutral pH solution had
higher removal capacity towards BPA due to the occurrence
of both adsorption and oxidative degradation of BPA.

3.1.2. FTIR Examination. FTIR analysis was carried out to
identify the functional groups that are accountable for
adsorption of bisphenol A onto polymeric nanocompos-
ites. The change of band position and intensities of SB-
βCD polymer after impregnation process were considered
to confirm the successful incorporation of AgNPs onto
bagasse–polymer. As appeared in Figure 2, the band inten-
sity of AgNP-SB-βCD spectrum had lessened due to the
integration of AgNPs. Moreover, the peak corresponding
to the stretching vibration of –OH has slightly decreased
from 3420 cm-1 (SB-βCD) to 3410 cm-1 (AgNPs-SB-
βCD). This suggests that there was an interaction (during

2 3 4 5 6 7 8 9

–4

–2

0

2

Δ
pH pHi

pHpzc = 4.4

Figure 1: Point zero charge of AgNP-SB-βCD nanocomposites.

Table 1: The expressions of isotherm and kinetic models applied to examine the uptake of bisphenol A onto AgNP-SB-βCD
nanocomposites.

Model Equation Description

Pseudo-first order qt = qe 1 − e−k1t
� �

k1 (min−1) is the specific rate constant of PFO; qe or qt (mg g−1) are
the uptake capacity at equilibrium or any time t.

Pseudo-second order qt = k2q
2
e t/1 + k2qet k2 (gmg−1 min−1) is the PSO reaction rate coefficient.

Langmuir qe = qmKLCe/1 + KLCe
qm is the highest uptake capacity (mg g−1); KL is associated to the

adsorption attraction of the binding energy (Lmg−1).

Freundlich qe = KFC
1/n
e

KF is the Freundlich constant (mg g−1)/(mg L−1)n and 1/n is the heterogeneity factor
indicating the affinity of the BPA to the AgNP-SB-βCD nanocomposite.
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impregnation process) between the bagasse–polymers’
hydroxyl groups and AgNPs to form linkages. In addition,
the new peaks on AgNP-SB-βCD spectrum at 2930, 2860,

1690, 1620, 1460, 1370, and 860 cm-1 designating the exis-
tence of silver nanoparticles capped on the surface of
bagasse–polymer [39].

(a) (b)

(c)

Figure 3: Scanning electron microscopy pictures present the morphology of (a) raw SB, (b) SB-βCD polymers, and (c) AgNP-SB-βCD
nanocomposites.
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Figure 2: FTIR spectra of SB-βCD polymer and AgNP-SB-βCD nanocomposites.
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3.1.3. SEM and BET Examination. Scanning electron
microscopy images of SB, SB-βCD, and AgNPs-SB-βCD
are presented in Figure 3. The surface morphology of SB is
appeared to be smooth with parallel fibers connected with
pith. However, after being crosslinked with β-cyclodextrin,
the SB-βCD became irregular, cracked, and possessed poly-
mer networks. The amalgamation of silver nanoparticles
with SB-βCD had resulted the formation of nanocomposites
(AgNPs-SB-βCD) that have the surface area, average pore
size, and total pore volume of 20.83m2g−1, 15.4 nm, and
0.061 cm3g−1, respectively (Table 2). The AgNPs seem to
increase the pore volume, surface area, and pore size of
bagasse–polymer. As reported by Mpatani et al. [26], SB-
βCD polymer adsorbent had a respective pore size, surface
area, and pore volume of 9.28 nm, 8.56m2g−1, and
0.0434 cm3g−1. As seen in Figure 3, the AgNPs are scattered
and clustered on the surface of AgNPs-SB-βCD. This means
that during impregnation process, AgNPs were diffused on
the surface of bagasse–polymer, breaking the fibrous net-
work of cellulose, dispersed in the polymer network, and
resulting bond formation between AgNPs and bagasse–poly-
mer. These interaction phenomena have led to development
of mesopores, micropores, and cracks. The nanostructure of
AgNPs together with the bond-breaking-bond-forming phe-
nomenon could contribute to the increasing of total pore
volume and surface area of AgNPs-SB-βCD. These interac-
tion incidents are consistent with the results reported by
Trinh et al. [40].

3.1.4. XRD Analysis. As seen in Figure 4, the peak intensity
of SB-βCD polymer adsorbent has increased after being
impregnated with silver nanoparticles (AgNPs). Besides,
the position of diffraction peak at 19.2° that attributed to
amorphous nature of SB-βCD polymer had slightly shifted
to 20.4° after impregnation process. In addition, three new
peaks were formed at 35.5, 43.6, and 63.7° which are, respec-
tively, attributed to crystal plane (111), (200), and (220) of
cubic Ag nanoparticles [41]. These AgNPs have relative
influences on altering bagasse–polymer signals. The shift of
the peak (from 19.2 to 20.4°), development of new peaks
(35.5, 43.6, and 63.7°), and formation of crystalline nature
of AgNPs-SB-βCD confirm the successful incorporation of
silver nanoparticles onto cyclodextrin polymer based on sug-
arcane bagasse.

3.2. Batch Adsorption Studies

3.2.1. Contribution of Contact Time on BPA Uptake. Adsorp-
tion experiments were conducted to assess the influence of
contact duration on the uptake of 100mgL-1 BPA onto

AgNPs-SB-βCD. At both temperatures, the adsorption equi-
librium for the uptake of BPA was attained within 120min
(Figure 5). However, approximately half of adsorptive–oxi-
dative capacity of AgNPs-SB-βCD on BPA has been
achieved in the first 5min, and afterward, the uptake became
slowly increased until the equilibrium was reached. At 25°C,
40.3, and 75.2% of 100mgL-1, BPA was eliminated from the
solution at 5 and 120min. This means that the active sites of
AgNPs-SB-βCD (through adsorption and oxidation pro-
cesses) were more accessible at the beginning of contact pro-
cess and then became occupied as the time goes.

Pseudo-first-order and pseudo-second-order models
were regarded to give the kinetic information on the removal
of BPA using AgNPs-SB-βCD. The values obtained from the
determined coefficient (R2), chi-square statistics (χ2), and
calculated adsorption capacity (qe calc.) were considered to
determine the best fitted kinetic model. The kinetic model
data and plotted curves are presented in Table 3 and
Figure 5, respectively. As it can be seen in Table 3, the calcu-
lated qe obtained from pseudo-second-order model at 25, 35,
and 45°C were moderately similar with experimental qe.
Moreover, the values of coefficient of determination (R2) of
pseudo-second-order model were higher (R2 > 0:98) com-
pared to that of pseudo-first-order (R2 < 0:89). In addition,
the chi-square statistics (χ2) values from the pseudo-
second-order model were relatively smaller, and the plotted
curves were closer to experimental points. This implied that
the adsorption kinetics for the uptake of BPA onto AgNPs-
SB-βCD was governed by PSO reaction.

3.2.2. Contribution of BPA Concentration on Adsorption
Capacity of AgNPs-SB-βCD and Isotherm Studies. The
sequestration of bisphenol A using 0.01 g of AgNPs-SB-
βCD was assessed at different mass concentrations of BPA
(25, 50, 75, 100, 125, 150, 175, and 200mgL-1) and temper-
atures (25, 35, and 45°C). The deviation between the uptake
capacity (qe) and equilibrium concentration (Ce) is shown in
Figure 6. At individual temperature, the uptake of BPA onto
AgNPs-SB-βCD was steadily improved with the increase of
bisphenol A concentration till the highest uptake capacity
of AgNPs-SB-βCD was reached. Increasing of BPA concen-
tration seemed to facilitate the interaction between AgNPs-
SB-βCD and BPA molecules. These results are comparable
with the findings described by Han et al. [42] and Aryee
et al. [43].

In this study, the adsorption isotherm data were fit to
Freundlich and Langmuir models using nonlinear regression
analysis. The chi-square statistics (χ2), coefficient of deter-
mination (R2), separation factor (RL), and fitted curves were
considered mostly to predict the best isotherm model that
governed adsorption phenomenon. It is apparent that the
experimental data on the fitted curves are much closer for
Langmuir than Freundlich model (Figure 6). Moreover,
Langmuir model had higher coefficient of determination
(R2 > 0:991) and lower chi-square statistics (χ2 < 1:3) at both
temperatures compared to Freundlich model (R2 < 0:970
and χ2 > 4:1) (Table 4). In addition, the RL values calculated
from initial concentration of BPA (C0 = 100mgL-1) were

Table 2: Textural characteristics of a novel bagasse–polymer–silver
nanoparticle nanocomposite (AgNP-SB-βCD) adsorbent.

Nanocomposite
absorbent

SBET
(m2g−1)

VM
(cm3g−1)

DP
(nm)

VT
(cm3g−1)

AgNPs-SB-βCD 20.83 0.022 15.4 0.061

SBET : BET surface area; VM : micropore volume; DP : pore diameter; VT : total
pore volume.
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less than unit (RL < 1). These results confirm that adsorption
isotherm is well governed by Langmuir model, and mono-
layer adsorption was occurred on the uniform surface of
AgNPs-SB-βCD.

In this present study, the maximum adsorption uptake of
AgNPs-SB-βCD for bisphenol A at 25, 35, and 45°C is 158.4,
149.1, and 141.2mgg-1 (Table 4). By comparing from the
study of Mpatani et al. [26], the adsorption capacity of
bagasse–polymer towards BPA (at 25°C) has improved from
121mg g-1 (SB-βCD) to 158.4mg g-1 (AgNPs-SB-βCD) after
amalgamation process. This increasing of adsorption capac-

ity is due to the incorporation of AgNPs that led the
improvement of surface features and functional moieties
on the bagasse–polymer, whereby all these together brought
adsorption and oxidation processes on BPA. In addition,
these polymeric nanocomposites (AgNPs-SB-βCD) have
demonstrated stability and reusability behaviors and possess
higher removal capacity compared with a number of adsor-
bents (including 2-vinylpyridine functionalized magnetic
nanoparticle, modified carbon nanotubes, magnetic nano-
particles, alfafa-derived biochar, molecularly imprinted
polymer, bagasse–polymer, and CTAB-walnut shell)
reported from the previous studies on removal of BPA from
water system (Table 5). Therefore, there is market compe-
tent on AgNPs-SB-βCD for BPA wastewater remediation.

3.2.3. Contribution of pH Solution on BPA Uptake. The pH
solution had a major influence on the characteristics of
bagasse–polymer–silver nanoparticle nanocomposites
(AgNP-SB-βCD) on removing BPA. The removal efficiency
of AgNPs-SB-βCD was lower at both acidic and alkaline
media (Figure 7). This might be elucidated by the, respec-
tively, existence of AgNPs in aggregation and stable suspen-
sion states [38], whereby the removal of BPA was mostly
governed by adsorption process through host–guest inclu-
sion and pore diffusion mechanisms. However, at neutral
medium, the uptake of BPA onto AgNPs-SB-βCD was much
enhanced due to the dissolution of AgNPs which brought
degradation of BPA. In this circumstance, the interaction
of BPA and nanocomposites was managed by both adsorp-
tion and oxidative degradation processes, consequently
resulted higher removal of BPA from water solution.

3.2.4. Contribution of AgNP-SB-βCD Dosage on BPA
Uptake. The impact of nanocomposite dosage on BPA
removal was carried out by altering AgNP-SB-βCD mass
and maintains other factors constant. Different masses of
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Figure 4: X-ray diffraction pattern of SB-βCD polymers and AgNP-SB-βCD nanocomposites.
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Figure 5: Contact duration influence on uptake of BPA onto
AgNP-SB-βCD nanocomposites (C0 = 100mgL-1, V = 10mL, and
m = 0:01).
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AgNPs-SB-βCD (0.0025, 0.005, 0.01, 0.015, and 0.02 g) were
put individually into Erlenmeyer flask containing 100mgL-1,
and then, adsorption process was done at 25°C. At equilib-
rium, the uptake capacity (qe) of AgNPs-SB-βCD towards
100mgL-1of BPA was appeared to diminish from 197.2 to
46.8mg g-1, while the removal effectiveness (% P) increased
from 49.3 to 93.7% with the raise of nanocomposite dosage
from 0.0025 to 0.02 g (Figure 8). The higher uptake capacity
(qe) was achieved when the AgNP-SB-βCD dosage was low.
This is because at higher dosage, most of the active sites
become vacant, resulting lower BPA uptake. The same facts
have been described in the studies by Ponnusami et al. [48],
Mpatani et al. [26], and Kani et al. [49].

3.2.5. Influence of Cations and Anions on BPA Uptake. Usu-
ally, the wastewater influents generated from the industries
are accompanied with enormous amount of ions. These ions
may greatly affect the performance of adsorbent for remov-
ing designated pollutants. Therefore, assessing the influence
of coexisting ions on BPA uptake onto AgNPs-SB-βCD is of
compulsory. The findings of this present study demonstrate
that the presence of CaCl2 in the water system can affect the
uptake capacity of AgNPs-SB-βCD on BPA. At 25°C, the
initial uptake capacity (75.2mgg-1) of AgNPs-SB-βCD had
decreased to 60.8 and 50.7mg g-1 when a respective CaCl2
concentration of 0.02 and 0.1mol L-1 was used. Both coexis-
tence ions (Ca–cations and Cl–anions) had positive effects of

Table 3: Kinetic data for the uptake of BPA onto AgNP-SB-βCD nanocomposites.

(a)

Temperature/°C qe measð Þ (mg g-1) PFO model qe theoð Þ (mg g-1) k1 × 10−1 (min−1) R2 χ2

25 75:2 ± 2:2 66:2 ± 5:7 1.27± 0.18 0.879 20.54

35 69:6 ± 1:7 58:1 ± 4:9 1.16± 0.16 0.872 25.76

45 64:5 ± 2:6 52:6 ± 3:6 1.06± 0.15 0.845 27.68

(b)

Temperature/°C qe measð Þ (mg g-1) PSO model qe theoð Þ (mg g-1) k2 × 10−3 (gmg−1 min−1) R2 χ2

25 75:2 ± 2:2 77:5 ± 1:8 2:19 ± 0:28 0.989 3.95

35 69:6 ± 1:7 71:4 ± 1:6 2:26 ± 0:25 0.991 2.94

45 64:5 ± 2:6 66:1 ± 1:4 1:95 ± 0:17 0.992 2.52

χ2 =∑ðqeðmeasÞ − qeðtheoÞÞ2/qeðtheoÞ, where qeðmeasÞ and qeðtheoÞ are experimental measured and theoretical calculated adsorption capacities, respectively.
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Figure 6: Adsorption equilibrium isotherms of BPA onto AgNP-SB-βCD nanocomposites.
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adsorption process. Ca2+ ions have affinity of resulting com-
plex formation with AgNPs-SB-βCD via interaction with
βCD cavities. This incident can reduce the adsorption per-
formance by lessening the adsorption sites of AgNPs-SB-
βCD for adsorbing BPA. The same phenomenon was

reported by Mpatani et al. [26] on SB-βCD polymer adsor-
bent. At the same time, the Cl- ions in solution can act as
inorganic ligands that strongly have affinity to oxidized
AgNPs into dissolution state [50, 51] and resulting oxidative
degradation of BPA. However, since adsorption incident

Table 4: The data of isotherm model parameters obtained on adsorption of BPA by AgNPs-SB-βCD.

Model Parameters
Temperature/°C

25 35 45

Langmuir

qm (mg g-1) 158:4 ± 5:1 149:1 ± 4:3 141:2 ± 7:5

KL (Lmg-1) 0:0176 ± 0:003 0:0296 ± 0:001 0:062 ± 0:005

R2 0.994 0.999 0.997

RL 0.362 0.253 0.138

χ2 1.273 0.144 0.584

Freundlich

1/n 0:416 ± 0:027 0:519 ± 0:032 0:574 ± 0:028

KF [(mg L-1)(Lmg-1)1/n] 18:81 ± 1:91 11:19 ± 1:33 7:44 ± 1:15

R2 0.962 0.958 0.954

χ2 4.454 4.263 5.851

RL = 1/ð1 + KLC0Þ where RL is the separation factor and C0 is the initial concentration of BPA (100mg L-1).

Table 5: Adsorption performance of different adsorbents towards bisphenol A removal.

Adsorbent pH Temperature/K qe/(mg g-1) Reference

AgNPs-SB-βCD 7.0 298 158.4 This study

2-Vinylpyridine functionalized magnetic nanoparticle 6.0–7.0 293 115.9 [10]

Modified carbon nanotubes 6.0 280 70 [44]

SB-βCD 7.0 298 121 [26]

Magnetite nanoparticles 6.0 303 4.785 [45]

Molecularly imprinted polymer — 298 40.31 [46]

CTAB-walnut shell 6.0 303 38.5 [13]

Alfafa-derived biochar (AF 650) 6.0 295 38 [47]
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Figure 7: Solution pH impact on uptake of bisphenol A onto AgNP-SB-βCD nanocomposites (C0 = 100mgL-1, V = 10mL, m = 0:01 g, T
= 25°C, and t = 120min).
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(through βCD cavities and mesopores) contributed much
for the uptake of BPA onto AgNPs-SB-βCD than oxidative
degradation (through AgNPs), therefore the adsorption
capacity of AgNPs-SB-βCD was reduced in the presence of
CaCl2 (Figure 9).

On the other side, the existence of Na2SO4 had a positive
effect of increasing the AgNP-SB-βCD capacity for eliminat-
ing BPA. According to the findings by Mpatani et al. [26],
Na2SO4 has a tendency of diminishing BPA solubility in the
solution; as a result, more BPA can be taken onto AgNPs-
SB-βCD through host–guest inclusion, pore filling effect, and

oxidative degradation process. At 25°C, the initial adsorption
capacity of AgNPs-SB-βCD (75.2mgg-1) had escalated to
79.8 and 88.3mgg-1 when a particular Na2SO4 concentration
of 0.02 and 0.1molL-1 was introduced (Figure 9).

0.000 0.005 0.010 0.015 0.020

40

60

80

100

120

140

160

180

200

220

qe
%P

Mass (g)

q e
 (m

g 
g–

1 )

40

50

60

70

80

90

100

%
P 

Figure 8: Influence of AgNP-SB-βCD dosage on uptake of BPA at 25°C.
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Figure 9: Influence of ion interference on uptake of BPA onto AgNP-SB-βCD nanocomposites (C0 = 100mgL-1, V = 10mL, m = 0:01 g,
T = 25°C, and t = 120min).

Table 6: Thermodynamic data on elimination of bisphenol A onto
AgNPs-SB-βCD.

ΔG0/(kJmol-1)
ΔH0/(kJmol-1) ΔS0/(J mol-1 K-1)

25°C 35°C 45°C

−5.83 −3.41 −2.38 −57.4 −173.7

10 Adsorption Science & Technology



3.3. Thermodynamic Study. Thermodynamic study stands as
among the important analyses in adsorption process. This
study can assist to know the adsorption behavior (nature)
and temperature that suits adsorption interaction. As shown
in Table 6, the negative Gibbs free change (ΔG0) values
imply the spontaneous comportment of adsorption phe-
nomenon [26, 52]. Since all ΔG0 values are less than
−20 kJmol-1, the interaction of BPA and AgNPs-SB-βCD
could be mostly controlled by physical adsorption [53]
through host–guest inclusion (van der Waals bonding). Neg-
ative enthalpy change (ΔH0) data suggests the exothermic
character of the adsorption incident, while negative entropy
change (ΔS0) value indicates the lessening of degree of ran-
domness at the interface of BPA and AgNPs-SB-βCD [44].

3.4. Regeneration Analysis. The tendency of an adsorbent to
be reused for removing pollutant can promote its practical
application and economical worth. This analysis can be used
to confirm the stability and effectiveness of adsorbent on
pollutant remediation [26, 54, 55]. According to the results,
75% ethanol had an uppermost desorption and regeneration
ability of 72 and 95%, respectively, followed by 0.1mol L-1

HCl solution. The slight lower desorption efficiency of
AgNP-SB-βCD nanocomposites (72%) could be explained
by the fact that not all BPA molecules presented in the aque-
ous solution were adsorbed via host–guest inclusion and
pore filling mechanisms, but some were disintegrated
(degraded) by the oxidative activity of AgNPs loaded onto
bagasse–polymer. Therefore, this 72% could represent the
BPA desorbed on AgNPs-SB-βCD from the total BPA con-
centration removed (adsorbed) by means of adsorption pro-
cess. AgNP-SB-βCD nanocomposites have possessed a
stable adsorption performance by not being affected greatly
by desorption process and have demonstrated a great
desorption and regeneration performances. Its regeneration
capacity was lessened by 5% after five succeeding cycles. This
confirms the market competition of AgNPs-SB-βCD
towards remediation of wastewater tainted with BPA.

3.5. Adsorption and Oxidation Mechanisms. The surface fea-
tures of AgNP-SB-βCD nanocomposites have played
momentous roles in adsorption mechanisms. Figure 10 is a
diagrammatic representation of the mechanism involved in
the elimination of BPA from water matrix. The adsorbate–

adsorbent interaction mechanism was mainly operated by
host–guest inclusion through involvement of van der Waals
bonding. The 2′ hydroxyl (–OH) groups on the beta-
cyclodextrin (β-CD) cavities of AgNPs-SB-βCD were
accountable for the uptake of bisphenol A through intermo-
lecular hydrogen bonding and resulted the formation of
inclusion complexes. These results are analogous to the find-
ings reported by Ragavan et al. [56] and Mpatani et al. [26].

In addition to host–guest inclusion, pore diffusion effect
has also participated in removing BPA from water matrix.
The presence of mesopores (15.4 nm) on AgNP-SB-βCD sur-
faces had caused the diffusion of BPA into the interior part of
polymeric nanocomposites; consequently, it brought adsorp-
tion process. On the other hand, oxidative dissolution of
AgNPs embedded onto polymers has initiated the degradation
of BPA. The dissolution incident of AgNPs assisted by poly(N-
vinyl pyrrolidone) can trigger the generation of HO. radicals
in the sunlight’s presence; as a result, it causes the decomposi-
tion of BPA through benzene ring cleavage [17, 57].

4. Conclusions

This research offers a comprehensive understanding on the
greener synthesis of an innovative bagasse–polymer–silver
nanocomposite adsorbent and its application in remediation
of emerging micropollutant–bisphenol A (BPA) from water
system. The process synthesis is reliable and sustainable
and approaches on a cleaner and facile route. The impregna-
tion of AgNPs onto bagasse–polymer material had increased
the surface features (active sites/species, surface area, pore
sizes, and cracks) and removal performance of polymeric
nanocomposites towards BPA. The uptake of BPA onto
AgNPs-SB-βCD is significantly dependent on the solution
pH. In this present study, pH7 had resulted the best removal
performance due to the simultaneous occurrence of both
adsorption and oxidative degradation processes. The kinet-
ics and isotherms of adsorption followed pseudo-second-
order and Langmuir models, respectively. The adsorption
incident was governed mainly by physical adsorption via
host–guest inclusion (van der Waals bonding) and pore fill-
ing effect. Besides, oxidative degradation had contributed
marginally on the removal of BPA due to oxidative dissolu-
tion of AgNPs at pH7. AgNP-SB-βCD had a maximum
uptake capacity of 158.4mg g-1 and was reused five times
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Figure 10: Illustration of the mechanisms for the BPA uptake onto AgNPs-SB-βCD.
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without substantial loss on its efficiency. This novel AgNP-
SB-βCD nanocomposite adsorbent had provided good
removal capacity and higher steadiness on BPA compared
to a number of adsorbents reported from the literature, con-
sequently substantiates its practical application by offering a
competition for BPA wastewater remediation.

Data Availability

All data generated and analyzed in this study are included
within the article.

Additional Points

Highlights. (i) Novel AgNP-SB-βCD was fabricated to elim-
inate bisphenol A from aqueous matrix. (ii) AgNPs-SB-βCD
had a highest uptake capacity of 158.4mgg-1on bisphenol A.
(iii) AgNP-SB-βCD possesses both adsorptive and oxidative
properties on bisphenol A. (iv) AgNP-SB-βCD nanocom-
posites are stable and reusable; this promotes their market
competition for remediation of BPA wastewater.
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