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odified sunflowers seed shells for
the removal of bisphenol A†

Bahdja Hayoun,*ac Saliha Bourouina-Bacha,b Marta Pazos, c Ma Angeles
Sanromán,c Hayette Benkhennouche-Bouchene,b Ourida Deflaoui,b

Nassima Hamaidi-Maoucheb and Mustapha Bourouinaa

In this present study, an abundant, available lignocellulosic biomass, sunflower seed shells, SSS, was used as

a precursor to prepare an effective eco-adsorbent by treatment with H2SO4. A study of the surface

characteristics of raw and acid-treated SSS (ACS) has shown that the addition of H2SO4 greatly affected

the physicochemical properties of the obtained eco-adsorbent, improving the BET surface area from

6.106 to 27.145 m2 g�1 and surface oxygen-rich functional groups. Batch experiments were performed

to assess the removal efficiency of a phenolic compound, bisphenol A (BPA), on the adsorbents. Several

parameters were evaluated and are discussed (contact time, pollutant concentration, adsorbent dosage,

and pH), determining that the adsorption efficiency of BPA onto SSS was notably improved, from 20.56%

to 87.81% when a sulfuric acid solution was used. Different canonical and stochastic isotherm models

were evaluated to predict the experimental behaviour. A dynamic study was performed based on the

models of reaction kinetics and those of mass transfer. The results showed that the adsorption kinetics

of BPA obey the fractal like-kinetic model of Hill for all experimental conditions. The equilibrium data are

well suited to the Hill–Sips isotherm model with a determination coefficient >0.999. The kinetic

modelling also indicates that the adsorption processes of BPA onto ACS are exothermic and proceed

through a physical mechanism. A mass transfer study, using simplified models, proved that the process is

controlled by intraparticle and film resistances to mass transfer of the BPA.
1. Introduction

Over recent years, the rapid increase in industrialisation and
development has seriously increased the environmental impact
in receiving water bodies, which is caused by the discharge of
huge quantities of industrial water containing highly toxic
organic and inorganic pollutants.1–3 This has a considerable
negative inuence on the health of the environment and
humans.2,4 Consequently, various industries such as primary
plastic, polymer, paper, mining, leather, paint, and pharma-
ceutical industries generate phenolic pollutants that are extra
toxic and need to be eliminated.3 Among the latter, bisphenol A
(BPA), is a stabiliser monomer classied as an endocrine dis-
rupting compound (EDC).1,5–7 Because of its extensive
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tion (ESI) available. See DOI:
applications, there is global contamination in general, partic-
ularly in aqueous environments, including various waters, such
as freshwater, seawater, and groundwater.4 BPA is a highly toxic
substance: it possesses carcinogenic andmutagenic activity and
it can accumulate in the human body through the food chain
causing dysfunction of the reproductive organs and, hence,
poses amajor security threat to the safety and health of all living
organisms.4,8–10 That is why there is an urgent need to develop
simple, easy, and efficient methods to remove BPA from the
environment.5,7

For this purpose, several water-treatment methods have been
developed for the elimination of BPA.7,8 Nevertheless, the
adsorption technique represents the most common approach
due to its high efficiency, easy operation, and the fact it does not
lead to the formation of toxic intermediate products.10–12

Although adsorption onto activated carbon is considered
a promising technique for the removal of a wide variety of
contaminants in wastewater, the high cost of activated carbon
production has limited its application at an industrial
scale.4,12,13 This limitation prompted researchers to scout for
alternative adsorbents from a wide variety of materials, like
waste and agricultural by-products, which are considered low-
cost, efficient, available, and highly abundant.3,14–16
© 2021 The Author(s). Published by the Royal Society of Chemistry
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In this context, a wide variety of adsorbents have been
developed to remove BPA from the aqueous phase, such as
pomelo peel, corncobs, Eucalyptus globulus and silkworm
excrement,16 miscanthus straw, wheat straw, sowood, seed
rape straw, sewage sludge, and rice husk,17 barley husk,18 argan
nutshells,19 and potato peel.20 Many of them have limitations
that make it necessary to explore other materials and to develop
techniques that increase their adsorption capacity. SSS, an
abundant, available, and non-toxic lignocellulosic biomass,
falls into this category. To the best of our knowledge, there have
been no studies for the removal of BPA using adsorbents
developed from SSS.

However, SSS as rawmaterial or derived activated carbon has
been used for the removal of dyes in water,21–23 metal ions,24 or
pesticides.25 Therefore, this study aims to develop a new eco-
adsorbent with better properties that can simplify the puri-
cation processes and make them less expensive. SSS has several
physicochemical properties that can result in signicant
adsorbent activity.22,23 However, it is known that the treatment
of lignocellulosic biomass with acid can lead to an increase and/
or improvement in the surface characteristics which is caused
either by a reduction in the cellulose, hemicellulose and lignin
content in the precursor, by an increase in the porosity of the
matrix or the surface area of the adsorbent or by the activation
of the functional adsorption sites which leads to an increase in
the binding capacity of the adsorbent to remove
adsorbates.16,22,26,27

For more than two decades now, the Brouers–Sotolongo
fractal kinetics model (BSf (n,a)) and General Brouers–Soto-
longo fractal isotherm models (GBS (a,b,c)) have been invoked
and used in some problems and especially in the modelling of
the adsorption solid–liquid process.28–34 The two most
commonly applied BSf models are Weibull (n ¼ 1) and Hill (n ¼
2) kinetics, which are the corresponding fractal-like models of
the canonical Pseudo First Order (PFO) and Pseudo Second
Order (PSO) models. In comparison to canonical models, widely
used in adsorption, for kinetic or equilibrium studies,
stochastic/fractal-like models offer greater exibility and are
based on phenomenological laws, taking into account the
heterogeneity of the adsorbent surface.35

Consequently, this work aims to enhance the adsorption
ability of BPA onto SSS by treatment with sulfuric acid, named
ACS. Therefore, the morphologies of SSS and ACS75 were
characterised, and the effects of sulfuric acid treatment and
other parameters such as adsorption time, BPA concentration,
adsorbent dosage or pH, on the elimination efficiency of BPA
were determined. The equilibrium and kinetic data were
modelled using equation tting of several classical and Bro-
uers–Sotolongo models to better understand the adsorption
mechanism of BPA onto the SSS adsorbent. Therefore, to our
knowledge, this is the rst comprehensive study that has eval-
uated the modelling of data using the Brouers–Sotolongo family
of models from the study of BPA adsorption onto SSS.

Besides, for all parameter determinations of kinetic and
isothermmodels, the use of the nonlinear regression performed
under Minitab 17 allows an easy and precise tting of the data.
© 2021 The Author(s). Published by the Royal Society of Chemistry
2. Materials and methods
2.1. Materials

SSS, purchased from a local store, was selected in this study
because of its high adsorption capacity and large surface area,
even in its natural state compared to other biomass.22,23

Bisphenol A (BPA) was chosen as a relatively hydrophobic
organic contaminant, and its chemical properties were purity >
98%, pKa 9.8–10.3, molecular weight 228.3 g mol�1, solubility in
water 300.0 mg L�1, Log Kow 3.2. Concentrated sulfuric acid
98% purity, density 1.84 g cm�1³, molecular weight 98.1 g mol�1

(supplied by Biochem Chemopharma) was used for the treat-
ment of SSS, and diluted solutions (0.1 M) of hydrochloric acid,
purity 37%, density 1.18 g cm�1³, molecular weight 36.5 g mol�1

(Sigma-Aldrich) and sodium hydroxide, purity 97%, molecular
weight 40 g mol�1 (Biochem Chemopharma) were used for pH
adjustment. All solutions were prepared with distilled water of
a conductivity of 1–1.6 mS.
2.2. Procedure for the preparation of adsorbents

SSS was repeatedly washed with distilled water (hot then cold
washing) to remove inorganic impurities, then ltered and
dried in an oven overnight at 333 K to reduce the moisture
content. Thereaer, the dried SSS was crushed and then sieved
to obtain a particle size # 0.3 mm. Chemical treatment of the
dry SSS was performed using sulfuric acid (H2SO4) (named ACS).
So, 2.5 g of the dried material was immersed in 50 ml of
different H2SO4 solutions: 25, 50, 75, 98% (v/v), at room
temperature and maintained under stirring for 1 d. The
different ACS were dried in the oven for approximately 24 h at
383 K. The black solid adsorbent was then washed using
distilled water (hot then cold washing) and the pH of the
washing water was measured until a pH of distilled water was
obtained to eliminate all acid and it was kept in an oven at 353 K
until it reached constant weight. Finally, the ACS adsorbents
named ACS25, ACS50, ACS75, and ACS98 were stored in
a desiccator for characterisation and later use in adsorption
experiments.
2.3. Characterisation methods

Different techniques were used to characterise the SSS and
ACS75. Fourier Transform Infrared Spectroscopy (FTIR) was
carried out using a 630 Cary infrared spectrometer (400 to
4000 cm�1) to characterise the surface functional groups of the
adsorbents.

The textural properties and BET surface area were estab-
lished by adsorption–desorption isotherms of N2 at 77.3 K,
using a surface area analyser Quanta Chrome Nova 2000e.

A liquid displacement method was used in order to measure
the real and apparent density, porosity, and porous volume of
these adsorbents.36

The pH of the zero point charge (pHZPC) of the adsorbents
was determined using the salt addition method.37
RSC Adv., 2021, 11, 3516–3533 | 3517
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2.4. Adsorption experiment

To assess the effect of SSS treatment on the BPA removal effi-
ciency, SSS and ACS (ACS25, ACS50, ACS75, ACS98) adsorption
experiments were performed. Based on previously published
work,38–41 we carried out preliminary tests and then set the
operating conditions: namely, concentration of BPA
(50 mg L�1), adsorbent dosage (1.5 g L�1), and pH (2) at room
temperature (298 � 2 K).

Once the most effective adsorbent for the elimination of BPA
was determined, the experiments were carried out at different
values of concentration (25–125 mg L�1) of BPA, adsorbent
dosage (0.5–2 g L�1), and pH (2–7) at room temperature (298� 2
K) and stirring speed (300 rpm). Therefore, all experiments were
performed by introducing a precisely weighed quantity of the
most effective adsorbent for BPA removal into a 250 ml Erlen-
meyer ask containing 150 ml of BPA solution at the required
concentration C0 (mg L�1). Samples were taken at different time
intervals ranging from 0 to 360 min, then the solution was
separated from the adsorbent using a Hettich brand centrifuge
at 6000 rpm for 3 minutes. The absorbance of the supernatant
solution was measured with a UV/visible spectrophotometer
(UV min-1240 Shimadzu) at the wavelength corresponding to
the maximum absorbance of the sample (lmax ¼ 276 nm). In
addition, all experiments were performed in duplicate; thus, all
data was calculated and the average values were taken to show
the results. The pH of the solutions was adjusted by adding
a small quantity of dilute solutions of HCl (0.1 M) or NaOH (0.1
M).

The uptakes of BPA at different times (t) and at equilibrium
were calculated using the following equations:

qt ¼ ðC0 � CtÞV
m

(1)

qe ¼ ðC0 � CeÞV
m

(2)

where qt and qe (mg g�1) are the uptake of BPA at time t and at
equilibrium, respectively. C0, Ct and Ce (mg L�1) are the initial
concentration, concentration at time t and equilibrium BPA
concentration, respectively, V is the volume of BPA solution
(mL), and m is the adsorbent dosage (g).

The removal efficiency (R%) of BPA from the aqueous solu-
tion was calculated from the following equation:

Rð%Þ ¼
�
C0 � Ct

C0

�
� 100 (3)

The average relative error (ARE) and the root mean square
error (RMSE) were calculated from the following equations:42

ARE ¼
XN
i¼1

|
qe;exp � qe;model

qe;exp
|
i

(4)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

�
qe;exp � q e;model

�2
N � p

vuut (5)
3518 | RSC Adv., 2021, 11, 3516–3533
where qe,exp and qe,model (mg g�1) are the adsorbed amount from
experimental data and that calculated from each model,
respectively. i is the rank of the experiment, N is the number of
experimental points and p is the number of model parameters.
The same relations of ARE and RMSE are used, whether for
isothermal or kinetic models.
2.5. Data analysis

2.5.1. Kinetic study. The kinetics of the adsorption process
make it possible to elucidate the intrinsic mechanisms thanks
to mathematical models — more or less empirical — charac-
terising the temporal evolution of the concentration of the
adsorbate. In the literature, several kinetic models have been
proposed, such as PFO and PSO, which are the most commonly
applied models.43,44 Based on statistical concepts from the
Kopelman theory,45–47 Broers and Sotolongo (BSf) have devel-
oped a generalised theoretical approach to describe fractal-type
kinetics. They have proposed a relationship for the instanta-
neous rate coefficient as a function of the characteristic time of
the process s (n,a), its fractional-order n and a fractal time
parameter called a which is a fractal time index.45 The param-
eter a is appropriate for the role played by h in Kopelman's
approach. The BSf (n,a) model relates the kinetics of adsorption
and fractal diffusion, equilibrium or irreversibility, and the
nature of the start and end of the procedure.45 The equations of
the canonical and the fractal models, as well as the expressions
of the corresponding half-adsorption times, are gathered in
Table 1.

The half-time of adsorption (t0.5 (min)) is the time required
to reach 50% of the adsorption at equilibrium, and it is used to
describe the time scale of adsorption kinetics. Its value is
calculated from the experimental curve qt vs. t and is also oen
used as a measure of the adsorption rate. Another criterion for
choosing the best kinetic model is the half-adsorption time
calculated by comparison with the experimental value.

To clarify the adsorptionmechanism, intraparticle48 and lm
diffusion49 models were applied to infer the limiting step in this
solid/liquid mass transport process (Table 2).

2.5.2. Equilibrium study. Adsorption isotherms are of great
importance for describing and understanding the distribution
of pollutant molecules between the adsorbent surface and the
liquid phase at a xed temperature.2 There is abundant litera-
ture on the application of classical-type isotherm adsorption
models. However, the latter are not very suitable for describing
heterogeneous systems, whereas stochastic isotherm models
are more suitable and useful for describing the very heteroge-
neous and complex systems. They are based on an adsorption
energy distribution model.33

On this basis, various classical and stochastic adsorption
isothermmodels were selected amongmany others to represent
the schemas of the evolution of the experimental data (Table 3).
The isotherm equations allow deductions, in addition to the
maximum quantities adsorbed by the surface of the adsorbents
and the equilibrium parameters, of the residual concentration
corresponding to half the initial value Ce.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Kinetic adsorption models based on reaction kineticsa

Models Equation in batch system Half time of adsorption Eq. number

PFO
qt ¼ qeð1� expð�k1tÞÞ ¼ qe

�
1� exp

�
� t

s1

��
t0.5 ¼ ln 2/k1 (6)

PSO
qt ¼ k2 qe

2t

1þ k2 qet
¼ qe

t=s2
1þ t=s2

t0.5 ¼ 1/k2qe (7)

BSf (n,a)

qt ¼ qe

0
B@1�

�
1þ ðn� 1Þ

�
t

sn;a

�a �� 1
n�1

1
CA t0:5 ¼ sn;a

�
2n�1 � ðn� 1Þ

n� 1

�1=a (8)

Weibull n ¼ 1
qt ¼ qe

�
1� exp

�
�
�

t

s1;a

�a�� t0.5 ¼ s1,a(ln 2)1/a (9)

Hill n ¼ 2

qt ¼ qe

�
t

s2;a

�a

1þ
�

t

s2;a

�a

t0.5 ¼ s2,a (10)

PFOf
qt ¼ qe

�
1� exp

�
� k1f t

1�h

1� h

��
t0:5 ¼

�ð1� hÞln 2

k1f

� 1
1�h

(11)

PSOf
qt ¼ qe

k2f qet
1�h

ð1� hÞ þ k2f qet1�h t0:5 ¼
�ð1� hÞ

k2f qe

� 1
1�h

(12)

a Where qe and qt represent the uptake at equilibrium and at time t (mg g�1), t is the contact time in the batch system. k1 (min�1), k1f (min�(1�h)) and
k2 (g mg�1 min�1), k2f (g mg�1 min�(1�h)) are the rate sorption constants of the PFO and PSO canonical and fractal models, respectively. sn,a, s1,a,
and s2,a (min) are the characteristic times of the process for the BSf, Weibull and Hill models, respectively, a is the fractional time index, h is the
fractal exponent, and n is the rate order.

Table 2 Kinetic adsorption models based on mass transfera

Kinetic model Equation Eq. number

Mathews and Weber
C ¼ C0 expð�SAkMWtÞ; SA ¼ 3ms

Rprpð1� 3pÞ
(13)

Furusawa and Smith C

C0

¼ 1

1þmsK
þ msK

1þmsK
exp
�
�
�
1þmsK

msK

�
KFSSAt

�
(14)

Weber and Morris qt ¼ kWM(t)
1/2 + c (15)

Short time approach
F ¼ 6

Rp

ffiffiffiffiffiffiffiffiffiffiffi
Dstt

p

r
(16)

Vermeulen
F ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� exp

 
� p2DVt

Rp
2

!vuut (17a)

Fractal-like Vermeulen
F ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� exp

 
� p2DVf t

1�h

Rp
2

!vuut (17b)

Homogeneous internal diffusion
model Dapp ¼ 0:003055

Rp
2

t0:5

(18)

a Where C is the concentration of the sorbate in the bulk of the solution; C0 is the initial concentration; F ¼ q/qe the fraction of attainment of
equilibrium at time t; Rp is the particle radius where the particle is assumed to be spherical, 0.015 cm; ms is the adsorbent mass per unit of the
volume of solution (g L�1); 3p is particle porosity; rp is the particle density (g L�1); SA is the external particle area per unit of the volume of
solution cm�1; kWM (mg g�1 min�0.5) is the internal diffusion constant and c (mg g�1) is the constant related to the external mass transfer
resistance in the boundary layer. kMW and kFS are the external mass transfer coefficient (m s�1) of the Mathews and Weber, and Furusawa and
Smith models, respectively. K is a constant (L g�1). Dst, Dapp, DV, and DVf (m

2 s�1) are the effective diffusion coefficient of the solute in the solid
phase given by the short time approach, homogeneous intraparticular, Vermeulen and fractal-like Vermeulen models, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 3516–3533 | 3519
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Table 3 Isotherm modelsa

Models qe Ce,0.5 Eq. number

Canonical isotherms
Jovanovich

qmJ

�
1� exp �

�
Ce

b

��
b ln 2 (19)

Langmuir KLCe

1þ KLCe
¼ qmL

�
1�

�
1þ Ce

b

��1� b(¼1/KL) (20)

Freundlich KFCe
1/nF — (21)

Temkin BT ln(KTCe) — (22)
D–R qmDR exp(�BD–R3

2) — (23)

Fractal-like isotherms
General Brouers–Sotolongo (GBS) (a,b,c)

qmGBS

0
B@1�

�
1þ c

�
Ce

b

�a ��1
c

1
CA b

�
2c � 1

c

�1=a (24)

Brouers Gaspard (BG)
qmBG

 
1�

�
1þ 0:5

�
Ce

b

�a ��2! bð2 ffiffiffi
2

p � 2Þ1=a (25)

Hill–Sips (HS)
qmHS

 
1�

�
1þ

�
Ce

b

�a ��1! b (26)

Brouers–Sotolongo (BS)
qmBS

�
1� exp �

�
Ce

b

�a� b(ln 2)1/a (27)

a Where Ce is the equilibrium concentration of the sorbate in the bulk of the solution, Ce,0.5 is the half-equilibrium concentration in the bulk
solution, qe is the uptake at equilibrium. qmJ, qmL, qmDR, qmGBS, qmBG, qmHS, and qmBS (mg g�1) are the maximum uptake of the adsorbent of the
Jovanovich, Langmuir, D–R, GBS, BG, HS and BS canonical and fractal isotherm models, respectively. KL (L mg�1) is the Langmuir constant. KF
(mg g�1) (L g�1)n and nF are the Freundlich constants, which are indicators of adsorption capacity and adsorption intensity, respectively. BT (J
mol�1) and KT (L g�1) are the Temkin constants. BD–R is the D–R constant. a and c of the GBS isotherm are the coefficients related to the form,
while b is a scale parameter. The coefficient a describes the shape and width of the adsorption energy distribution which is related to the
heterogeneity of the material.33,35 When the parameters a, b and c of the GBS model developed on a statistical basis have well-dened values, it
is easy to deduce the equations of the canonical isotherms (Langmuir, Freundlich, Jovanovich) and those bases on the fractal model (BS, HS
and BG). This unied general formulation makes it possible to pass easily from one to another of the models by using the same equation.35,45

Fig. 1 Evolution of removal efficiency of BPA by SSS and ACS using different H2SO4 dosages. Operating conditions: concentration of BPA:
50 mg L�1, adsorbent dose: 1.5 g L�1, pH: 2.0 and stirring speed: 300 rpm at T: 298 � 2 K.

3520 | RSC Adv., 2021, 11, 3516–3533 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Physicochemical characteristics of natural SSS and ACS75

Parameters

Values

SSS ACS75

Specic surface (m2 g�1) 6.106 27.145
Average pore radius (Å) 3.17330 4.22635
Total pore volume (cm3 g�1) 9.689 10.736
Porosity (%) 82.92 87.8
Porous volume (cm3 g�1) 2.217 20.902
Apparent density (g cm�3) 0.374 0.042
Real density (g cm�3) 2.189 0.344
pHZPC 7.14 4.6
SA (cm�1) ms ¼ 0.5 g L�1 — 2.383

ms ¼ 1 g L�1 — 4.766
ms ¼ 1.5 g L�1 0.802 7.148
ms ¼ 2 g L�1 — 9.531
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3. Results and discussions
3.1. Effect of acid treatment on the adsorption efficiency of
BPA

The effect of the quantity of sulfuric acid added as a chemical
activator on adsorbent efficiency is shown in Fig. 1. As one can
see, the SSS without treatment was able to remove just 20% of
BPA during 5 h, whereas the ACS removedmore than 60% of the
BPA from the solution. In addition, the removal efficiency of the
ACS for BPA was strongly dependent on the amount of sulfuric
acid added, showing a signicant increase in BPA removal
efficiency with increasing H2SO4 dosage. Thus, when SSS is
treated with H2SO4 at 75%, the adsorbent could remove nearly
90% of BPA from the solution. The signicantly improved
adsorption efficiency was mainly due to the addition of H2SO4

increasing the surface porosity and providing more sorption
sites.27 However, the use of an excess of H2SO4 (98%, pure acid)
caused a decrease in the removal efficiency to 68%. This fact
could be explained due to the excess of acid causing a disorder
in its porosity. Similar proles were observed by Guo et al.50 and
Girgis et al.,51 when they performed a study on adsorbents
prepared from palm shells impregnated with sulfuric acid and
sugar cane bagasse impregnated with several inorganic acids at
different concentrations, respectively. Considering these
results, the next experiments of this study were followed with
the best adsorbent ACS75.

3.2. Adsorbent characterisation

3.2.1. FTIR analysis. Infrared analysis was carried out for
natural SSS, and ACS75 treated before and aer adsorption of
BPA. The spectra are presented in Fig. 2. These show several
Fig. 2 FTIR spectra of raw SSS (black), ACS75 (red), and ACS75 after ads

© 2021 The Author(s). Published by the Royal Society of Chemistry
absorption peaks which provide information on the complex
nature of the materials. Furthermore, by comparing the spectra
of SSS and ACS75 without treatment, it can clearly be seen that
they are different. This difference is attributed to the effect of
sulfuric acid, as a slight difference was recorded between the
spectra of ACS before and aer adsorption of BPA. Therefore,
the wide absorption band that appeared at �3331 cm�1 for SSS
is strongly due to the hydroxyl group stretching vibrations.
Besides, the wide absorption band around 3300–2100 cm�1 for
the ACS75 adsorbent before and aer the adsorption of BPA is
also related to the stretching vibrations of the hydroxyl group,
and it can be noticed that the band is wider in the spectrum of
ACS75 aer adsorption of BPA, which is obviously due to the
orption of BPA (green).

RSC Adv., 2021, 11, 3516–3533 | 3521
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Fig. 3 N2 adsorption isotherm of ACS75.
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hydroxyl group of the BPA molecule. However, the peaks
detected at about 2912 and 2102 cm�1 on all three spectra could
be attributed to the bending and stretching vibrations of the
C–H bond.13,19,24 Also, the peaks around 1730–1500 cm�1 could
be assigned to stretching of the carbonyl group C]O (stretch-
ing vibrations in the ketone, aldehyde, lactone, and carbonyl
groups and the aromatic ring) and to the –NH of the amide
groups. We can also observe that the peak around 1575 cm�1 of
the ACS75 spectrum aer adsorption of BPA appears more
intense than in the ACS75 spectrum before adsorption of BPA.
This is related to the appearance of the aromatic ring of the BPA
molecule.13,52 The weak peaks that appeared around 1420–
1300 cm�1 were probably due to the vibration of the –CN bond.52

The peak detected around 1234 cm�1 for natural SSS was
assigned to the bending vibration of carboxylic groups, whereas
the peak at nearly 1156 cm�1 for ACS75 is strongly linked to the
Fig. 4 Variation of the half-time of adsorption with experimental con
concentration (mg L�1).

3522 | RSC Adv., 2021, 11, 3516–3533
SO3– stretching following the sulfuric acid treatment. This peak
is more intense in the spectrum of ACS75 aer adsorption of
BPA, which is probably related to the hydroxyl group of BPA.52,53

In both adsorbents, the peak at 1029 cm�1 can be assigned to
the valence vibrational binding of Si (Si–O).52,53 The weak peaks
that occurred between 450 cm�1 and 650 cm�1 could be due to
the deformation of the aromatic C–H bond.19

3.2.2. Physicochemical characteristics of adsorbents. The
BET surface and the different physicochemical characteristics
of SSS and ACS75 are summarized in Table 4. According to the
results shown in the latter, the determined BET surface area of
ACS75 (treated with sulfuric acid) is 4.5 times higher than that
of (natural) SSS, and the total pore volume and the other char-
acteristics were also much improved aer treatment with
sulfuric acid. Similar results have been reported in the litera-
ture. Indeed, Hu et al.54 treated corn cob biomass with sulfuric
ditions: (a): solution pH, (b): adsorbent dosage (g L�1), (c) BPA initial

© 2021 The Author(s). Published by the Royal Society of Chemistry
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acid, and they obtained a specic surface area of 163.57 m2 g�1

and a total pore volume of 0.072 cm3 g�1. While the biochar
without acid treatment or alkaline treatment (NaOH) gave a BET
surface area of 39.41 m2 g�1 and 6.88 m2 g�1, a total pore
volume of 0.017 cm3 g�1 and 0.0052 cm3 g�1, respectively. Islam
et al.55 also determined a specic surface area of 4.55 m2 g�1 for
pinecones treated with concentrated sulfuric acid, which was
about 0.098 m2 g�1 before treatment. Therefore, this indicates
that sulfuric acid treatment greatly improves the surface area by
increasing the porosity and active sites of the adsorbent surface.

Fig. 3 represents the isotherm of the adsorption–desorption
of nitrogen on the adsorbent ACS75 at 77 K. It can be seen that
the isotherm is type II according to the IUPAC classication.56

This corresponds to a dominant macroporous structure of the
adsorbent and the adsorption takes place in multiple layers.
3.3. Effect of contact time

In order to determine the equilibrium time required for
maximum BPA adsorption and time of half-adsorption,
adsorption experiments in discontinuous mode with ACS75
were performed according to various parameters: initial
concentrations of BPA, adsorbent dosage and solution pH,
operating in the range shown in Fig. 4.

BPA removal efficiency increased quickly in the initial stages
(from 0 to 100 min); while, beyond 100 min, BPA removal
progressively increases until equilibrium is reached at 300 min
with 87.8%maximum removal for a concentration of 50mg L�1.
This variation may be because, initially, a signicant number of
vacant active sites are available on the ACS75 surface, but aer
some time, the active sites will be occupied so that the surface
lls up.18 However, aer equilibrium (300 min) no important
change was observed in the removal efficiency of BPA, because
of the slow pore diffusion or saturation of the adsorbent.57
Fig. 5 Effect of initial BPA concentration on the removal efficiency and
speed: 300 rpm at T: 298 � 2 K.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The half-adsorption time t0.5 changes very little with pH or
modication of the initial concentration of BPA (Fig. 4).
However, it decreases very quickly with an increase in biomass
dosage. This result is probably related to the fact that the
availability of a large mass of particles in the volume of the
solution containing the BPA molecules offers the possibility of
faster xation on the surface. Thus, the increase in adsorbent
from 0.5 to 2 g L�1 shortens the half-adsorption time from 17 to
5 min.

3.4. Effect of initial BPA concentration

These adsorption experiments were realised with different
initial BPA concentrations from 25 to 125 mg L�1, keeping other
experimental conditions constant, such as the contact time (360
min), adsorbent dosage (1.5 g L�1), solution pH (2), stirring
speed (300 rpm), and temperature (298 � 2 K). According to
Fig. 5, the results show that the increase in initial concentration
reduces BPA removal efficiency from 86.9% to 75.99%. The
evolution of the adsorption efficiency, R% ¼ 100 (1 � [BPA]/
[BPA]0) depending on the initial BPA content, passes through
a maximum of 87.81% around a concentration of 50 mg L�1,
beyond which a gradual decrease to 76%, is recorded at
125 mg L�1. In fact, the decrease in the adsorbed fraction R% in
highly concentrated adsorbate solutions is probably due either
to the saturation of ACS75 sites relating to BPA or a phenom-
enon of aggregation of BPA molecules in solution, which could
thus form molecular clusters unsuitable for their attachment to
the adsorption sites.18 Nevertheless, the uptake of BPA
increased from 14.86 mg g�1 to 63.16 mg g�1 when the initial
concentration of BPA increased from 25 to 125 mg L�1. Let us
note in passing that as the quantity q is directly proportional to
([BPA]0 � [BPA]), it also increases proportionally with the zero-
time contents of BPA. Even if the residual content of [BPA]
increases with the initial concentration, this does not affect the
uptake at equilibrium time. Adsorbent: 1.5 g L�1, pH: 2.0 and stirring

RSC Adv., 2021, 11, 3516–3533 | 3523
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Fig. 6 Effect of adsorbent dosage on the removal efficiency and uptake at equilibrium time: BPA concentration: 50 mg L�1, pH: 2.0 and stirring
speed: 300 rpm at T: 298 � 2 K.
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value of q because it is related to the absolute and not the
relative difference in the concentrations. These results can be
attributed to several effects, such as the increase in the driving
force of the process, the massive use of the active sites of the
adsorbent and/or the competing effect of a greater number of
adsorbate molecules for the adsorbent binding sites.12,18,22
3.5. Effect of adsorbent dosage

The adsorbent dose is considered a major parameter from an
economic point of view, being ranked among the parameters
with the greatest effect on the adsorption process. Thus, several
runs were performed with four different dosages of ACS75 (0.5–
2 g L�1) with a solution of BPA (50 mg L�1), contact time
360 min, initial pH of BPA solution, and 300 rpm agitation
speed at room temperature (298 � 2 K). The experimental
Fig. 7 Effect of pH of the solution on the removal efficiency and uptake a
dose: 1.5 g L�1 and stirring speed: 300 rpm at T: 298 � 2 K.

3524 | RSC Adv., 2021, 11, 3516–3533
results, given in Fig. 6, show that the removal efficiency of BPA
increased from 56.71 to 90.06% when the dose of adsorbent
increased from 0.5 to 1.5 g L�1. This behaviour is very common
and has been reported in the literature. It is due to the increase
in the surface area of the adsorbent, so the number of adsorp-
tion active sites increases, which facilitates the adsorption of
BPA molecules on the adsorbent.57 However, the uptake
decreased from 57.07 to 22.54 mg g�1 when the adsorbent dose
was increased from 0.5 to 2 g L�1, which is also very common in
the literature. Similar proles have been observed for the
adsorption of BPA onto goethite/activated carbon composite57

and onto activated carbons impregnated with iron oxide
nanoparticles.58
t equilibrium time with: initial BPA concentration: 50mg L�1, adsorbent

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Finally the removal efficiency beyond 1.5 g L�1 of adsorbent
dosage is almost stable. For this reason, this dose has been
selected as the optimal adsorbent dosage for BPA removal.
3.6. Effect of pH and adsorption mechanism

Thus, the adsorption efficiency was evaluated in the pH range
2.0 to 7.0, keeping the other operating parameters the same.
The results are shown in Fig. 7. This shows that the removal
efficiency and the uptake of BPA were a maximum in an acidic
medium (pH 2) with values of 87.81% and 29.32 mg g�1,
respectively. While the increase in pH decreases the removal
efficiency and the uptake of BPA.

Regarding the effect of pH on BPA adsorption, uneven
results have already been reported in the literature.8,9,59 In this
study, it can be seen that electrostatic interactions do not affect
the adsorption of BPA on this adsorbent since the pHZPC of
ACS75 was 4.6, as listed in Table 3. Although BPA carries two
hydroxyl groups, at neutral pH it takes on a molecular form but
it undergoes protonation in an acidic medium and deprotona-
tion in a basic medium (pH > 7).60 Therefore, the electrostatic
interactions play no role in the adsorption of BPA on ACS75.
However, these results can be elucidated by the existence of
interactions between the bonds. In this case, two other
adsorption mechanisms may exist: p–p interaction and/or H
bonding, where the electrostatic repulsion is dominant. These
facts could probably be liable for the adsorption of BPA onto
ACS75.10,60

Therefore, the adsorption of the BPA molecule onto ACS75
can be produced on the one hand, between the aromatic rings
of the BPA molecules and the C]C double bonds of ACS75
through p–p electron coupling interaction. On the other hand,
it is known that the ACS75 surface is rich in oxygen groups: in
particular, the sulfonate groups (which are indicated by the
FTIR spectrum), which can form hydrogen bonds with the
hydroxyl group of BPA. Consequently, it can be assumed that
adsorption of BPA onto ACS75 could be produced because of
two types of adsorbent–adsorbate interactions, such as the p–p
interaction and hydrogen bonding.3,60 As a result, the maximum
adsorption of BPA onto ACS75 occurs at acidic pH (around 2).
3.7. BPA adsorption kinetics

Study of the adsorption kinetics is considered to be crucial for
describing the adsorption process. This latter in its turn allows
control of the equilibrium time and the mass transfer of the
adsorbate molecules. In comparison with model linearization
techniques, nonlinear tting using the Levenberg–Marquardt
algorithm executed under Minitab allows us to obtain much
better precision in the estimation of the kinetic parameters of
the models.

Therefore, the BPA adsorption onto ACS75 adsorbent was
processed with the aim of canonical kinetic models (PFO and
PSO), the Vermeulen model and also with fractal-like kinetic
models (Weibull, Hill, PFOf and PSOf) and the fractal Ver-
meulen model.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Besides, a model with higher R2 value and lower ARE and
RMSE values is considered a more appropriate model (see
Tables S1–S4 in ESI Results†).

A comparison of the kinetic model results shows that for the
fractal models, the determination coefficient R2 values are the
highest and the ARE and RMSE values are the lowest for all
operating conditions which suggests that the adsorption system
follows fractal-like kinetic models.

However, an examination of the half-adsorption times t0.5
and the uptake at equilibrium qe estimated by these models
shows the estimation for these two parameters compared to
conventional models. In particular, concerning the experi-
mental data obtained in a solution with a low concentration of
BPA (25 mg L�1), the estimated half-adsorption time tends to
innity and the value of qe greatly exceeds the experimental
value. However, the simulation of these data is perfectly relayed
by the Vermeulen model (fractal version) which allows deduc-
tion of an effective diffusivity three times higher compared to
that estimated for a solution of 50 mg L�1. This result suggests
that the adsorption of BPA from dilute solutions is limited by
mass transfer resistance and not by the surface process.
Consequently, models based on mass transfer are better suited
than those based on kinetics for the simulation of adsorption in
the case of diffusion limitation.

To clarify the adsorption mechanism, the mass transfer
resistance, in the liquid lm surrounding adsorbent particles
and in the internal porous structure of the solid, was evaluated
by the intraparticle diffusion and lm diffusion coefficients
using standard simplied models.

The model of Weber and Morris for intraparticle diffusion is
the third most common model applied to the kinetics of
adsorption. The parameters of this model calculated from the
multilinear curve q vs. Ot are reported in Table S5 (ESI Results†).
Fig. 8 exhibits two linear portions and as the 1st line does not go
through the origin; this indicates that the intraparticle resis-
tance is not the only one to control the adsorption process.
Similar results have been determined by Şenol et al.39 in a study
of BPA adsorption onto lichen biomass and by Supong et al.40 in
a study of adsorption of BPA by Tithonia diversifolia biomass
activated carbon.

The variation of the diffusivity of BPA in the porous particles
of the adsorbent follows the decreasing power law as a function
of the content of BPA in solution (Fig. 9). The apparent diffu-
sivity calculated from the half-adsorption time is approximately
twice as great as that calculated from the short adsorption time
Dst. This fact can be explained by the apparent diffusivity and its
contribution from diffusion in the pores and on the internal
surface, while Dst can be linked only to diffusion in macropores.
Thus, the external mass transfer in the lm is likely to rule the
adsorption process over a short time <15 min, while intra-
particle diffusion inuences the long-term process.

The model of the lm of Furusawa and Smith supposes the
existence of a solid–liquid equilibrium in the case where the
internal resistance is not the limiting stage. In the same way, the
Mathews and Weber kMW coefficient is based on an assumption
of rapid adsorption on the external surface so that the content
of the adsorbate is zero. The driving force of this speed of
RSC Adv., 2021, 11, 3516–3533 | 3525
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Fig. 8 Application of the Weber and Morris model to the adsorption data of BPA on ACS75 obtained under various initial concentrations of BPA:
ms: 1.5 g L�1, pH: 2 at T: 298 � 2 K.
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transfer in the lm is the difference in concentration between
the surface and the front of the liquid phase which is supposed
to be perfectly agitated. The decrease in these transfer coeffi-
cients as a function of the concentration is linked to the
decrease in the concentration gradient.

In the presence of a large quantity of adsorbent in solution,
the surface available for solid/liquid contact is large, which
facilitates the mass transfer between the bulk of the solution
and the surface. Dapp and Dst are higher in a solution containing
a large concentration of the suspension of particles because
mass transport is easier. However, the decrease in the external
coefficient kFS is because it is inversely proportional to the
external surface A, which is itself proportional to the concen-
tration of the suspension ms (Fig. 10).
Fig. 9 Experimental data obtained on the effect of the BPA concentratio
and on the mass transfer coefficient in the liquid film surrounding the ad

3526 | RSC Adv., 2021, 11, 3516–3533
The values of the apparent diffusivity Dapp in the adsorbent
treated particles vary from 0.69 to 2.1 � 10�12 m2 s�1, whereas
the short time diffusivity increases from 0.4 to 0.8 � 10�12 m2

s�1 for all operating conditions (Table S5†). Dapp is the apparent
diffusion coefficient that is related to the internal volume and
surface diffusion in the pores of the adsorbent particles, and its
values are calculated from the experimental time of half-
adsorption via the simple relation reported among others by
eqn (18) in Table 2.61,62

The Vermeulen equation applied to the data for the amount
of the fractions adsorbed vs. contact time for the whole exper-
imental conditions allows a determination of the intraparticle
diffusivity of BPA in the adsorbent. The results of the nonlinear
tting and the corresponding errors are gathered in Table S5.†
The values of Dv vary from 0.46 to 2.61 10�12 m2 s�1, which are
n on the evolution of the intraparticle diffusivity in the adsorbent (left)
sorbent particle (right). ms: 1.5 g L�1, pH: 2 at T: 298 � 2 K.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Experimental data obtained on the effect of the adsorbent dosage on the evolution of the intraparticle diffusivity (left) and the mass
transfer coefficient in the liquid film surrounding the adsorbent particle (right). BPA initial concentration: 50 mg L�1, pH: 2 at T: 298 � 2 K.
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close to the values of Dapp. The large adjustment errors of this
one parameter model prompted us to apply its fractal version (2
parameter model).

The molecular diffusivity of BPA in water is approximately
300 times greater than the apparent diffusivity, which indicates
the great resistance to the mass transport of BPA in the internal
porosity of the solid compared to its molecular diffusion in
a quiet liquid medium. The values of the Biot numbers lie
between 1 and 100, which also indicates that the global
adsorption process is governed by the two resistances. These
results agree with those in the literature.

The simulation results depicted in Fig. 11 show that the
fractal Vermeulen model is highly adapted to the whole time
dependence process.
Fig. 11 Application of the Vermeulen model and its fractal variant to
concentrations (left) and two adsorbent dosages (right). Experimental c
50 mg L�1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The fractal Vermeulen diffusivity (Fig. 12) decreased quickly
with time. When the contact time varies from 1 to 10 min, the
value of this diffusivity drops by 4 times.

This slowing down of the internal diffusion ux as the
contact time increases is certainly linked, still according to the
concept of fractal kinetics, to the fact that the solute molecules
rearrange themselves over time, which reduces the probability
of shocks between them or with the walls of the pores and
therefore their diffusion. On the other hand, the estimated
value of the coefficient Dvf is higher than the quantity of
adsorbent in suspension and the weakly concentrated BPA
solutions.

Fig. 13 shows the experimental and theoretical time evolu-
tion of the BPA uptake on natural SSS and ACS75. The
maximum uptake of BPA on the treated material is 4.2 times
the adsorption data of BPA on the adsorbent for two BPA initial
onditions: pH: 2 and T: 298 � 2 K, at left ms: 1.5 g L�1, at right [BPA]:

RSC Adv., 2021, 11, 3516–3533 | 3527
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Fig. 12 Variation of fractal Vermeulen diffusivity versus contact time for different initial concentrations of BPA (left) and for different adsorbent
dosages (right).
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greater than on the natural material, and the corresponding
half-adsorption time is 3/10 times shorter. This performance of
the treated adsorbent is linked to the increase in the pore
volume (9.2 times higher) and the specic surface (4.4 times
greater). The diffusion barrier to the passage of BPA molecules
is easily overcome. The simplied models of intraparticle
diffusion have also shown that the values of the characteristic
diffusivities of BPA in the material treated are approximately 3
times higher than those in the natural adsorbent. Likewise, the
application of models based on the kinetics of chemical reac-
tions, PFO and PSO, for adsorption on the two materials, made
Fig. 13 Application of PFO model and fractal-like kinetic model of We
conditions: [BPA]0: 50 mg L�1, ms: 1.5 g L�1, pH: 2 and T: 298 � 2 K.

3528 | RSC Adv., 2021, 11, 3516–3533
it possible to deduce rate constants 2.6 times greater in the case
of the adsorbent treated with acid.

Note that the application of the fractal models to the
experimental data obtained for the adsorption on the natural
SSS made it possible to deduce an alpha value of 0; the fractal
models of Weibull and Hill therefore merge with those of PSO
and of PFO, respectively. Indeed, before the acid treatment, it
can be assumed that the surface of this adsorbent is homoge-
neous and in this case, the classical models are perfectly suited
for simulating kinetic data.
ibull to the adsorption data of BPA on SSS and ACS75. Experimental

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Application of canonical (left) and fractal kinetic models (right) for BPA adsorption experimental data obtained in the batch system for
different BPA initial concentrations; other parameters: ms: 1.5 g L�1, pH: 2, T: 298 � 2 K.
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Fig. 14 and 15 show the evolution over time of the quantity
adsorbed for different initial concentrations of BPA and
different adsorbent dosages. The rate constants are functions of
the process conditions. Increasing the initial bulk concentra-
tion shows a decrease in these constants (see Tables S1 and S2,
ESI Results†). The parameters 1/k1 and 1/k2qe of both PFO and
PSO models, respectively, present the time scale for the
adsorption process to reach equilibrium; a longer time is
required if the initial concentration is higher (smaller k1 or k2).
In contrast, the PSO model is considered to be superior to the
other models, because most kinetic solid–liquid adsorption can
be well modelled by this model.
Fig. 15 Application of PSO and Hill's fractal kinetic model for BPA adsor
dosages; other parameters: [BPA]0: 50 mg L�1, pH: 2, T: 298 � 2 K. Left:
constant vs. time.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Observation of Fig. 14 and 15 clearly shows that fractal
models are better suited than canonical models for the dynamic
simulation of the adsorption process over the entire time range.
This is linked to the fact that these models with three param-
eters are more suitable than models with one or two parame-
ters. Furthermore, the factor a (or h) which takes account of the
fractal aspect of adsorption varies according to the operating
conditions. The fractal-like kinetic coefficients follow a law of
decrease as a function of time, which gives an account of the
local reality of the process. The rate of the process is always
higher at the beginning than at the end.
ption experimental data obtained in the batch system for different SSS
time variation of adsorbed amount; right: time variation of the Hill rate

RSC Adv., 2021, 11, 3516–3533 | 3529

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09137e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 5
/1

/2
02

4 
1:

36
:3

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
According to the literature, there are several studies on the
adsorption of BPA by biomass-based adsorbents whose kinetic
studies have been carried out with the most widely used clas-
sical kinetic models, such as the PFO, PSO, and intraparticle
diffusion models, the majority of whose BPA adsorption
kinetics follow the PSO model and sometimes the PFO
model.39–41,63,64 However, to our knowledge, no studies of fractal
kinetics have ever been performed on BPA adsorption by
biomasses.
3.8. BPA adsorption isotherms

In order to understand how the adsorbate interacts with the
eco-adsorbent, the experimental data of BPA adsorption onto
ACS75 were adjusted to the canonical isotherm models (Lang-
muir, Freundlich, Temkin, D–R and Jovanovich) and the fractal
like-type isothermmodels (GBS, BS, BG, and HS). The results for
the nonlinear tting are presented in Tables S6 and S7 (ESI
Results†).

The Langmuir model assumes monolayer adsorption on the
adsorbent surface that contains a nite number of identical
active sites. The separation factor of this model (RL) denes the
state of the adsorption process: if it is irreversible, favourable,
linear or unfavourable for (RL > 1) (RL ¼ 0), (0 < RL > 1), (RL ¼ 1),
respectively. According to the results obtained, the RL values
range from 0.299 to 0.827; which conrms the favourability of
BPA adsorption onto ACS75.2,18

The Freundlich model assumes multilayer adsorption by the
interaction between molecules adsorbed onto a non-uniform
surface adsorbent. The nF parameter of this model allows
determination of the adsorption efficiency. According to the
results, the value of nF is greater than 1, indicating that the BPA
is favourably adsorbed onto ACS75 over the entire concentra-
tion range studied.2,18
Fig. 16 Adsorption isotherms of BPA on adsorbent fitted by canonical mo
T: 298 � 2 K.

3530 | RSC Adv., 2021, 11, 3516–3533
The Temkin model is related to the heat of adsorption; it
assumes that the heat of adsorption of all molecules in the layer
would decrease in a linear way with an increase in the adsorbent
coverage. The constant BT of this model indicates the nature of
the adsorption reaction. The results show a BT value of 20.237 J
mol�1 (BT > 1 J mol�1), indicating that the BPA adsorption
process on ACS75 is exothermic in nature.2,18

However, the value of the adsorption energy E (kJ mol�1) of
the D–R model indicates the nature of the adsorption mecha-
nism. In the present study, E ¼ 0.36 kJ mol�1 (E < 8 kJ mol�1),
which indicates that the adsorption of BPA onto ACS75 unfolds
through a physical mechanism.2

The stochastic isotherm models are adapted to describe
highly heterogeneous and complex systems. They are based on
a sorption energy distribution model. It is possible to represent
an adsorption process involving materials with interesting
surface characteristics while assuming that the surface of the
adsorbent is constituted of a nite plot number of sites with
different energies of adsorption. In addition, it has been
demonstrated that the heterogeneity of thematerial was derived
from its chemical composition but also from its geometrical
structure, which is linked to different morphologies, such as the
size and shape of the pores.32,35,65 The parameter a describes the
fractal properties of a non-uniform system and its adsorption
mechanisms.35,65,66 While the parameter c is related to the
agglomeration on the adsorbent surface, it gives an idea of the
degree of heterogeneity of the adsorbent surface. Furthermore,
it has been shown that an increase in the c value indicates
a decrease in surface heterogeneity or the opposite.33

Fig. 16 illustrates the t of BPA adsorption data onto ACS75
at pH ¼ 2 by the models enumerated in the materials and
methods section (canonical: Langmuir, Freundlich, D–R, Jova-
novich, Temkin and fractal models: BS, GBS, BG, HS).
dels (left) and by fractal models (right) operating at pH: 2,ms: 1.5 g L�1,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Based on the R2, RMSE and ARE values, the adsorption
isotherm studies showed that the HS model is appropriate for
the experimental results obtained (R2 > 0.999, RMSE < 0.8, ARE <
0.05). Indeed, this model is a combined form of Langmuir and
Freundlich expressions inferred to predict the heterogeneous
adsorption systems and circumvent the limitation of the
increase in adsorbate concentration associated with the
Freundlich isotherm model. At high adsorbate concentrations,
it predicts the Langmuir monolayer adsorption characteristics,
while, at low adsorbate concentrations, it reduces to the
Freundlich isotherm.67

The parameter a gives the measure of the scale properties of
the adsorbent surface, its tting value a ¼ 1.2 > 1 is related to
rapid initial adsorption as it may also indicate that adsorption
to active sites is not monomolecular. The parameter c ¼ 1 is
related to the grouping of SSS particles to form agglomerates
and also to the fractal distribution of the pores.

As a comparison, Şenol et al.39 have found that the adsorption
isotherm was more consistent with the Langmuir and Redlich–
Petersonmodels with two and three parameters, respectively, and
in a study of BPA adsorption onto lichen biomass, Supong et al.40

have determined that the adsorption of BPA by Tithonia diversi-
folia biomass-based activated carbon is more correlated with the
Langmuir isotherm model. In contrast, Juhola et al.41 have
determined that the Sips isotherm is the most appropriate model
for all adsorbents in a study of BPA adsorption onto biomass-
based carbons, and Hernández-Abreu et al.63 have determined
that the adsorption of BPA by Kra lignin-based activated carbon
is more correlated with the Sips model.

4. Conclusion

In this work, a novel eco-adsorbent modied with sulfuric acid
(ACS75) was successfully prepared for BPA removal. First, the
effect of acid treatment was evaluated; the best percentage by
volume of H2SO4 was determined to be 75% (v/v). This caused
a noteworthy improvement in the physicochemical properties
of the SSS. A signicant increase of 6.106 to 27.145 m2 g�1 was
noted in the specic surface area. However, the adsorption
efficiency of BPA has been remarkably increased, from 20.56%
for raw SSS to 87.81% for ACS75 under conditions of 50 mg L�1

BPA concentration, 1.5 g L�1 adsorbent dosage and pH ¼ 2 at
room temperature (298 � 2 K).

The isotherm and kinetic model analysis revealed that the
classical models, which assume time-invariant kinetic
constants and diffusivities, are not adapted for the simulation
of BPA adsorption onto SSS. In this framework, only the
stochastic models (the kinetic model of Hill and isotherm
model of HS) are applicable for these heterogeneous diffusion-
limited processes. Also, it was found that the adsorption
process was controlled by external mass transfer in the earlier
stages (mean value of mass transfer coefficient of about 10�5 cm
s�1) and by intraparticle diffusion in the later stages (mean
value of Dapp of about 10�8 m2 s�1).

Consequently, the used treated SSS showed excellent
adsorptive characteristics for the removal of BPA from an
aqueous solution.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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