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ABSTRACT

The present study investigates the adsorption of bisphenol A (BPA), a well-known endocrine dis-
ruptor and widespread pollutant in the aquatic environment, using bentonite clay (Ben) and ben-
tonite-carbon nanotubes composite (Ben-CNT) as adsorbents. In the study of adsorption iso-
therms, the initial concentrations of BPA in water were 1 and 2 mg/L, while for the kinetic study
it was 1 mg/L. The kinetics data correlated well to a pseudo-second-order reaction, with Ben and
Ben-CNT reaching equilibrium in around 60 and 180 min, respectively. Isothermal data fitted well to
Freundlich and Dubinin-Radushkevich models, while the Langmuir model did not provide suitable
fitting. The resulting adsorption capacity was about 1.56 and 29.61 mg/g for bentonite and bentonite-
carbon nanotubes composite, respectively. The removal percentage of BPA was improved from
about 24% for bentonite clay to 87% for bentonite-carbon nanotubes composite for adsorbents dose
of 0.25 g/100 mL. This improvement was due to the large specific surface area of carbon nanotubes

and the availability of large number of active groups for binding pollutants.
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1. Introduction

There is no doubt that continuous urbanization and
industrialization have disrupted the natural equilibrium of
the ecology. As a result, access to safe and clean drinking
water has become significantly more difficult, particularly
in third-world countries. According to estimates, water-
borne illnesses kill around 200 million people each year
[1,2]. For example, xenobiotics such as pesticides, drugs,
endocrine disruptors, personal care products, polycyclic
aromatic hydrocarbons and other chemicals are entering
natural water resources daily [3-5]. Bisphenol A (BPA) is an
example of an endocrine disruptor that has been widely pro-
duced as a result of a variety of industrial processes, includ-
ing petroleum refining, plastic production, phenolic resin
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production, pharmaceutical manufacturing, coal conversion,
wood preservation, metal coating, and textile dyeing [6,7].

Phenolic compounds are classified as noxious pollut-
ants due to their highly toxic and carcinogenic nature [8,9].
Therefore, their presence in water systems is extremely
dangerous to public health and the environment [10,11].
The U.S. Environmental Protection Agency has determined
that the content of phenol in potable and mineral waters is
0.5 ppb, but the content of phenol in wastewater discharges
is between 0.5 and 1.0 ppm [12]. BPA has been identified
as a possibly priority or priority hazard substance in the
Water Framework Directive [13].

As a result, developing advanced treatment techniques
and materials for the effective elimination of BPA from
water is critical. Several techniques such as adsorption,
membrane filtration, and advanced oxidation processes
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have already been developed and implemented to reduce
organic pollutants such as bisphenol A [1].

Due to its simplicity, great efficiency, cost-effectiveness,
and lesser secondary pollution to the environment, adsorp-
tion has been regarded as one of the most appealing treat-
ment options for phenol removal from contaminated water
[14-17]. In the adsorption process, the adsorbent type and
its properties play an important role. Adsorbents such as
activated carbon, carbon nanotubes and graphene oxide are
considered as the most effective adsorbents for the removal
of phenolic compounds from water due to their large spe-
cific surface area and functional groups [18-24]. On the other
hand, a special effort has been made to use unconventional
adsorbents such as waste material or natural clays [25].
Such adsorbents are cheaper and more environmentally
friendly, however their adsorption capacity for phenolic
compounds is lower. Therefore, different thermal or chem-
ical modifications have already been employed to improve
the specific surface area of these adsorbents [26]. Another
solution is to fabricate a composite adsorbent combing
properties of two different adsorptive materials such as a
polymer with nanoparticles [27]. A novelty of this study is
to use a bentonite-carbon nanotubes composite (Ben-CNT)
for the removal of BPA from water.

Ben-CNT composite was prepared using a quick and easy
method which avoided the use of harsh chemicals or high
temperature. The adsorbent dose also was studied during
the adsorption process, as well as the adsorption kinetics
and isotherms.

2. Materials and methods
2.1. Materials

All the chemical materials used in this study were
purchased as analytical grade reagents. Egyptian benton-
ite (Ben) powder was obtained from the Northwestern
Egyptian coast and was supplied by the Egypt Bentonite
& Derivatives Company (Alexandria, Egypt). The chem-
ical composition of Ben was measured by X-ray fluores-
cence using an AXIOS PANalytical 2005 Instrument, where
the following compositions were obtained: (in percent-
age by weight) SiO, - 51.33 wt.%, ALO, - 17.64 wt.%, CaO
- 6.19 wt.%, Fe,O, — 4.19 wt.%, Na,O - 2.96 wt.%, MgO -
2.67 wt.%, LOI - 11 wt.%, and traces of TiO,, K,0 and P,O,.
Unmodified single-walled carbon nanotubes (SWCNTs)
with length 5-30 nm and outer diameter <2 nm (purity 99%)
were obtained from Chengdu Organic Chemistry Co., Ltd.,
(Chengdu, China). Deionized water was taken directly from

Table 1
Properties of micropollutant

Ultrapure Lab Water Systems (Rephile Bioscience Shanghai,
China). Acetonitrile (ACN), methanol (MeOH) and nitric
acid (HNO,) were purchased from Avantor Performance
Materials (Gliwice, Poland). BPA was purchased from
Sigma-Aldrich (Poznan, Poland), where its physiochemical
characteristics are compiled in Table 1.

2.2. Preparation of bentonite-carbon nanotubes composite

The Ben-CNT composite was prepared from Ben and
SWCNTs (with a weight ratio of 60:40) by previously devel-
oped methods for the preparation of clay-carbon nanotubes
composite adsorbents [25]. In the first step, 18 g of Ben
(particle size ~0.1 mm) was mixed with 12 g of SWCNTs.
Then, 10 mL of 1% nitric acid solution containing Brij sur-
factant (4 g/L) was added to the powder mixture of Ben and
SWCNT and mixed with magnetic stirrer at 150 rpm for
30 min. Next, the grease was heated for 120 min at 250°C in
an oven. After cooling, the solid was crushed into a powder
and sieved with a pneumatic siever (Multiserw, Lubliniec,
Poland) to obtain a grain size of 0.3 mm.

2.3. Characterization of adsorbents

The surface morphology of Ben and Ben-CNT compos-
ite were analyzed by scanning electron microscopy (SEM)
using a JSM 6360LA instrument (JEOL, Japan). The struc-
tural properties of the adsorbents were determined by mea-
suring the surface area and pore size distribution using
the low temperature nitrogen adsorption and desorption
technique according to the Brunauer-Emmett-Teller (BET)
method. Nitrogen adsorption—-desorption measurements
were conducted at 77 K by means of a volumetric adsorption
analyzer, ASAP 2010 (Micrometrics, USA).

2.4. Adsorption experiments

In this study, three types of adsorption experiments were
performed to evaluate: (1) the removal percentage of BPA,
(2) the adsorption kinetics of BPA, and (3) the adsorption iso-
therms of BPA. All adsorption experiments were performed
using an incubator shaker at 200 rpm and 20°C. The pH of
the feed water was equal to 6.5. After shaking, the adsor-
bent samples were separated from the liquid by filtration.
To ensure quality assurance, each experiment was repeated
in duplicate, and the results presented in this paper are the
mean and standard deviation (error bars) of each exper-
iment. More detailed descriptions of conducted experi-
ments is presented below.

Compound Chemical structure Molecular mass® (g/mol)  logK_ *(-) Solubility in water
20°C* (mg/L)
Bisphenol A 228.29 34 300

HyC. CHy

“Data obtained from: https://pubchem.ncbi.nlm.nih.gov
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2.4.1. Testing the effect of adsorbent type and dosage on
removal percentage of BPA

The effect of adsorbent type and dosage on the removal
percentage of BPA was studied by shaking a feed solution
containing 1 mg/L of BPA with various adsorbent dosages
(0.1-0.25 g/100 mL with step 0.05) in batch experiments.
The removal percentage (R) of adsorbate was calculated
using Eq. (1):

R= °C L %100 (1)

0

where C, and C, are the initial and final concentrations of
BPA in mg/L, respectively.

2.4.2. Testing a kinetics of adsorption of BPA

Next, kinetic experiments were carried out for the Ben
and Ben-CNT composite. Specifically, 0.1 g of adsorbent was
added to a 250 mL Erlenmeyer flask containing 100 mL of
feed water with 1 mg/L of bisphenol A. The adsorbent sam-
ples were separated from the liquid by filtration at 5, 10, 15,
30, 45, 60, 120, 180, and 240 min time intervals. The equi-
librium amount adsorbed, Q, (mg/g), was calculated from

Eq. (2).

(C,-C,)xV

m

Q.= @)

where C; and C, are the initial and equilibrium concentra-
tions of BPA in mg/L, respectively, m is the mass of adsor-
bent in grams (g), and V is the volume of the feed water in
liters (L). The experimental data was analyzed using the
pseudo-second-order kinetic model, as given in Eq. (3).

L1 7t L 3)
Q k(@) <
Table 2

Different adsorption isotherms

where Q, is the amount of BPA adsorbed in mg/g at equi-
librium at time t, and K, is the pseudo-second-order con-
stant (with units g/(mg-min). Furthermore, based on the
pseudo-second-order model, the half adsorption time,
t,, (min), and the initial adsorption rate, & (mg/(g-min)),
were calculated using Egs. (4) and (5), respectively.

1

by = ——
1/2 KZQE

4)

h=K,Q: (5)

2.4.3. Testing the adsorption isotherms

Isotherm adsorption experiments were conducted with
an initial BPA concentration of 1-2 mg/L (as two differ-
ent concentrations), where the concentration of the adsor-
bents varied from 0.05 to 0.25 g/100 mL. The experimental
data was fitted by three adsorption isotherm models which
were the Langmuir model, the Freundlich model, and
the Dubinin—-Radushkevich model. Each model is briefly
described in Table 2 [19,20].

2.5. Water quality analysis

The concentration of BPA was measured by gas chro-
matograph (GC) using a 6500GC System GC-FID, Y1
Instrument Co., Ltd., (Hogye-dong, Anyang, Korea). The
instrument was equipped with a 30 m x 0.25 mm inner diam-
eter SLB® 5-ms fused silica capillary column of 0.25 um
film thickness (Sigma-Aldrich). Helium 5.0 was used as
the carrier gas. Chromatographic analysis of BPA was
performed using a temperature program for the column
oven ranging from 80°C to 320°C. The injector tempera-
ture was set at 240°C. Before analysis, the compound was
extracted from the samples via solid phase extraction (SPE)
(phase C18, Supelco), according to a previously developed
method [28].

Isotherm Langmuir Freundlich Dubinin-Radushkevich

model

Assumptions Assumes monolayer Describes adsorption on heteroge- Applies to adsorption systems involving
adsorption, where molecules neous surface energy systems. The only Van der Waals forces and is especially
interact only with the surface model has significant importance useful for describing adsorption on a
of the sorbent for chemisorption and some cases of =~ microporous adsorbent

physisorption
_ 1 1 1 1 1 ;

Equation o = 0K C + o logQ, =logK, + ;log C. InQ, =Ina,, —E*-¢€

Equation Q,, (mg/g) is the maximum K, ((mg/g)(L/mg)") is the Freundlich  a_, (mg/g) is the amount of adsorbate that

parameters  adsorption capacity and adsorption coefficient and # is the can be adsorbed in micropores (this can

K, (L/mg) is the Langmuir
fitting parameter.

number describing surface heteroge-
neity and sorption intensity

be obtained by plotting InQ, as a func-
tion of €?), E (k]J/mol) is the adsorption
energy and ¢ is the adsorption potential
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3. Results
3.1. Material structure

The SEM morphology of Ben and Ben-CNT is presented
in Fig. 1. Raw bentonite contains rock-like macromole-
cules with rough and heterogeneous surfaces (Fig. 1a). The
structure of Ben is more compact compared to Ben-CNT.
Additionally, in Ben-CNT, the carbon nanotubes are clearly
visible on the surface (Fig. 1b). Due to the small diameter
of SWCNT (2 nm) and the relatively high porosity of Ben,
the SWCNT can also be located within the Ben structure.

Our previous study with Ben and Ben-CNT showed
that specific surface area increased from 30.3 to 80.9 m?/g
after adding SWCNT to Ben while the total volume of pores
increased from 0.06916 to 0.18394 cm?®/g. Additionally, the
pore size was decreased from 2.1438 to be 1.3781 nm [25].
The decrease in pore size of Ben-CNT compared to Ben
was attributed to microporous structure of SWCNT. In
other words, 40 wt.% load of SWCNT increased micropo-
rosity of Ben-SWCNT. From the results obtained in these
measurements, it is clear that Ben-CNT has better sorption
properties than Ben. In other words, it was worthful to use
40 wt.% of SWCNT to improve the properties of composite.
The adsorption potential of clay adsorbents is usually lim-
ited due to the low specific surface area. On the other hand,

carbon nanotubes are expensive materials but have superior
functional properties which results in the high adsorption
efficiency. Thus, combining bentonite with carbon nano-
tubes in composite material resulted in novel and attrac-
tive adsorbent with optimum qualifications regarding to
economic feasibility and removal efficiency.

3.2. Effect of adsorbent type and its dose on removal
percentage of BPA

As seen in Fig. 2, the adsorption of BPA was much
higher on Ben-CNT compared to the adsorption found on
pure Ben. It is also clear that the amount of BPA removed
increases with increasing adsorbent dose. This is because
a higher dose provides a higher specific surface area, and
therefore more active adsorption sites [21]. More specifically,
the adsorption of BPA increased from 10% to 24% on Ben
and from 70% to 87% on Ben-CNT with an increasing dose
from 0.1 to 0.25 g/100 mL.

3.3. Adsorption isotherms of BPA on Ben and Ben-CNT

In this study, the equilibrium data obtained for the
adsorption of BPA by Ben and Ben-CNT was analyzed
by Langmuir, Freundlich,

and Dubinin—-Radushkevich

Fig. 1. SEM images of (a) Ben and (b) Ben-CNT. SWCNTs are visible in (b) as pointed out by red arrows.

1009 wBen mBen-CNT
90 A
80
70 A
60
50
40 A

Removal of BPA, %

30
20 4
10 4

0 +
0.1 0.15

0.2 0.25

Adsorbent dose, g/100 mL

Fig. 2. Effect of adsorbent type and its dose on removal percentage of BPA (C,=1 mg/L).
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equations. In Fig. 3, only Freundlich and Dubinin-
Radushkevich isotherms are presented since they described
the isothermal data well, while the Langmuir model did
not provide good fitting. In other studies, the interaction
between BPA and adsorbents was well described by differ-
ent models and was mainly attributed to adsorbent type and
its properties [29]. For example, the Freundlich and Temkin
models best fitted the isotherm data for the work of Sudhakar
et al. [21], with the Freunclich model also being used by the
study of Cai et al. [10] to describe the adsorption isotherm
of BPA on hydroxypropyl-p-cyclodextrin polymer. In con-
trast, the Langmuir model closely matched the adsorption
isotherm data using porphyrinic porous organic polymer

S oo oo
[\ I s T NS SN S )
‘

041 o ¢

log Q,, mg/L

o
=

-0.8
-1.0
-1.2 T T

-1.0 -0.8 -0.6 -0.4

y=1.1669x +0.5507

as an adsorbent by the study of Lee et al. [30], and was also
used by Soni and Padmaja [16] on their isotheraml data.

The parameters calculated from the Freundlich,
Langmuir, and Dubinin—-Radushkevich models are pre-
sented in Table 3. From the values of K, (Freundlich con-
stant) and a_, (adsorption capacity), it was identified that
Ben-CNT exhibited better potential than Ben to remove
BPA which, again, can be linked to the higher specific sur-
face area of Ben-CNT composite along with its greater
pore volume and smaller pore size. If parameter n from
Freundlich model has a value lower than 10, this indicates
that adsorption occurs on heterogeneous surface. This is in
good correspondence with SEM images which show a high

¢ Ben

¢ Ben-CNT

y =1.0275x - 0.9175 *00 e

e

-0.2 0.0 0.2 0.4

log Ce, mg/L
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Fig. 3. Adsorption isotherms on Ben and Ben-CNT using (a) Freundlich and (b) Dubinin-Radushkevich (C, = 1-2 mg/L, adsorbent

dose: 0.05 to 0.25 g/100 mL).

Table 3

Parameters of Freundlich, Langmuir, and Dubinin-Radushkevich equations, and the correlation coefficients for the adsorption of

BPA on the studied sorbents

Adsorbent Adsorbate Langmuir Freundlich Dubinin—-Radushkevich
Q,(mg/g) K, (L/mg) R*() K, ((mg/g)L/mgy) n() R() a,(mg/g) E(/mol) R ()

Ben BPA -6.447 -0.018 0.881 0.121 0.973 0906 1.56 7,071.068  0.907

Ben-CNT  BPA 9.542 -0.268 0.883  3.554 0.857 0.927 29.61 7,071.068  0.920




N.E. Abdel Salam et al. | Desalination and Water Treatment 275 (2022) 168-174 173

0.45 -
0.4 -
0.35

03 . o

025 1, o~
02 |
0.15
0.1
0.05 |
0 : : ‘ :

Qt, mg/g

L 2

@ Ben

#Ben-CNT

0 20 40 60 80 100
Time, min

120 140 160 180 200 220 240

Fig. 4. Adsorption kinetic curves of micropollutants on Ben and Ben-CNT (C,=1 mg/L).

Table 4

Parameters for the pseudo-second-order kinetic model for the adsorption of BPA on Ben and Ben-CNT

Sample Pseudo-second-order equation parameters

Adsorbate K, (g/(mg-min)) QNEXP) (mg/g) Qyeay (ME/8) t,, (min) h (mg/(g-min)) R?
Ben BPA 0.713 0.294 0.299 0.213 0.06 0.995
Ben-CNT BPA 0.393 0.382 0.338 0.133 0.05 0.907

heterogeneity of surface on both adsorbents. An adsorption
energy (E) value below 8,000 J/mol suggests the physisorp-
tion of BPA on Ben and Ben-CNT [31].

3.4. Adsorption kinetics

The adsorption kinetic curves of BPA on Ben and Ben-
CNT are presented in Fig. 4, with the calculated parame-
ters presented in Table 4. The pseudo-second-order model
describes the adsorption of BPA on both adsorbents very
well. An equilibrium was reached in around 60 min for Ben
and in around 180 min for Ben-CNT, which is considered
quite a short time. The calculated Q, , values corresponded
well with experimental data Q,. . This suggests that the
adsorption of BPA followed second-order kinetics, and that
the applied model could be used to determine the corre-
sponding kinetic parameters. Similarly, in other studies with
different adsorbents, the adsorption of BPA correlated well
to pseudo-second-order kinetic equation [13-15].

Faster adsorption of BPA on Ben compared to Ben-CNT
was also confirmed by the higher values of K, (pseudo-
second-order constant) and & (initial adsorption rate). Ben
has a more mesoporous structure, and thus better access to
its adsorption sites could be a reason for faster adsorption
kinetics of BPA than on Ben-CNT. In case of Ben-CNT, the
number of adsorption sites was higher. However, due to a
higher microporosity, the BPA molecules needed more time
to reach them. Comparing the results obtained with previ-
ous studies, it was found that the equilibrium of adsorption
of BPA was reached at different times, depending on adsor-
bent type; for example, the adsorption of BPA onto Palm
shell-based activated carbon was rapid in the first 30 min,
but didnot reach equilibrium until 8 h [16]. In contrast, Lee
et al. [30] used fast adsorption kinetics to reach an equi-
librium in 150 min. Sudhakar et al. [21] achieved equilib-
rium in 180 min using rice husk ash, and in 120 min using

granular-activated carbon under their optimum conditions
for the removal of BPA in a comparative study.

4. Conclusions

In this study, the adsorption potential of bentonite clay
(Ben) and a bentonite-carbon nanotube (Ben-CNT) compos-
ite for removal of bisphenol A (BPA) from water was evalu-
ated. Adding CNTs to Ben resulted in a higher surface area
and lower pore size (below 2 nm — micropores) comparing
to Ben, resulting in an improved adsorption efficiency com-
pared with using raw Ben.

The removal percentage of BPA was improved from
about 24% for Ben to 87% for Ben-CNT for an adsorbent dose
of 0.25 g/100 mL. Freundlich and Dubinin-Radushkevich
isotherms described experimental data well for the adsorp-
tion of BPA on Ben and Ben-CNT, while the Langmuir model
was not suitable for that purpose. The maximum adsorp-
tion capacity derived from the Dubinin—-Radushkevich
model was much higher for Ben-CNT (29.61 mg/g) than
for Ben (1.56 mg/g). Similarly, the value of the Freundlich
constant (K,) was equal to 3.554 and 0.121 for Ben and Ben-
CNT, respectively. The values of adsorption energy (E)
suggested physisorption of BPA on both Ben and Ben-CNT.

The effect of adsorption dose of both adsorbents on BPA
removal was also studied. It was found that as the dose of
the adsorbent increased, the amount of BPA adsorbed also
increased, which can be attributed to the availability of more
adsorption sites. The kinetic data could also be correlated
well to pseudo-second-order for both Ben and Ben-CNT
adsorbents.

The adsorption of BPA reached equilibrium in about
60 min for Ben and in 180 min for Ben-CNT, where the faster
adsorption of BPA on Ben was attributed to a higher meso-
porosity of which provided better access to adsorption sites.
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