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GRAPHICAL ABSTRACT

The core-shell structure activated car-
bon was successfully optimized.

CSAC applied on adsorbing of BPA from
aqueous solutions.

The Shell generated from small particles
size of KL-400 showed a better protec-
tion of AC core.

The adsorption of BPA on CSAC depends
on both physical and chemical
interactions.
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The presence of endocrine disrupting chemicals (EDCs) in the environmental water poses a serious threat which
requires strong practical solutions. The existing activated carbon-based adsorbents exhibit a number of limita-
tions hindering for their use in adsorption in an aquatic environment. In this work, a controlled technique was
used to make a protected Core-Shell structure Activated Carbon (CSAC) material with a smaller size (0.82 cm),
thinner shell thickness (0.083 cm) and high mechanical strength (2.41 MPa). The experimental results demon-
strated that the sizes of shell precursors used for preparing the ceramic shell had a pronounced influence on
the produced material. The shell was prepared by using a mixture of kaolinite (400 mesh) and coal fly ash
(100 mesh). The pellet activated carbon core was synthesized by a pelletizing method using powder activated
carbon (92%) mixed with the binder (8%) from cassava splinters. The kinetic study evidenced that the perfor-
mance of the material fitted better for pseudo-second-order kinetic and the intraparticle diffusion. Furthermore,
the maximum amount of Bisphenol A (BPA) adsorption by CSAC fitting to Langmuir model was 28.5 mg g~ *. The
BPA adsorption by CSAC was an endothermic process. Therefore, this material could be applied in the remedia-
tion of various aquatic EDCs.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The presence and accumulation of endocrine disrupting chemicals
(EDCs) in the aquatic environment are increasing. These substances
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are known to cause severe risks to living things because of their abilities
to interfere with biological activity by binding on hormone receptors,
transport, and metabolic processes of natural hormones (Chen et al.,
2013; Lagana et al., 2004; Xu et al., 2012). Bisphenol A (BPA) is one of
the EDC groups applied in manufacturing of various polymers and plas-
tic products (Kang et al.,, 2006). The presence of BPA in the ecosystem
are derived from inadequate or non-treatment of industrial waste and
municipal effluent (Arnold et al., 2013; Corrales et al,, 2015). It is still ev-
idenced in the surface water, (Jin and Zhu, 2016), groundwater
(Careghini et al., 2015; Li et al., 2015), drinking water (Staples et al.,
2000), and soil (Inoue et al, 2008). This is due to its non-
biodegradability nature and makes it a persistent antioxidant in the en-
vironment. Previous findings reported that the low dose of BPA in
humans caused prostate cancer cell, heart diseases, diabetes and abnor-
malities in liver enzymes (Hugo et al., 2008) as well as a threat to
aquatic organisms (Soares et al., 2008). Therefore, it is greatly required
to develop a sustainable and green technology to eliminate BPA in the
aquatic environment.

Various technologies for BPA treatment were introduced, such as ul-
trafiltration, coagulation, reverse osmosis, chemical, biological methods,
photoelectrocatalytic, adsorption (Brugnera et al., 2010; Chen et al.,
2006; Heo et al.,, 2012; Liu et al., 2009; Toledo et al., 2005). Among
these technologies, adsorption technique was proven to be an effective
method to eliminate the BPA in water and have several advantages over
the mentioned techniques, including affordable operations and
environmental-friendly (L6pez-Ramoén et al., 2019; Putra et al., 2009).
Activated carbon (AC) is a well-known adsorbent and is commonly
used in the form of a powder or granular (Delgado et al., 2012;
Kavitha and Namasivayam, 2007). The powder activated carbon (PAC)
is generally considered as the most efficient material to control organic
contaminants in water due to its large specific surface area and hydro-
phobic surface (Choi et al., 2005; Nakanishi et al., 2002; Tsai et al.,
2006). However, the small particle size of PAC turned into a colloidal so-
lution as residual PAC which limits its application and effective recovery
from the treated water system (Choi et al., 2005; Wu et al., 2015). More-
over, PAC residuals are considered as a secondary pollutant in the
aquatic system which can lead to a high-pressure drop in the filtration
system (Cecen and Aktas, 2011). Therefore, new techniques are re-
quired to conquer these limitations. Briefly, the main obstacles are in-
sufficient ability to recover and regenerate PAC from the aqueous
medium. Currently, several studies on the recovery and regeneration
of PAC reported that the regeneration of PAC led to the decreasing over-
time of adsorption performance and the degeneration of the material
(Gong et al., 2016; Salvador et al., 2015a; Salvador et al., 2015b;
Marques et al., 2017; Yuan et al,, 2016).

A promising way of guaranteeing long-term usage and avoiding pos-
sible degeneration of PAC is to protect it by a core-shell structure with
good compressive strength. In our previous work, a novel shell was syn-
thesized using coal fly ash and clay and it exhibited a good protection
function to the AC core (Ndagijimana et al.,, 2019). However, we also
found that the size of the porous channel of the shell was still large
enough to release out some fraction of the AC core during the liquid ad-
sorption. Additionally, the application of the prepared core-shell struc-
ture material was limited by its heavyweight (thick shell) and big size.
A qualified core-shell activated carbon (CSAC) material should simulta-
neously possess high compressive strength and a good protection of AC
core, as well as thinner shell thickness. The thinner shell thickness has a
shorter pathway for the mass diffusion and transport to the inner sur-
face. Based on aforementioned problems, the following work were con-
ducted in this study: (i) to optimize the synthesis of CSAC by controlling
its raw materials' particle size of the shell (kaolinite; KL and coal fly ash;
CFA) resulting into a shell with appropriate size of porous channel, high
compressive strength and thinner shell thickness; (ii) to evaluate the
performance of the optimized material through adsorbing BPA and
studying its efficiency in co-adsorption of multiple organic contami-
nants (antibiotics, BPA) in aqueous solution; and (iii) to illustrate BPA

adsorption mechanisms by studying the kinetics, isotherms and surface
composition of the material.

2. Experimental section
2.1. Materials

The details of materials and chemicals used in this work (kaolinite,
coal fly ash, powder activated carbon, Cassava Waste splinters (CWS)
for cassava splinters binders (CSB) preparation and Bisphenol A) are
shown in (Ndagijimana et al., 2019). The preparation of CSB was de-
scribed in supporting information Text S1. The chemical compositions
of KL and CFA were listed in Table S1, while the chemical elements for
CSB, CWS, PAC and AC core are shown in (Ndagijimana et al,, 2019). Fur-
thermore, the properties of BPA were illustrated in Table S2.

2.2. Preparation method of CSAC

The procedures for AC corel and core-shell AC pellet preparation
were presented in details in our previous study (Ndagijimana et al.,
2019). Furthermore, the summary of this procedure was presented in
supporting information Text S2.

To optimize the aforementioned properties (particle size, thickness,
and compressive strength), the CSACs pellets with different particles
size mixture of KL-CFA on the shell were prepared as follows: firstly,
the particle size of KL and CFA were sieved into different meshes such
as 100, 200 and 400-meshes and 100, 200 and 325-meshes, respec-
tively. Thereafter, the different particle size of KL and CFA were mixed
(KL-CFA) by ratio of 60%:40% as follows: 200-mesh for KL without
CFA, 200-325, 200-200, 200-100, 100-100 and 400-100-meshes
(namely KL-100 to KL-400 and CFA-100 to CFA-325) then after the
CSACs pellets were dried, preheated and sintered according to the pro-
cedures in previous study.

2.3. Characterization

The characterization of samples was explained in supporting infor-
mation Text S3.

2.4. Adsorption of BPA

Batch adsorption analysis was performed by 0.24 g of CSAC as adsor-
bent added in 100 mL of the adsorbate solution, contained in a conical
flask in water bath oscillation, at an agitation rate of 180 r-min !, an ini-
tial pH of 7.0 for 24 h and at 25 °C. The remaining solution of BPA after
adsorption was filtrated via a 0.45 pm pore size membrane of cellulose
membrane. The filtrate was proved with high-performance liquid chro-
matography (HPLC) at 25 °C and a wavelength of 225 nm, with the help
of an Extend-C18 column (250 mm x 4.6 mm, 5-Micron 80 A) from
Agilent (USA). The mobile phase was 50% pure water and 50% acetoni-
trile mixed with 2 mL of acetic acid with a volume proportion of 50:50,
ata flow rate of 0.6 mL min ™~ through the column. The retention time of
BPA was 5-6 min (with a run time of 7 min). To analyze the effect of the
contact time, samples of BPA solution with a concentration of 100 mg/ L
were withdrawn at a specific time during the 600 min periods at pH = 7
and 25 °C. The effects of different initial concentrations of BPA solution
at 30, 40, 50, 80 and 100 mg/ L were tested at an initial pH of 7.0 and
at 25 °C. The different pH solution values at 1.0, 2.0, 4.0, 5.6, 7.0, 9.0
and 12.0 were prepared by regulating the initial solution by caustic
soda (NaOH) or hydrogen chloride (HCI). The effect of these pH ranges
was analyzed at an initial concentration of 100 mg/L at 25 °C. The influ-
ence of ionic strength on BPA adsorption was executed in NaCl solutions
at0.01,0.05,0.10 and 0.50 mol L™ !. The effects of temperature were also
investigated at different temperature of 25, 45 and 65 °C. To ensure the
reusability of adsorbents, the spent CSAC were regenerated. Then, the
regenerated adsorbent was reused for another adsorption attempt.
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The comparison of the BPA removal efficiency with that of the different
antibiotics (sulfamethoxazole, tetracycline, and oxytetracycline) by
CSAC were tested in 100 mg/L of the solution. In addition, the competi-
tion effect was studied in 10 mg/L of a solution containing the afore-
mentioned adsorbates to evaluate the performance of the optimized
material in co-adsorption of multiple organic contaminants in aqueous
solution. The kinetics and isotherm models were applied to fit the ad-
sorption data of BPA by a protected activated carbon (CSAC) (Mittal
et al,, 2010; Peng et al., 2015; Wang et al,, 2018; Wirasnita et al,,
2014). Furthermore, the thermodynamic study was further investigated
(Arampatzidou and Deliyanni, 2016). The kinetic and isotherm models
were discussed in supporting information Text S4.

3. Results and discussion
3.1. Optimization and characterization of CSAC

In this research, the effect of particles size of KL and CFA on CSAC was
evaluated to control the size, the shell thickness, mechanical strength, as
well as protection of the AC core. The physical images of CSACs obtained
after sintering at 1250 °C were presented in Fig. 1. It showed that the
textural property of the fabricated shell depends on the particles size
of KL and CFA. Fig. 1a showed the CSAC had no porous structure on
the shell by naked eyes caused by the absence of CFA which was a
pore forming agent. The CSACs with dark-gray color were produced
using the K-CFA mixture sieved at 200-325, 200-200, 200-100
(Fig. 1b-d), black color at 100-100 meshes (Fig. 1e) and dark chestnut

(Fig. 1f) using 400-100 meshes after sintering at 1250 °C. The materials
obtained using CFA (Fig. 1b-f) all presented the porous structures on
the shell, indicating CFA was the pore-forming agent. Fig. 2a depicted
that the CSAC obtained from KL-400 (smallest size) has a thinner thick-
ness (0.083 cm). This indicated that a thinner shell could be produced
with a smaller particle size of KL. This phenomenon was possibly due
to the presence of small intra-particle space and strong contact point
in the ceramic shell after sintering at 1250 °C. The shell generated by
small particles size of KL-400 exhibited a high compressive strength of
2.41 MPa (Fig. 2b). This phenomenon demonstrated that the sizes of
the shell precursors affected the mechanical strength of the core-shell
AC. This was derived from the existence of stronger contact points or co-
hesion in the porous ceramic shell to construct a compact shell struc-
ture. Moreover, the same observation could be supported by SEM
imaging (Text S5; Fig. S1) which showed that the shell synthesized
using a bigger particles size of KL-CFA (100-100 meshes) resulted into
an increased voids size (Fig. S1e). As for the water absorption test
(Figs. 2 and S2), it was observed that the increased bubbles in the solu-
tion evidenced the absorption of water through the porous ceramic
shell and this absorption was much pronounced for the thinner shell
(Fig. S2e) obtained by a composition mixture of KL-400 and CFA-100.
It was pointed out by Bicer (Bicer, 2018) that as the grain size diameter
of fly ash decreased, ash density increased as well, the porous structure
could be replaced by full-grain ash (pore blockage) which affected
water absorption efficiency. Finally, we applied the synthesized CSACs
materials in the adsorption of BPA as shown in Fig. 2d. It can be seen
that the adsorption capacity increased with the particles size of KL-

200 mesh (only KL)
200-325 mesh
200-200 mesh
200-100 mesh
100-100 mesh

400-100 mesh

Fig. 1. Effect of KL-CFA particles size on CSAC after sintering at 1250 °C.
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Fig. 2. Effect of particles size on shell thickness (a), compressive strength (b), water absorption (c), BPA adsorption (d), size (e), and weight of CSAC (f).

CFA. Though the adsorption capacity of BPA increased, it was observed
that some fraction of the AC core was easily released out into the solu-
tion at high shaking rate (180 rpm), affecting its performance and re-
usability overtimes. This was related to the wide voids and intra-
particle space in the shell which confined much less mechanical protec-
tion of the core. However, as for the optimized material, this phenome-
non was not observed because of the small intra-particles space, hence
the protection of the core from outflow during the adsorption process.
Furthermore, the size and weight of the samples were evaluated as
shown in Fig. 2e and f. The KL-400 material presented smaller size and
lightweight, and this was due to using small particle size of KL. There-
fore, the corresponding sample with a small particle size of KL-400
was determined as the optimized sample.

For further characterization of the optimized sample (namely the
sample obtained from KL-400 and CFA-100), the sample morphology

was examined by SEM (Fig. 3). As shown in Fig. 3a-b the pores and
intra-particle void/space were observed on the ceramic shell. The images
of the CSAC could be visually seen in Fig. 3c. The capillary-like pore struc-
tures were found on the surface of AC core (Fig. 3d). The crystalline states
of KL, CFA and porous ceramic shell were analyzed by X-ray
diffractograms (Fig. 4). Fig. 4a showed the presence of dolomite, quartz,
and diaspore in the raw material of CFA and kaolinite mineral was found
in KL. Fig. 4b showed the XRD patterns of the CSAC (shell), the result in-
dicated the presence of anorthite, mullite, and hawaite. Furthermore, the
mechanical strength of CSAC was tested as 2.41 MPa (Fig. 2b). The good
mechanical strength was likely due to the stronger contact points in po-
rous ceramic shell derived from the small particle size of KL and the for-
mation of the quartz phase, crystallization towards the formation of new
mineral such as mullite and glass phases at 1250 °C. The zeta potential of
the adsorbent surface was analyzed and calculated to be pHp,. = 1.88
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Fig. 3. SEM images of the ceramic shell's surface (a), intra-particle space or voids (b), images of CSAC (c), and AC core2 (d).
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Table 1
Surface area (Sggr), pore volume and pore size of the core-shell activated carbon.

Sample Sger (M2 g™ 1) Pore volume (cm? g~ 1) Pore size (nm)
CSAC? 199.00 0.11 2.25
Shell 0.99 11x1073 4.59
KL-CFAP 19.42 0.11 21.00

2 Core-shell activated carbon.
b Mixture of kaolinite and coal fly ash.

(Ndagijimana et al., 2019). The specific surface area (Sggr), pore size and
pore volume for CSAC, shell and KL-CFA were listed in Table 1, and for the
AC core (referred to as AC core 2 in our previous study) and PAC were
presented in our previous study (Ndagijimana et al., 2019). The Sggr of
the CSAC was 199 m? g~ . The Sggr decrease of CSAC vis-a-vis AC core2
without the shell was caused by the protection by the shell
(Ndagijimana et al., 2019). The calculated Sggr of the separated shell
was 0.985 m? g~ !, while the Sger of shell precursors (KL-CFA) before
sintering at high temperature was 19.42 m? g~ . The pore volume and
pore size of the precursor mixture of the shell reduced after the material
was sintered at 1250 °C (Table 1). Fig. 4c-d presented the pore size dis-
tributions and average pore size. The pore size distribution displayed the
micro-mesopore and macropore (Fig. 4c). Fig. 4d showed the pore distri-
bution of the shell detached from CSAC after sintering at 1250 °C. This re-
sult indicated that the shell displayed a broad pore size distribution,
however the macropores distribution increasing after sintering at 1250
°C.

3.2. Application for BPA removal from aqueous solution

3.2.1. Effect of initial BPA concentration

Fig. 5a illustrated the effects of the initial concentration of BPA solu-
tion and showed the corresponding BPA removal efficiency by CSAC
was 54.0, 49.0, 45.0, 41.4, and 38.8%, respectively. On the other hand,
the percentage of BPA removal by AC core was 100, 99.70, 95.78,
82.00 and 74.76%, respectively. Furthermore, for PAC, the BPA removal
efficiency was 100, 99.35, 94.18, 80.29, and 74.32%, respectively. The ad-
sorption capacity (ge) for CSAC were 6.74, 8.24, 9.39, 13.79 and

P. Ndagijimana et al. / Science of the Total Environment 689 (2019) 457-468

16.16 mg g~ !'; while for it was 59.60, 79.78, 95.78, 130.52 and
14952 mg g~ ! AC core, and 59.13, 79.48, 94.18, 128.46 and
148.64 mg g~ ! for PAC, respectively. The percentage of BPA removal de-
creases as its initial concentration increases. This is ascribed to the con-
stant adsorptive sites on the adsorbent which is insufficient after
increasing the adsorbate initial concentration. This phenomenon ob-
served in many other studies (Tan et al., 2008; Tsai et al., 2006;
Wirasnita et al., 2014). The removal percentage (% R) and adsorption ca-
pacity (qe) of BPA on AC core separated from CSAC were better than for
PAC. This is led to the increasing of Sggr for AC core after sintering at high
temperature. Furthermore, the protected activated carbon (CSAC)
keeps exhibiting potential feasible separation and reusability.

3.2.2. Effect of ionic strength on adsorption of BPA

The effect of ionic strength on BPA adsorption is presented in Fig. 6a.
It is illustrated that the adsorption capacity increased using NaCl at
0.1 mol L™, Then it decreased slightly from 0.1 to 0.5 mol L~'. Results
demonstrated that the BPA adsorption was slightly affected by the
ionic strength. Ionic effect phenomena is explained as follow: Firstly,
the electrostatic screening effect of the surface charge generated from
the increasing of ionic strength will favor adsorbate-adsorbent disper-
sion interactions, then enhance the adsorption of BPA. Secondly, the
raising of ionic strength promotes the salting-out effect which leads to
the low solubility of BPA as well as promoting its hydrophobicity,
thus, increasing its sorption by the adsorbent. Thirdly, the increase of
the ionic concentration may lead to the occupation of active sites
(squeezing-out effect) of adsorbents and hinder the adsorption of BPA.
As such, the adsorption amount was reduced when the concentration
of NaCl was higher than 0.1 M. It shows that NaCl also competed with
BPA on the adsorption sites of the CSAC and other adsorbents, and the
active sites for BPA were then filled by NaCl. This correlates with what
was reported (Wang et al., 2017).

3.2.3. Effect of initial pH

The solution pH is a critical factor for the adsorption process in the
aqueous phase because it determines the surface charge of adsorbate-
adsorbent. Fig. 6b depicts the effect of pH on the adsorption of BPA by
CSAC, AC core, and PAC. According to the zeta potential of the CSAC
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Fig. 5. Effect of initial concentration (a), Langmuir (b), and Freundlich fitting model (c).
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(PHpzc = 1.88), the surface charge of the CSAC, AC core, and PAC became
negative when the solution pH value was more than pHpzc. On the con-
trary, the surface charge was positively charged when the solution pH
value was less than the pHpzc. At pH lower than 9 most of BPA did not
dissociate and existed in molecular form, while BPA was deprotonated
to bisphenolate anion at very basic pH. Thus, the pH of the solution gen-
erally did not affect the removal of BPA from a pH range of 2 to 7. How-
ever, from a pH range of 9 to 12, the amount of BPA adsorption
diminished. The reduction in the adsorption amount of BPA on the
CSAC, AC core, and PAC examined at high pH values is resulted to the re-
pulsive electrostatic interacting within the anionic adsorbent surface
and the anion BPA (BPA™). This phenomenon correlates with findings
reported by studies (Wang et al., 2018; Wirasnita et al., 2014).

3.2.4. Effect of contact time

As depicted in Fig. 7a, the amount of adsorption promoted with con-
tact time and reaches the equilibrium between 540 and 600 min for
CSAC. It was explained that the solution firstly cross ceramic shell to
the AC core and then got into the AC core until it attained the

equilibrium. The adsorption process for AC core detached from shell
showed that its removal rate was initially quick (~120 min) and then re-
duced until to attain equilibrium time of around 240 min. The rapid ad-
sorption within the first 120 min was associated with the readily
accessible sites. Finally, equilibrium was reached after 240 min, hence
the proof of the saturation of the AC core. Indeed, the adsorption of
BPA by PAC shows that the rate was initially quick and then decreased
until to attain an equilibrium time of around 60 min, which was faster
than both of situations of a protected adsorbent and AC core. This was
because of the large exposure active sites on PAC and the fast BPA
mass diffusion through the PAC.

3.3. Adsorption kinetics and isotherm

3.3.1. Adsorption kinetics

The kinetic model was applied to study the rate of BPA adsorption by
CSAC. Table 2 shows the kinetics parameter data. By plotting In(qe — qy)
vs t and t/q, vs t (Fig. 7b), the correlation coefficients (R?), kinetics con-
stant (k;) and g. values can be calculated. The pseudo-second-order
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Fig. 7. Effect of contact time (a), curves of fitting pseudo-second-order adsorption kinetics (b), and intra-particle diffusion (c).
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Table 2 Table 4
The kinetic parameters of bisphenol A adsorption. Comparison of bisphenol A adsorption capacity onto several adsorbents.
Kinetic model Parameters Sample Adsorption capacity q,, (mgg~!) Reference
CSAC AC-core PAC PAC 149.00 This work
Qe experimental (mg g~ 1) 16.10 149.50 14830 ‘é‘SC;CO re2 124885%0 iEE mﬁi
Pseudo-first-order ; . ’
_ Modified fibric peat 29.20 Zhou et al., 2011
Qe calculated (mg g~ ') 14.00 132.00 96.70 Andesite P 050 ((Tsai et al. 2006))
E; g(s)gg gg;g 82;3 Diatomaceous earth 0.70 (Tsai et al., 2006)
Pseudo-second-order ’ ’ ’ Graphene 182.00 (Xu et al,, 2012)
calculated (mg g~ 1) 17.00 158.00 15150 Sugi chip 11.50 (Nakanishi et al., 2002)
9e s8 . 6 P Sugisawadust 12.10 (Nakanishi et al., 2002)
K 0.015 47x10 1510 Almond shell AC 188.90 (Nakanishi et al., 2002)
R? 0.936 0.997 0.999 ’
Intraparticle-diffusion
C 5.684 86.00 93.60
Kaif 0.019 0.185 2.900 :
R 0972 0619 0530 34. Influence of temperature and thermodynamic study

kinetic model presented better fitting according to the small difference
between (qS*P) and (g&) (Table 2). This result is in agreement with sev-
eral literatures on adsorption of organic solutes by activated carbons
(Ghaedi et al., 2013; Tonucci et al., 2015). Diffusion mechanism was ex-
plained by the intraparticle diffusion model (Supporting Information
Text S4). According to the high correlation coefficients (R* = 0.972)
values shown in Table 2, the adsorption process was also probably con-
trolled by the intraparticle diffusion. The plot of g, versus t'/? (Fig. 7c)
was multi-linear suggesting the presence of three steps in the adsorp-
tion process. These findings agree with the report presented by (Wang
etal,, 2018). Fast external surface adsorption, gradual inner-core surface
adsorption and final equilibrium are key steps for the adsorption of or-
ganic adsorbate by CSAC and are explained in details in our previous
work (Ndagijimana et al., 2019).

3.3.2. Adsorption isotherm

The adsorption isotherm model was used to study the interaction
between adsorbate and adsorbents at a certain temperature. The data
for Langmuir and Freundlich were explained and presented in Table 3.
The values of g, and k; were determined from the slope and intercept
of a linear plot of c./q. versus c, (Fig. 5b), where the slope is equal to
1/qm and intercept is equal to 1/g,,k;. The slope and intercept obtained
from the plot of Inqe against InC, (Fig. 5¢) yield the Freundlich constants
(ke and n). According to their average correlation coefficients (R?), the
Freundlich isotherm depicted the adsorption data better than the Lang-
muir isotherm model. Langmuir isotherm model fits better to AC core
and PAC, which is the proof of the monolayer adsorption process.
Then, values in Table 3 indicated moderate adsorption of BPA by CSAC
and good adsorption for AC core and PAC. The maximum adsorption
amount of adsorbents for adsorbate was estimated by the Langmuir
model (Table 3).

For the comparison with the adsorption capacities of other adsor-
bent material (Table 4), the adsorbents in this work have a relatively
good adsorption capacity.

Table 3
The adsorption isotherm parameters of bisphenol A adsorption.
Adsorption isotherm model Parameters
CSAC AC core PAC
Langmuir isotherm
qm (mgg™") 28.50 148.60 149.00
k. (L/ mg) 1.70 3x107° 5x107%
R? 0.940 0.991 0.989
Freundlich isotherm
ke (mgg~') (L/mg)'"™ 139 98.95 8150
N 1.70 10.00 6.00
R? 0.990 0.903 0.942

The influence of temperature on adsorption of BPA was investigated
at a temperature of 25, 45 and 65 °C. The Fig. 8a shows the data param-
eters of the temperature effect, the observation showed that the amount
of adsorbed BPA on CSAC and AC core favored as temperature increased,
hence, the endothermic process is proven. This is owing to the enhanc-
ing of the diffusion rate for BPA solution throughout the external bound-
ary layer and internal pores materials (CSAC and AC core). Moreover, it
is related to the decreasing in the viscosity of the solution for highly con-
centrated suspensions at high temperature. This phenomenon corre-
lates with the reported finding by the study (Dogan et al., 2009). The
parameters of experimental data fitting to Langmuir and Freundlich iso-
therm are illustrated in Table 5. The q,, and the Kr were increased as the
temperature was increased, revealing that higher temperature favors
the BPA removal. On the contrary, the removal of BPA on PAC decreased
as the temperature increased. This clarified the exothermic process, and
the qm, and the Kg values were also reduced. This likely led to the lower-
ing of the adsorptive forces between the binding sites on the PAC and
the BPA adsorbate. This phenomenon correlates with the reported find-
ing (Dogan et al., 2009; Javed et al., 2018; Ofomaja and Ho, 2007).

The thermodynamic parameters including the enthalpy change AH°
(KJ mol 1), entropy AS° (J mol~! K) and the Gibbs free energy of ad-
sorption AG® (k] mol~!) were presented by Van't Hoff equations (Fan
etal, 2013) (Egs. (1) and (2)):

g\ _ _AH® As”
ln(c—) =~ 7 (1)
AG ° = —RTInK¢ )

where T is the absolute temperature (in Kelvin) and R is the universal
gas constant (8.314 ] mol~! K~1). As presented in Fig. 8b the Plotting
In (qe/ce) versus 1/T showed a straight line with slope and intercept
equal to —AH°/R and AS°/R, respectively.

The positive value of AH® (Table 6) shows the endothermic nature of
the adsorption process of BPA on AC core and CSAC while the negative
value proving the exothermic adsorption process of BPA on PAC. The ad-
sorption increased with the increasing the temperature and BPA is
conductively adsorbed on the surface of CSAC. Gibb free energy of ad-
sorption (AG ° ) is determined from the Eq. (2). The negative values of
(AG®) (Table 6) show that the adsorption reaction was spontaneous.
The magnitude of AH® may infer the type of adsorption. The heat devel-
oped during physical adsorption locates in the range of
2.1-20.9 k] mol ~! and the range of 80-200 k] mol~"' for chemisorptions
(Chowdhury et al., 2011). The results are coherent with findings re-
ported of previous reports (Berhane et al., 2016; Ofomaja and Ho, 2007).

3.5. Thermal regeneration study

This study was undertaken to ensure promising ways for the reuse of
the material in the future. The CSAC after saturated was thermally
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Fig. 8. Effect of temperature (a) and Plot of K¢ versus 1/T for determination of BPA removal reaction enthalpy (b).

regenerated at 600 °C for 1 h to remove BPA contaminant. Regeneration
cycle was repeated six cycles using the same process. As presented in
Fig. 9, the reused adsorbent displayed a significant adsorption amount
compared to the fresh adsorbent without losing the adsorption capabil-
ity. Thus, the CSAC material is recommendable and promising adsorbent
material for removing BPA from aqueous solutions.

3.6. Competition effect
Comparison of BPA removal by CSAC sample with other three kinds

of antibiotics was investigated, including tetracycline, oxytetracycline,
and sulfamethoxazole. Furthermore, the competition effect was also

Table 5
Effect of temperature on bisphenol A adsorption.
Isotherm Langmuir ~ Temperature (°C)  Constant
dmax (Mgg™") K (L/mg) R
CSAC 25 28.5 1.74 0.940
45 40 1.49 0.827
65 81 0.89 0.810
Freundlich Temperature (°C) Constant
Ke (mgg™') (/mg)"™  n R?
CSAC 25 1.39 1.70 0990
45 1.42 1.50 0.975
65 1.50 1.25 0.998
Isotherm Langmuir ~ Temperature (°C)  Constant
dmax (Mgg™") K (L/mg) R
PAC 25 149 5x 1074 0.990
45 140.0 8x 1074 0.959
65 113.0 95x 107 0917
Freundlich Temperature (°C) Constant
K (mgg™") (L/mg)'/" n R?
PAC 25 81.49 6 0.942
45 66.80 5 0.838
65 62.54 6 0.639
Isotherm Langmuir ~ Temperature (°C)  Constant
Umax (Mgg™") K (L/mg) R
AC-core 25 148.60 3x1074 0.991
45 167.78 18x107%  0.990
65 185.50 11x107% 0988
Freundlich Temperature (°C) Constant
Kemgg ') (Umg)" R®
AC-core 25 98.95 10 0.903
45 110.00 9.8 0.875
65 120.99 9.0 0.812

investigated. Fig. 10a showed that BPA presented higher removal effi-
ciency in comparison to that of the other antibiotics. The removal per-
centage of single BPA, Sulfamethoxazole, tetracycline, and
oxytetracycline by CSAC was 38.12, 31.00, 18.00, and 10.50%, respec-
tively. Fig. 10b illustrated the competition effect. As shown in Fig. 10b,
the removal percentage of the multi-component solution of 10 mg/L
for BPA, sulfamethoxazole, tetracycline, and oxytetracycline was 30.76,
21.19, 12.23 and 7.78%, respectively. It demonstrated that the removal
efficiency of adsorbate was decreased. This result indicated that the
competition effect between these adsorbates existed.

3.7. Possible mechanisms of BPA adsorption

The adsorption mechanism requires various interactions and is a
complex process (Dogan et al., 2009; Wirasnita et al.,, 2014). Neverthe-
less, it still needs to be clarified following the results of the pore texture
and chemical characteristics of the adsorbent, the nature of the solution
and the hydrophobic nature of BPA (Toledo et al., 2005). Further, Wang
et al. showed that the adsorption of BPA on AC may be studied by the
m-T interaction, hydrogen bonding, and hydrophobic interaction
(Wang et al,, 2017). As illustrated in the conceptual figure (Fig. 11), pos-
sible mechanisms of BPA adsorption by CSAC can be explained as fol-
lows. Firstly, the BPA molecules pass through the porous channel of
the shell which is confirmed by SEM image and BET analysis as well as
the absorption of aqueous solution through the porous cermic shell as
confimed by bubbles in Fig. S2. The transport of BPA molecules from
bulk solution to the porous of the shell to the inner surface of adsorbent
also depends on the texture of BPA as reported by a previous literature
(Toledo et al., 2005). The dimensions of BPA molecules are accessible to
the carbon micropores. As shown in Fig. 4c-d, all adsorbents presented
micropores (from 0 to 20 nm), demonstrating that all synthesized

Table 6
Thermodynamic study.
Samples Cp(mg/L) AH (KJmol™') AS AG (KJ mol™ 1)
(Jmol 'K~
298K 318K 338K
CSAC 30 13.64 39.7 1.8 12 0.14
40 16.24 46.5 23 1.8 0.51
50 1933 55.0 2.7 23 0.38
80 19.87 56.0 3.0 24 0.74
100 20.71 57.8 33 2.7 0.97
Core-AC 30 327 194.6 —-253 =291 331
40 21.0 1173 —139 -16.55 —18.6
50 183 93.2 —946 —-114 —132
80 319 1249 —543 =774 —-104
100 24.6 97 —435 —598 —82.6
PAC 30 —36.0 —76.7 —135 —-108 —105
40 —30.0 —58.9 —12.8 —11 —10.6
50 —13.0 —16.0 —8.6 —8.2 —8.0
80 —22.8 —58.8 —5.2 —43 —2.8
100 —11.0 —229 —43 3.9 34
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Fig. 9. Thermal regeneration of CSAC.

adsorbents could adsorb more BPA from the water stream. Secondly,
BPA molecules reached the external surface of the carbon core and sub-
sequently diffused by the boundary layer to the inner pores of the AC
core. The removal of BPA by AC core was confirmed by FTIR (Fig. 11).
The new peaks of 3346, 1598, 1509.75, 1219, 828 and 552 cm ™', corre-
sponding to the stretching vibration of —OH, C=C, C—0—C, C=C,
C—O0, and C—H bonds, indicate BPA was adsorbed on AC core. These
FTIR results were in line with the previous reports (Nguyen-Huy et al.,
2014; Ullah et al,, 2016; Wang et al.,, 2018; Zhou et al., 2014). Further-
more, the pH of the solution and the pH at the point of zero charges
(PHpzc) of the adsorbents constitute other crucial parameters to deter-
mine the adsorption mechanisms of organic contaminants. In general,

when pH < pHp,, the AC is cationic, while the acid drugs are neutral
(pH < pKa); thus, adsorption possibly requires hydrogen bonding and/
or Van der Waals interactions (Baccar et al., 2012). When the pH solu-
tion falls into the same value with pH,,., the surface of the carbon was
near to neutral, hence the adsorption mechanism was favored by the in-
creasing of the m -m dispersion interaction (Baccar et al., 2012;
Dominguez et al., 2011). In our previous study, the pHpzc value of
CSAC was 1.88 (Ndagijimana et al., 2019). In this study at lower pH
value, the CSAC was negatively charged while the BPA was in neutral
form, indicating that the adsorption possibly required Van der Waals in-
teractions. At pH range between 2 and 7, most of BPA did not dissociate
and existed in molecular form, thus the adsorption was dominated by
the van der Waals interaction, hydrophobic properties, and m -1t disper-
sion interaction. At high pH value, the adsorbents are in anionic form
and BPA is deprotonated to an anion form (BPA™). Thus, the repulsive
electrostatic interactions between the anionic carbon surface and
BPA™ would occur and result in the reduction of adsorption capacity.
The hydrophobic interaction is also an important property which can
determine the adsorption mechanism of BPA on a solid surface (Choi
et al,, 2005; Sun et al,, 2017; Zhou et al.,, 2014). The hydrophobic inter-
action was studied according to the value of octanol-water partition co-
efficient (log Koy (Wu et al., 2019). The adsorption efficiency of
bisphenols at equilibrium increased accordingly with the raised value
of octanol-water partition coefficient (log Kow) (Wu et al,, 2019). The
log Ko\ value is a measure of hydrophobicity, therefore, the higher
value for BPA (3.1) indicates the higher hydrophobic property which
enhances the adsorption of BPA on AC (Lépez-Ramon et al., 2019; Tsai
etal,, 2006). In short, the possible mechanisms by which CSAC adsorbed
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BPA were related to the pore texture, Vander Waals interaction, -1t dis-
persion interaction, hydrophobic interaction and electrostatic
interaction.

4. Conclusions

The newly CSAC with a small thickness (0.083 cm), high mechanical
strength (2.41 MPa), small size (0.82 cm) and lightweight (0.24 g) was
synthesized at 1250 °C. The ceramic shell synthesized from the mixture
of kaolinite (400 meshes) and coal fly ash (100 mesh) exhibited great
protection of activated carbon. The CSAC displayed a beneficial perfor-
mance on the BPA removal from aqueous solutions. The performance
of the material kinetically fitted better to pseudo-second-order and
the intraparticle diffusion. In addition, The Freundlich isotherm
matched well with the adsorption isotherm. The CSAC exhibited benefi-
cial separation, recyclability and good performance for long-term us-
ability. The potential mechanisms of BPA adsorbed by CSAC rely on
the pore texture, Vander Waals interaction, m-m dispersion interaction,
hydrophobic and electrostatic interaction. Although the material could
be applied in the remediation of aquatic BPA and other endocrine
disrupting chemicals (EDCs), further studies investigating such applica-
tions in real-world engineered systems are of great necessity.
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