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Abstract

For a potential and efficient solution in the mitigation of aquatic pollution, this study reported a well-designed and developed protected
granulated activated carbon (GAC) material which ensures high strength property and adsorption performance to meet the industrial
application. The prepared GAC material was shaped into a spherical core using natural binders basically assumed to constitute waste
solids materials. Then after, the granulated carbon core (GAC core) was protected by a porous ceramic shell which confined the
material with strong protection and high mechanical strength to resist against degeneration and pressure drop as a limiting factor for
most sorbents employed in solution. The CSGAC characterization results proved that the ceramic shell has a smaller thickness (0.1 cm),
good mechanical strength (2.0 MPa), and additionally, it presents larger porous channels which promote the fast and higher adsorption
performance making it the desired material for the application in the real liquid environment. The test results showed that the prepared
material had higher removal of triclosan (TCS) (3040 mg/L) than BPA counterpart from the aqueous solutions. Moreover, it showed
higher adsorption performance compared to the unprotected carbon materials. Furthermore, the mechanisms of BPA and TCS

adsorption by core-shell granulated activated carbon (CSGAC) were discussed.
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Introduction

The aquatic environment is of a fundamental utility to sus-
tain animals and plants lives; however, it has become the
primary recipient channel for direct contamination of a
group of chemicals known as emerging contaminants.
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Since the industrialization era, pollutants constitute a men-
ace to water environment including its habitants and terres-
trial populations. Simple puzzle facing government, envi-
ronmental agencies, and scientist communities is how to
permanently solve this issue by designing a sustainable pro-
cess without further secondary effects. The alternative and
promising solution is to meet the desired level of equilibri-
um between industrial production and the need for a safe
and secure environment. For example, on daily basis, disin-
fectants such as triclosan (TCS) is an antimicrobial classi-
fied into emerging organic contaminants (EOCs) commonly
used in numerous commercial products such as shampoos,
toothpaste, detergent, deodorants, body washes, lotions,
and dishwashing liquids (Behera et al. 2010; Xie et al.
2018). Furthermore, it is a common additive in polymer,
plastics, as well as in the textile manufacturing industry
(Behera et al. 2010). These products are hydrophobic, have
low solubility, and direct contact with water for their daily
use (Dann and Hontela 2011; Khraisheh et al. 2014). Thus,
they could be easily discharged into the water environment
if not treated or completely removed from the treatment
plant (Fiss et al. 2007; Thompson et al. 2005).
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In the worst cases, TCS byproducts are probably more toler-
ant to degradation than its molecular form (parent) (Dann and
Hontela 2011) and could also mutate into dioxin and endocrine-
disrupting chemicals (EDCs) in drinking water and wastewater
(Buth et al. 2010) which could be toxic to aquatic organisms.
EDCs are other kinds of water pollutants that arouse the world
concern owing to their immense presence in the aquatic ecosys-
tem as well as harmful effect to human beings (Jung et al. 2015;
Katsigiannis et al. 2015). EDCs are very dangerous to animals
and humans due to their ability to mimic the biological activity of
natural hormones in living things (Batra et al. 2019; Joseph et al.
2011). A common representative organic contaminant among
EDCs, bisphenol A, has persistence features in the aquatic envi-
ronment and in human beings (Calafat et al. 2005; Calafat et al.
2008). BPA is widely applied in plastics industries (Kabir et al.
2015; Fenichel et al. 2013) easily discharged in the environment
sourcing from industrial effluents and wastewater treatment plant
(Koduru et al. 2016).

Many technologies have been introduced for controlling
the contaminant accumulation in the aquatic environment,
but they are not enough efficiently to eliminate these unwant-
ed substances. This drives the scientific communities to con-
sider other alternative methods or improve the existing tech-
niques which would be more efficient and industrially opera-
tional. For instance, it is well-known that the adsorption based
on the activated carbon is a powerful method to mitigate or-
ganic pollutants in water environment (Alves et al. 2019;
Kong et al. 2017), but applying powder or granules forms of
carbon limit the application because of low recovery and re-
usability (Bayer et al. 2005; Guo and Du 2012). It was report-
ed that during the regeneration process, there is a likely de-
generation and gradual loss of adsorption properties and the
carbon structure of granulated activated carbon (Guo and Du
2012). The estimation showed that the amount of carbon
equivalent to 10—12% of'the total GAC mass would be needed
to substitute that one lost during regeneration, which exem-
plifies 20-40% of the price of GAC regeneration (Jeswani
et al. 2015; Lambert et al. 2002). Conclusively, it would be
nearly impossible to recover the full activated carbon during
the regeneration process due to the diminution of intensity and
size of the carbon, resulting into an increased loss of the mass
(Lambert et al. 2002). One of the innovative ideas to make this
technique feasible and more efficient would be to protect the
GAC in a form which could protect the material from degra-
dation and enhance its recovery and reusability to avoid left
waste materials production, their ultimate disposal, and carbon
losses with each subsequent cycle. Interested by the adsorp-
tion technology carbon-based material in the line of mitigation
of pollution, our group has proposed and designed a protective
material to enhance the property of the carbon adsorbent with
the expectation to meet high-quality material to meet the ap-
plication, regeneration, and reusability demands in a real lig-
uid environment (Ndagijimana et al. 2019a; Ndagijimana
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et al. 2019b). According to our recent studies, it was demon-
strated that using a big particle size (100 mesh) of kaolinite
(KL) and coal fly ash (CFA) mixture could produce the shell
with wide intraparticle space which favored an easy mass
transfer of adsorbate and increased the adsorption efficiency
on inner AC core. However, it was also found that a part of the
AC core derived from PAC could be generated and released
out from the shell into the solution during the adsorption pro-
cess. Thus, using GAC with precise size as AC core can en-
sure higher adsorption performance without AC releasing out
during the adsorption process. Therefore in this work, the
following works were carried out to address the aforemen-
tioned limitations: (i) synthesis of core-shell GAC (CSGAC)
with the shell of suitable mechanical strength, small shell
thickness, and large porous channel as new strategy to en-
hance the adsorption performance of material; (ii) its applica-
tion to adsorb bisphenol A and triclosan from water matrix;
and (iii) discussing the adsorption mechanisms as well as the
kinetics and isotherm study.

Materials and methods

The materials used in this work were illustrated in supplemen-
tary material text S1. The structure and physical-chemical
properties of BPA and TCs were presented in Table 1.

Preparation and characterization of CSGAC

Figure 1 presents the procedure for the preparation of
CSGAC. The three GAC cores were prepared by mixing the
0.45 mm, 0.9 mm, and 2.0 mm of GAC with the cassava
splinters binder (CSB) by the proportions of 85%:15%
(Table 2), and then, the sample was pelletized and dried at
105 °C for 2 h, named as GAC cores1 (Fig. 2a—c). The porous
structure of the shell was formulated from a proportional
mixing amount of 60% KL and 40% CFA, 100-100 meshes
of particle size and then mixed with a certain amount of water.
Finally, 0.4 g of the resulting mixture was wrapped on the
prepared GAC corel to form a protective shell of the core
pellets namely CSGAC1, CSGAC2, and CSGAC3. The ma-
terials were dried at 105 °C and heated at 1250 °C under
nitrogen flow, then after cooled at 25 °C (Fig. 1). The mechan-
ical strength and the adsorption test (Fig. 2d) of the samples
were evaluated in order to select the suitable material which
could be used in this experiment. The CSGAC3 with 0.28 g
was selected as suitable adsorbent due to its high adsorption
performance and further characterizations were performed.
The detailed procedure for producing CSGAC was ex-
plained according to previous work (Ndagijimana et al.
2019a) and Fig. 1. Furthermore, the equipment and op-
erational mode of characterizations were given in sup-
plementary material text S2.
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Table 1 The structure and physicochemical properties of BPA and TCs
Pollutants Formula® Structure® Molecular weight®  Water solubility Melting point (°C) Boiling point (°C) pKa® logKow®
(mg/L)°
CHg
Bisphenol A C;sH;¢0, w0~ Y Vo 22829 120 158-159 220 9.6-102 3.32
Triclosan  CppHACLO> £y (). 289.54 10 55-57 120 814 476

#(Cho et al. 2011; Li et al. 2015)
b (Cho et al. 2011; Behera et al. 2010; Lei et al. 2013; Wang et al. 2017)

Batch adsorption test

Batch adsorption test was carried out in a conical flask
with 0.28 g of CSGAC in 50 mL of the adsorbates solu-
tion (100 mg/L) at 25 °C under shaking at 180 rpm for
24 h. A membrane 0.45 um was used to filter and collect
the supernatants before testing. Analytical details were
given in Supplementary material text S3. The effects of
pH were determined from an initial concentration of
100 mg/L at 25 °C of each adsorbate adjusted at pH
values of 2.0, 4.0, 7.0, 9.0, and 12.0 by adding
0.01 mol/L NaOH or 0.01 mol/L HCL. In a set of separate
experiments, five-set of initial concentrations (30, 40, 50,
80, and 100 mg/L) were selected for analytical investiga-
tion of the influence of initial concentration at pH 7. The
initial concentration of 100 mg/L was employed to inves-
tigate the effect of the contact time. Sample solutions
were taken at a defined time during the 500-min period.
The effect of ionic strength was tested using different
concentration of NaCl 0.01, 0.05, 0.08, 0.1, 0.3, and
0.5 mol/L. The thermodynamic study was evaluated at
five temperatures of 25, 30, 35, 40, and 45 °C. The tem-
peratures were measured by water bath shaker and were
constant under automatically controlling. To evaluate the
regeneration ability of adsorbents, the exhausted CSGAC
was regenerated according to the previous study
(Ndagijimana et al. 2019a). The kinetics and isotherm
models (Lei et al. 2013; Wang et al. 2017) were investi-
gated and detailed explanations were provided in
Supplementary material text S4.

Fig. 1 The procedure for
preparing core-shell structure

(=2 .
GAC = Ballllgg
= Drying

Results and discussions
Selection of suitable adsorbent and characterization

The mechanical strength was evaluated and the results
(Fig. 2d) showed that the CSGAC1 had good mechanical
strength with 2.45 MPa. This is probably due to the high
cohesion force generated from the small intraparticle
space in GAC core material. Figure 2e showed the ad-
sorption performance of synthesized materials and the
CSGAC3 showed good performance compared to its
counterparts. It may be due to the large intraparticle space
in GAC core with 2 mm which promoted the easy mass
transport movement of adsorbates solution through the
external to the inner surface of GAC core. Lower adsorp-
tion performance for CSGAC1 was explained by smaller
internal spaces between particles in GAC core (0.45 mm)
making difficult the mass transfer inside the inner surface
of GAC core. The smaller size of this core (0.45 mm) is a
limitation for the utilization because of the apparent frac-
tion of GAC core released out at a high agitation speed
during the adsorption. Although the CSGACI1 showed
good mechanical strength, it showed the limitations in
adsorption process such as low adsorption performance
and releasing out some part of the GAC core during the
adsorption process. Therefore, in this study, the CSGAC3
(referred to as CSGAC) was selected as suitable material
and further characterization was performed. Finally, the
material was applied in adsorption of the aforementioned
contaminants from aqueous solution.

GAC-core

o
f =
N  Dring, £ Preheating Sintering Cooling
I T=to5Cr T2 000°C 0mn T=250°C 3 T = 25°C
Q.
Core-shell
material
CSGAC
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Table 2 The proportion of raw materials used in the preparation of
CSGAC

Starting material Proportion (%) Size (mm)
Shell KL 60 0.15

CFA 40 0.15
GAC core GAC 85 2.00

CSB 15 0.74

Images of the sample prepared under optimal conditions
were examined using SEM. Figure 3a showed the presence
of porous on the ceramic shell sintered at 1250 °C. A big
intraparticle void was observed on a porous ceramic shell
made by K-CFA sieved at 100—-100 meshes in Fig. 3b. The
pore structures observed on the surface of GAC (Fig. 3¢c) were
not developed well and differed from those of GAC core2
(referred to GAC core which separated from CSGAC after
sintering at 1250 °C) which were more developed and wide
because of the sintering effect of the samples at 1250 °C
(Fig. 3d). The images of the GAC and the CSGAC were
evidently and physically examined in Fig. 3e, f. The crystal
phases of KL, CFA, and shell were analyzed by using XRD.

(a) GAC = 0.45 mm

(b) GAC = 0.9 mm

The dolomite, quartz, and diaspore were detected for CFA in
addition to kaolinite mineral in KL (Fig. 4a). Figure 4b shows
the XRD patterns of CSGAC (shell) from KL-CFA mixture
after sintering at 1250 °C demonstrating the presence of mull-
ite, anorthite, spinel, augite, and clinoenstatite. The mechani-
cal strength of CSGAC was measured to a value of 2.0 MPa
which is a high value to offer higher resistance of the material
to degenerate and pressure drop in the filtration system. In
fact, the presence of mullite, anorthite, spinel, augite, and
clinoenstatite components could explain a higher mechanical
strength bearing property of CSGAC. The reason of the de-
creasing and increasing of the Sggt, pore size, and pore vol-
ume of prepared materials as tabulated in Table 3 was ex-
plained in our previous work (Ndagijimana et al. 2019a;
Ndagijimana et al. 2019b). Figure 5 depicted the pore size
dispersion of the GAC, GAC corel, GAC core, CSGAC,
KL-CFA, and shell of CSGAC. The corresponding curves
of all adsorbents displayed broad trends of pore size dis-
tribution. GAC corel and GAC displayed identical pore
distribution characteristic showing the existence of micro-
and mesopore owing to the intraparticle space (Fig. 5a).
Clearly, the pore distribution curves for CSGAC and GAC
core are wide, which explain the formation of large pore

(¢) GAC = 2mm

—_ 100
s .- J(d . TCs e
g 25 @ o | = 1o
= > 80 1
£ 2.0 1 § :
£ 157 £
S % 40
g 1.0 1 é J
Q. - D 20 4
2 0.5 @
8 <
0.0 4 0
A B C A B C
CSGACs A= CSGAC3 CSGACs
B = CSGAC2
C = CSGAC1

Fig. 2 GAC cores with different size of GAC (a—c), compressive strength (d), and removal efficiency on different CSGAC (e)
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Fig. 3 SEM Morphology of
ceramic shell surface (a, b), GAC
(¢), GAC core (d), the image of
GAC core (e), and image of
CSGAC ()

sizes resulting from high-temperature effect (Fig. Sa. b).
The pore size distribution for raw materials of the shell
and CSGAC displayed the distribution of micropore,
mesopore, and macropore (Fig. 5c, d). Now, the

Fig. 4 XRD patterns of coal fly
ash and kaolinite (a) and ceramic
shell (b)

Intensity (a.u)

increasing of the macropore distribution resulted from
heating the material (Fig. 5d) would be one of the poten-
tial factors to favor and enhance the diffusion of the afore-
mentioned adsorbates into CSGAC.

(a)

1: Kaolinite (b) 1: Mullite
2: Dolomite 2: Anorthite
3: Quartz R 5 3: Spir!el
4: Diaspore 2 4: Augite
- 5: Clinoenstatite
>
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=
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Table 3 Surface area, pore volume, and pore size of materials
Sample Surface area (mz/g) Pore volume (cm/g) Pore size (nm)
GAC 510 0.28 2.20
GAC corel 462 0.25 2.20
GAC core2 979 0.54 2.60
CSGAC 142 0.06 2.95
Shell 2 0.001 2.50
K-CFA 19 0.11 21.00
K 46 0.15 12.13
CFA 14 0.03 9.07

Effect of initial pH

The effect of pH on the adsorption of the aforementioned
adsorbates on CSGAC, GAC core, and GAC were presented
in Fig. 6a, b. The zeta potential of the CSGAC powder sus-
pension at different pH values (pHpzc = 1.66) was shown in
Fig. 6¢. From Fig. 6a, b, it can be seen that there was no
significant effect on adsorption levels of both BPA and TCS
at pH between 2.0 and 7.0. On the contrary, the adsorption
decreased at pH value above 7.0 due to the formation of re-
pulsive electrostatic interactions between anion adsorbent and
adsorbate as explained in our previous study and
Supplementary material text S5.

Effect of initial concentration

The sorption of both BPA and TCS in solution was conducted
with the dosage of 30, 40, 50, 80, and 100 mg/L. Analytical
results evidenced that BPA solution was removed at 88, 71,
69, 63, and 60% respectively on CSGAC. Its removal efficien-
cy was also 100, 100, 98, 91, 85, and 68, 66, 62, 52, and 48%
on GAC core and GAC, respectively. At the same initial con-
centration, the CSGAC adsorbent showed the high removal
efficiency of TCS, as it was clear that at 30 and 40 mg/L, TCS
were totally removed, while for 50, 80, and 100 mg/L were
removed at 99.0, 95.7, and 94.5% respectively. Similarly, low-
er concentrations of TCS (30 and 40 mg/L) also were totally
removed on GAC core and GAC. Meanwhile, for higher con-
centrations, TCS were removed at 99.2, 98.6, 98.7 and 97.5,
92.8, and 90.9% on GAC core and GAC, accordingly. From
Fig. 7a, b, the removal efficiency of both contaminants
dropped with the initial concentration, which was contrary to
the adsorption capacity slope. This observation matched well
with other literature findings (Ndagijimana et al. 2019b; Tan
et al. 2008). GAC core presented high removal efficiency
probably due to its high surface area, big pore size, and big
pore volume. Comparing with GAC, the high removal effi-
ciency of CSGAC is due to the sintering of the material at a
high temperature which causes the formation of macroporous
on the outer shell and the increase of the pore size, pore vol-
ume into GAC core as well as breaking of some porous

Fig.5 Pore distribution for GAC, > ?
GAC corel and GAC core 2 (a), - 254 (a) 4 2 28 9 (b)
core-shell GAC (b), KL-CFA raw £ "‘gﬁg i § 24+ —m—CSGAC
ials of the shell (¢), and shell 2 209 =tk 2
materials of , i ” A~GAC core2 © 20+
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o 159 © 16
£ £
310 3]
§ > g
@ g
S 51 S 44
3 e ool I-APY
« 04 -
g 5 -44
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Fig. 6 Effects of pH (a, b) and zeta potential (c) on the adsorption of BPA and TCS

structure of the GAC core inside the shell. These properties
formed after sintering of the CSGAC were the evidence of fast
mass transport of solution through the shell and easily
adsorbed into GAC core.

Effect of ionic strength

We investigated the influence of ionic strength by using
a solution of NaCl with different concentrations (0.01,
0.05, 0.08, 0.10, 0.30, and 0.50 mol/L). The ionic effect
of the organic pollutant on porous adsorbent could be
explained from three aspects such as salting-out, screen-
ing, and squeezing-out effect (Cui et al. 2016).
Figure 7c showed that the adsorption capacity of BPA
increased from 0.0 to 0.1 mol/L of NaCl because of
screening effect of the surface charge and salting-out
effect as explained above. The competitive adsorption
between NaCl and BPA on the adsorbent sites could
explain a decreasing of adsorption observed at higher
concentrations of 0.1 to 0.5 mol/L NaCl attached to
binding sites occupancy. Figure 7d illustrated that the
concentration of NaCl had a slight effect on TCS ad-
sorption. This could be explained by the hydrophobic

property of TCS which is higher than that of BPA
(Table 1) to enhance its adsorption.

Effect of contact time

From Fig. 8a, b, the study of contact time showed that the
adsorption increased as a function of time to attain equilibrium
between 420 and 480 min for CSGAC. Clearly, at first, the
solution passed through the ceramic shell to reach the external
surface of GAC core, followed by diffusion inside the internal
surface of GAC core until the equilibrium is attained at about
480 min. In the same way, the adsorption process for GAC
core separated from CSGAC followed the same patterns with
a sharp increment and decrease to reach the equilibrium time
of'around 360 min. The removal rate of GAC core was higher
than that of CSGAC and could be explained by the existence
of the protective ceramic shell of the material, which de-
creased the mass transfer rate from the bulk solution and
across the porous shell to the GAC core. The removal rates
of BPA and TCS by GAC were faster than those of CSGAC
and GAC core at the beginning and attained the equilibrium
about 60 min; this could be associated with accessible binding
sites and rapid diffusion of the solution through GAC.
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Fig. 7 Effects of initial concentrations (a, b) and NaCl ionic concentration (¢, d) on sorption of BPA and TCS

Regeneration test of CSGAC

As presented in Fig. 8c, d, the regeneration test was repeated
six times following the same procedure and conditions pro-
posed in our previous work (Ndagijimana et al. 2019a;
Ndagijimana et al. 2019b). It can be seen that the regenerated
CSGAC still had a good adsorption capability similar to the
original CSGAC. Thus, protected granulated activated carbon
material would be an ideal material for an application rather
than unprotected GAC because the CSGAC retained its ad-
sorption capacity at a long time of use (over the recycling
cycle), whereas GAC presented the degeneration during re-
generation as mentioned in the introduction.

Adsorption kinetics

Table 4 presents the kinetic parameters and kinetics data for
the pseudo-first-order and pseudo-second-order models. The
pseudo-first-order model was dominated on BPA adsorption,
while the pseudo-second-order model for TCS on CSGAC.

@ Springer

The analytical data proved that the pseudo-second-order was
dominating for the sorption of BPA and TCs on GAC.
Furthermore, adsorption on GAC core for BPA matched better
with pseudo-first-order, whereas that of TCS coincided with
pseudo-second-order. Detailed explanations of the kinetic
study were provided in Supplementary material text S4.

Adsorption isotherm

Table 5 illustrated the isotherm parameters data extracted from
the Langmuir and Freundlich models where the measurements
of'¢,, and K; were calculated from the slope and intercept of a
linear plot of C,./q. against C, (Fig. 9a, b), to which the slope
corresponded to 1/g,, and intercept was equal to 1/g,,k; . The
slope and intercept calculated from the plot of Inq,, versus /nC,
(Fig. 9c, d) gave the Freundlich constants (k- and n). The
correlation coefficients (R?) values showed that the adsorption
of studied adsorbates on CSGAC was dominant for both
Langmuir and Freundlich. In contrast, Freundlich and
Langmuir were much fitted on GAC core and GAC for TCS
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Fig. 8 Effects of contact time (a, b) and the regeneration times of CSGAC (¢, d) on the removal of BPA and TCS

and BPA, respectively. The data analysis showed that the AC
core had a higher adsorption capacity than GAC and CSGAC
for both BPA and TCS adsorption. A possible reason for a
lower adsorption capacity of CSGAC comparatively to GAC
core might be the protective effect of the ceramic shell.
Whereas, GAC core had significant adsorption capacity com-
pared to the GAC (row material) because it was treated at a
high temperature which enhanced an increment of the surface
area. Comparative adsorption capacities of various sorbents
used for adsorbing similar substances are given in Table 6. It
is clear that the prepared materials (CSGAC and GAC core)
had also good performance.

Table 4  The kinetic parameters of BPA and TCS adsorption

Influence of temperature and thermodynamic study

The adsorption of organic pollutants onto CSGAC was stud-
ied at the different temperatures of 25, 30, 35, 40, and 45 °C.
Figure 10a, b showed that the adsorption efficiency increased
with the temperature, which implied it was an endothermic
process. This was due to the increase of the adsorbates diffu-
sion rate through the external boundary layer to the internal
pores of core-shell GAC owing to the decrease of the viscosity
of the adsorbates solution at high temperature. This indicated
that the synthesized material will have a good adsorption per-
formance in a real environmental condition at high

Sorbent Sorbates  Pseudo-first-order Pseudo-second-order Intraparticle diffusion
¢ (mglg) ¢~ (mgly) K, R g (mgy) g K R C Kin R
CSGAC BPA 10.76 10.67 87x107° 0984 10.76 1273 89x10* 0973 035 052 0973
TCS 16.87 11.80 88x107° 0815 16.87 1760  17x1072 0990 6.00 0.52 0980
GAC core  BPA 141.60 147.20 13x107 0993 141.60 16720 8x10° 0982 17.80 640 0.956
TCS 164.50 80.73 60x107° 0977 164.50 169.80 24x107 0992 7590 440 0976
GAC BPA 79.150 88.34 18107 0953  79.15 81.43 17107 0999 42,60 2.03  0.820
TCS 151.48 54.00 16x102 0976 15148 15550 61x107* 0999 101.0 280 0.930
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Table 5 The adsorption isotherm

parameters of BPA and TCS Sorbents Sorbates Langmuir isotherm Freundlich isotherm
adsorption
gm (mg/g) k. (L'mg)  R? ke (mg/g)L/mg)lm  n R?
CSGAC BPA 12.85 65x107° 0.930 2.80 2.9 0.930
TCS 16.54 84x107* 0.970 10.03 35 0.970
GAC core BPA 142.90 23x107° 0.990 91.55 7.0 0.880
TCS 156.70 38x10°° 0914 134.60 2.0 0.933
GAC BPA 110.62 18x107° 0.995 11.90 2.0 0.978
TCS 149.00 18x107° 0.968 75.87 3.0 0.977

temperature. The Langmuir and Freundlich isotherm parame-
ters were presented in Table 7. To better understand the ad-
sorptive properties and temperature effects, the thermodynam-
ic study (Supplementary information text S6) was evaluated.
Figure 10c, d displays the obtained values and curves plotted
by K¢ against 1/T. The value of the enthalpy (AH®) was cal-
culated to be positive (Table 8) which indicated an endother-
mic type of adsorption; thus, the adsorbate solution was or-
derly adsorbed on the surface of CSGAC. An estimation of
AG® by Eq. 10 S6 gives values of energy tabulated in Table 8,
thus the negative values would indicate a spontaneous adsorp-
tion reaction.
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Adsorption mechanism

Figure 11 illustrated the possible adsorption mechanisms of BPA
and TCS on CSGAC. The mechanisms were explained accord-
ing to the pore structure of adsorbent and the nature of solution
and adsorbates. The major transport processes included bulk
transport, film transport intraparticle, and adsorption which takes
place during the adsorption by a porous of the adsorbent. As a
porous material, the adsorbates solution passed through the po-
rous shell of CSGAC to the GAC core. Then the adsorbates
reached the inner core (GAC core) through the external surface
and diffused within intra-layers and internal pores of the GAC
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Fig. 9 Langmuir model (a, b) and Freundlich model (¢, d) for adsorption of BPA and TCS onto CSGAC, GAC core2, and GAC
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Table 6 Comparison of the
adsorption capacity (¢,,) for BPA
and TCS between various
adsorbents

core finally adsorbed onto micro-mesopore. The wide
intraparticle space (Fig. 3b),destroyed pore structure due to the
high temperature (Fig. 3d) and the increase of the Sggr, total pore

Pollutants Adsorbents qm (mg/g) References
BPA GAC 110.62 This work
GAC core 142.90 This work
CSGAC 12.85 This work
Granular activated carbon 3.51 (Sudhakar et al. 2016)
Rice Husk ash 8.72 (Sudhakar et al. 2016)
10% CNTs/Fe;0,4 44.40 (Li et al. 2015)
AMBA Sericite 4.816 (Thanhmingliana and Tiwari Lee 2014)
Aluminum AMBA Sericite 4.874 (Thanhmingliana and Tiwari Lee 2014)
TCS CSGAC 16.54 This work
GAC core 156.7 This work
GAC 149.0 This work
AC 67.11 (Behera et al. 2010)
Kaolinite 6.03 (Behera et al. 2010)
Organo-zeolites 49.65 (Lei et al. 2013)

«@= % Re '.'qe

-8=% Re ...qe

volume, micropore, and mesopore volumes of GAC core after
sintering at 1250 °C (Table 3) were advantageous properties for
the adsorption of BPA and TCS into the pores of GAC core. The

b
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Fig. 10 Temperature effect (a, b), plot of K¢ versus 1/T for determination of BPA, and TCS removal reaction enthalpy (c, d)
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Table 7  Effect of temperature on BPA and TCS adsorption

Isotherm  Temperature (°C) Constant

Langmuir Gmax (M) K (L/mg) R*
BPA 25 12.85 0.065 0.930
30 12.91 0.035 0.961
35 12.93 0.024 0.987
40 13.75 0.012 0918
45 14.20 0.013 0.949
Freundlich Temperature (°C) Constant
Kr (mg/g)(L/mg)"™ n R
BPA 25 2.80 2.90 0.930
30 3.99 3.56 0.947
35 4.14 3.00 0.941
40 5.28 1.26 0.858
45 5.80 4.00 0.906
Isotherm  Temperature (°C) Constant
Langmuir Gmax (Mg/g) K (L/mg) R*
TCS 25 16.54 84x10* 0970
30 16.99 50x10% 0973
35 16.99 20x10* 0.988
40 17.19 97x107°  0.989
45 17.42 39x107°  0.9725
Freundlich Temperature (°C) Constant
Kr (mg/g)(L/mg)"™ n R
TCS 25 10.03 35 0.970
30 11.10 1.54 0.869
35 13.43 3.60 0.895
40 20.39 2.97 0.966
45 20.40 4.00 0.921

microporous structure of carbon adsorbent was good at the tex-
ture of organic molecules such as BPA (Bautista-Toledo et al.
2005). As evidenced from Fig. 4c, d, all adsorbents were in the
range of micropores (from 0 to 20 nm), thus all GAC adsorbents
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interaction
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Fig. 11 Possible adsorption mechanisms of BPA and TCS adsorbed on
CSGAC

could remove BPA molecules from the water matrix. In addition,
the interactions of pH of the solution, adsorbent surface pHy,c,
and pKa of drugs could also affect the adsorption. Figure 6¢
showed that the pHp,c value of CSGAC was 1.62. At a pH of
7, the CSGAC was positively charged, whereas BPA and TCS
were in their molecular form (non-dissociated). Thus, the adsorp-
tion was promoted due to a minimization of repulsive electrostat-
ic interactions and was probably enhanced by the existence of
physicochemical interactions (Van der Waals, 7t-7t, and hydro-
phobic interactions), being consistent with those of other studies
(Jun et al. 2019; Sun et al. 2017). According to the hydrophobic-
ity measurement, the adsorption of organic molecules increased
with the value of log K, in octanol-water solution (Kaur et al.
2018; Wu et al. 2015; Wu et al. 2019). The hydrophobic inter-
action between TCs and CSGAC was much stronger than BPA
due to its high log K, (4.76) compared to that of BPA (3.32)
(Table 1). Thus, the adsorption of TCS on adsorbent was highly
moderated by existed hydrophobic and 7t-7t interactions in addi-
tion to textural properties of the synthesized material.

Table 8 Thermodynamic study

Adsorbates  C, AH (kJ/ AS AG (kJ/mol)
(mg/L)  mol) (J/mol/K)

BPA 298 K 303 K 308 K 313 K 318 K
30 70.108 237.71 -0.334 -0.267 -3.075 —4.885 -5.087
40 8.127 268.48 1.020 -0.260 -5.621 -3.237 -4.331
50 45.122 144.52 2.442 1.070 0.612 -0.360 -0.619
80 32.262 98.42 3212 2431 2.088 1.239 1.105
100 33.672 101.88 3.516 2.952 2.436 1.546 1.395

TCS 30 208.347 809.38 -32969 -—37.016 - - -
40 375.929 1362.28 —31.242 —34963 —44934 - -
50 126.690  446.01 —6.600 —8.028 —-11.223 —12.180 —15.716
80 105.359 364.13 -3412 —4.773 —6.518 —9.250 -10.294
100 111.852 382.54 —2.756 —3.903 -4.699 -8.927 —9.868
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Conclusions

A protective shell structure of core granulated carbon
(CSGAC) with good properties desired for adsorbing EDCs
was successfully synthesized. The material had a high me-
chanical strength (2.0 MPa) and small thickness (0.1 cm).
This technique addressed a new and green technique to protect
the GAC adsorbent with a ceramic shell which would ensure
an easy utilization and recyclability of the material. The new
(CSGAC) was successfully applied to remove bisphenol A
and triclosan pollutants from aqueous solutions; the CSGAC
exhibited higher efficiency in removing triclosan (TCS) than
bisphenol A (BPA) from aqueous solutions and showed
higher removal percentage for all adsorbates than GAC. The
control of the textural pore structures and physicochemical
interactions between adsorbent-adsorbate in solution (7t-7t
EDA, electrostatic, and hydrophobicity) is key to reach higher
performance of the material and therefore, this material will
play a great role in overcoming the existing limitation of ap-
plying GAC-based adsorbent in the liquid treatment-related
applications.
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