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The increasing release of pharmaceutical and personal care products (PPCPs) into water poses serious threats to
human beings. In this study, a novel core-shell activated carbon (CSAC) material with a high-mechanical-
strength porous ceramic shell was synthesized and tested by adsorbing sulfamethoxazole (SMX) from aqueous
solutions. An activated carbon core (AC core) was synthesized from a mixture of powder AC (92%) and cassava
waste splinters binder (8%). Moreover, a shell with a high thickness of 0.13 cm and compressive strength
(2.92 MPa) was generated from the mixture of coal fly ash and clay at ratio of 60:40. It demonstrated high
protection of the AC core. The adsorption efficiency of SMX by CSAC attained 99.0% and 97.9% at initial
concentrations of 5 and 10 mg L−1, respectively. Furthermore, 77.0, 68.6 and 60.4% of SMX were adsorbed at
higher concentrations of 30, 50, and 100 mg L−1, respectively. The kinetics study demonstrated that the ad-
sorption of SMX followed pseudo-second-order kinetics. Moreover, the sorption isotherm was better fitted to
Freundlich isotherms. Finally, SMX adsorption on CSAC simultaneously depended on the pore texture of CSAC
and the hydrophobic properties of SMX, as well as the π-π bonds and electrostatic interactions between them.

1. Introduction

The waste and effluent released from manufacturing industries into

the environment have been exacerbating water pollution as the popu-
lation continues to use manufactured products that contain chemicals
such as antibiotics, aspirin, synthetic masks and other pharmaceuticals,
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and personal care products (PPCPs) [1,2]. The continuous discharge of
PPCPs into the aquatic ecosystem is causing water pollution as emer-
ging contaminants threatening the safety of drinking water and aquatic
organisms. Moreover, it is difficult to completely remove PPCPs
through conventional wastewater treatment plants (WWTPs) owing to
their high polarity and solubility in water [3–5]. These properties fa-
cilitate the release of PPCPs from WWTPs, effluents, and urban waste-
water that flow into surface, drinking, and ground water [6,7]. Anti-
biotics (a main component of PPCPs)-contaminated water and
wastewater are a global environmental concern. Antibiotics have been
found to be persistent in water due to their strong affinity for water, and
they are not easily metabolized and absorbed by animals; eventually,
will accumulate and create toxicity, posing an ecotoxicological danger
to aquatic and terrestrial life [8,9]. For example, sulfamethoxazole
(SMX) is an antibiotic that is not easily removed completely by WWTPs,
especially its residues [10,11]. Exposure to this contaminant may cause
adverse effects to humans, including hepatic cancer and alteration of
genetic traits [12–14], and its environmental behavior is still unclear
[15]. Therefore, it is vital to withdraw antibiotics from the aquatic
ecosystem.

Multiple treatment techniques, namely oxidation, sedimentation,
coagulation, flocculation, and filtration, were adopted to eliminate
particulate matter (turbidity) and disease-producing microorganisms
from water. However, most of these methods were not efficient to
overcome the problem of antibiotics in water [16–18]. As reported
previously, adsorption on solid particles plays a pivotal role in reg-
ulating the ecological effects of SMX [12]. This method has several
advantages, including affordable operation and environmental sus-
tainability [19]. Adsorbent bearing desired properties such as porous
texture, surface charge, and hydrophobicity along with the solution’s
pH are commonly regarded as beneficial and most significant factors for
SMX removal [20,21]. Owing to its excellent porous texture and rich
surface chemistry, activated carbon (AC) is widely used to remove
many different contaminants. Also, previous studies have shown that
SMX in water can be removed by granulated activated carbon (GAC) or
powdered activated carbon (PAC) owing to the amine groups or ben-
zene rings in the structure of most SMX [12,22,23]. However, on one
side the application of AC is limited by a decrease in pressure, re-
generability, dusting, and attrition [24,25]. On the other side, the ap-
plication of PAC is handicapped because of shortcoming recyclability
from water or wastewater. The residual PAC in the liquid can even
cause clogging and a pressure drops in the filtration system [26]. To
some extent, the use of granular activated carbon (GAC) for the ad-
sorption application would be a preferred option over PAC; however,
the strength of GAC should be high enough to withstand the pressure
when installed in the absorption column. Expectedly, novel strategies
are necessary to address the existing challenges. Coal fly ash is an an-
thropogenic material susceptible to posing environmental hazards
(water and soil pollution) if it is not properly disposed [27]. Cassava
fibrous residue (CFR) is another constituent waste originated from
milling process of cassava with environmental risk [28]. Interestingly,
these splinters are typically cheaper and with high content of starch.
Thus, they have a potential interest in application rather to create
disposal concerns. Recently, a carbon core protected by inorganic
membrane shell was prepared for suitability in heat transfer and en-
hancing the mechanical properties of a solid catalyst application, but
could not be applied in adsorption in aqueous solution [29,30].

Therefore, in this study, we have been motivated by using originally
waste materials to synthesize a novel CSAC material with a high-me-
chanical-strength porous ceramic shell to eliminate PPCPs in aquatic
environment. The aims of this study were to (i) optimize the synthesis
of CSAC samples using a mixture of PAC and cassava splinters binders
(CSB) as the AC core and a shell with a high mechanical strength from
commercial coal fly ash (CFA) and clay (CL), (ii) evaluate the SMX
removal performance of the CSAC samples, and (iii) discuss the sorption
characteristics and mechanism for SMX removal. Finally, this study is

expected to provide insight into potential application of a new core-
shell-structure AC material with a high-mechanical-strength porous
shell for the adsorption of target substances from aqueous media.

2. Experimental section

2.1. Materials and chemicals

The clay (CL) utilized in this study was collected from Rugende
Valley (Kigali, Rwanda). Then, it was pre-treated at 400 °C to prevent
the ceramic shell from cracking during the drying and sintering pro-
cesses and sieved through a 100-mesh after cooling. The CFA and
commercial PAC were provided by a coal power plant and a physical
activated carbon company, respectively. The cassava waste splinters
(CWS) used for preparing the CSB (Supplementary information text S1)
was collected from Kinazi Cassava Plant, Rwanda. Table 1 and Table 2
present the chemical compounds contained in the CFA and CL, and the
elemental composition of the CWS, PAC, and AC core, respectively. The
sulfamethoxazole (SMX, purity 98%) and sulfamethazine (SMZ, purity
98%) and tetracycline (TC, purity 98%) were purchased from Alladin
Industrial Corporation, Shanghai, China. The structural and physico-
chemical properties of SMX are presented in Table 3. The real waste-
water was withdrawn from Pig Farm of Xinluo District in Longyan,
Fujian province, China.

2.2. Preparation of CSAC

The pelletizing method was used in this study [34]. Firstly, the AC
core was prepared by mixing PAC with the CSB with proportions of
92% and 8%, respectively. Then, sample was pelletized to a diameter of
0.71 cm and dried at 105 °C for 2 h, which was denoted as AC core1.
Secondly, the CL was mixed with CFA at the settled ratios after adding
some ionized water making a mud-like mixture. The different masses of
this mixture were used to coat the prepared AC core1 as a shell/cover
and generate core-shell pellets These core-shell pellets were then pre-
heated at 400 °C for 30 min after being dried at 105 °C for 2 h, and
heated at 1200–1250 °C for 2 h under a nitrogen flow at a sintering rate
of 10 °C min−1. The CSAC materials were finally obtained after they

Table 1
Chemical composition (wt. %) of the precursor materials used for preparing the
porous ceramic shell.

Components Coal fly asha (wt. %) Clayb (wt. %)

SiO2 15.60 61.50
TiO2 0.39 0.19
Al2O3 7.19 25.80
Fe2O3 2.96 2.84
MnO 0.06 0.03
MgO 8.25 3.45
CaO 33.52 5.23
Na2O 0.15 0.25
K2O 0.75 1.34
P2O5 0.74 0.02

a Coal fly ash.
b Clay.

Table 2
Chemical element compositions of the cassava splinters binder, cassava splin-
ters waste, powder activated carbon, activated carbon core used in this study.

Elements C N H O S

CSWa 42.70 0.16 6.70 49.20 1.10
PACb 80.42 0.10 3.84 6.20 0.35
AC core 82.62 0.43 1.26 15.26 0.20

a Cassava splinters waste.
b Powder activated carbon.
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were cooled in the furnace to the ambient temperature (Fig. 1). The
effects of the CFA content (10, 20, 30, and 40%), sintering temperature
(1200, 1230, and 1250 °C), and shell thickness (0.08, 0.11, and

0.13 cm) on the shell’s compressive strength were investigated (Fig. 2).
The CSAC sample with the highest shell compressive strength was se-
lected for characterization and used for further SMX removal.

2.3. Characterization

The crystalline, morphological features, and pore texture of the
samples were characterized by powder X-ray diffraction (XRD,
PANalytical X’pert Pro, Netherlands), field emission scanning electron
microscopy (SEM, Hitachi S-4800, Japan), and nitrogen adsorption-
desorption isotherms (Micromeritics ASAP 2020 M + C, USA), respec-
tively. The XRD system was operated using nickel-filtered Cu-Kα
(40 kV, 40 mA) radiation and a secondary monochromatic graphite
beam. Brunauer-Emmett-Teller (BET) equation was used to calculate
specific surface area, and the micropore and mesopore sizes were de-
termined following the Horvath-Kawazoe (HK) and Barret-Joyner-
Halenda (BJH) methods, respectively. Adsorbent samples (5%) were
mixed with spectroscopic grade KBr and finely ground in a mortar. The
samples were measured against a KBr background. 32 scans at a re-
solution of 4 were collected. A ZL-8001 computer servo universal ma-
terial testing machine (China) was used to measure the mechanical
strength of the CSAC, and the zeta potential of the CSAC was tested
using a Nano/submicron particle size analyzer (Zeta PALS). Further
analyses were conducted for C, H, N, O, and S in a Thermo Flash 1112
analyzer. The chemical composition of the CFA and clay were tested by
X-ray fluorescence spectroscopy using a Philips PW1404 device.

2.4. Adsorption of SMX

Batch experiments were carried out by adding 0.5 g of CSAC to
50 mL of the SMX solution in an Erlenmeyer flask at 25 °C in a water
bath and oscillating at a rate of 150 r min−1 for 24 h. The supernatant

Table 3
Structure and physicochemical properties of sulfamethoxazole.

Compound name Sulfamethoxazole

Structure b,c,

Formula C10H11N3O3S
Molecular weight (g mol−1) a, b 253.28
Water solubility (mg L−1) d 869.5
Melting point (°C) d 170-173
Boiling point (°C) d 482
pKa a, b 5.6
logKow a, b 0.89

a [14],c [31], b [32],d [33].

Fig. 1. Typical procedure for preparing the core-shell-structure activated
carbon.

Fig. 2. Optimization of core-shell-structure activated carbon preparation.
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samples were withdrawn and then filtered through a 0.45-μm mem-
brane. The water samples were analyzed using high-performance liquid
chromatography (HPLC, Hitachi L-2000, Japan) at 25 °C with a wave-
length of 225 nm, using an Extend-C18 column (250 × 4.6 mm, 5-
Micron 80 A) from Agilent (USA). The antibiotics in the real wastewater
were analyzed by LC–MS. More details have been presented in
Supplementary information text S2.

Initial SMX concentrations of 5, 10, 30, 50 and 100 mg L−1 in the
SMX solution were prepared by diluting the bulk SMX solution, and the
tests were conducted at an initial pH of 5.6. Solutions with different pH
values (1.0, 2.0, 4.0, 5.6, 7.0, 9.0 and 12.0) were produced by adjusting
the initial solution using 0.01 mol L-1 of NaOH or HCl. The effect of
these pH values was tested at an initial SMX concentration of 100 mg L-1

at 25 °C. Supernatant samples were collected at specific time within
480 min at pH of 5.6, temperature of 25 °C and 50 mg L-1 SMX solutions.
To test the regeneration performance of the adsorbents, the CSAC after
absorbing SMX was recycled by thermal treatment at 600 °C for 1 h
under a N2 atmosphere. This temperature was preferred because SMX
degrades when the temperature is below 600 °C [35]. The regenerated
material was reutilized for further adsorption experiments. Three ki-
netics models, i.e., the pseudo-first-order and second-order models, and
intraparticle diffusion, were used to fit the adsorption kinetics data of
SMX by CSAC. In addition, experimentally acquired adsorption iso-
therms were explained using Langmuir and Freundlich models
[8,14,36]. The kinetic and isotherm models are described in Supple-
mentary information text S3. The antibiotics from real wastewater were
withdrawn by solid phase extraction method according to this study
[37].

3. Results and discussion

3.1. Optimized synthesis of CSAC

The synthesis conditions were optimized to obtain a CSAC material
with a relatively high compressive strength by manipulating mixture
ratio of CL and CFA, the sintering temperature, and the shell thickness.
Fig. 2a showed that the compressive strength of the shell was ap-
proximately 2.92 MPa at a CFA ratio of 40 wt. %. The high compressive
strength was beneficial from the formation of the quartz phase, mullite,
and glass phases at 1250 °C, which was proven by several studies
[38,39]. A CFA content of 40% with a compressive strength of 2.92 MPa
was considered to be favorable to create a material that can withstand
the decrease in pressure in the absorption column. Fig. 2b illustrated
that the shell’s compressive strength increased as the sintering tem-
perature increased, at a constant CL and CFA ratio of 60 and 40 (wt. %).
The compressive strength was approximately 0.4 MPa when the tem-
perature was 1200 °C, while it increased greatly to 2.92 MPa at a sin-
tering temperature of 1250 °C. This was attributed to the formation of
mullite, quartz, crystalline, and the glassy phase at 1250 °C. Fig. 2c
presented that the shell’s compressive strength increased as its thickness
increased. For instance, the compressive strength was approximately
1.0 MPa when the thickness was 0.11 cm, while it greatly increased to
2.92 MPa when the thickness was 0.13 cm. Therefore, the optimal
conditions for the synthesis of CSAC was a CL:CFA ratio of 60:40 (wt.
%), sintering temperature of 1250 °C, and shell thickness of 0.13 cm.
The product generated under these conditions was used for SMX ab-
sorption.

3.2. Characterization

The morphological properties of the samples were observed by SEM
at different magnifications (Fig. 3). As shown in Fig. 3a and b, there
were many fine pores and macropores in the optimized ceramic shell.
Moreover, Fig. 3c and d show that capillary-like pore structures were
developed on the AC core’s surface, and some particulate matters ap-
peared on the external surface of the AC core. These pores were

originated from the evaporation or decomposition of matter in the
binder or chemical reactions between the AC and the binder [40,41].
The images of the CSAC and the AC core (inside the shell) can be vi-
sually examined by the naked eye in Fig. 3e and f. The pore sizes of the
prepared samples varied notably due to the preparation temperature.
The results indicated that the prepared material possessed a rich pore
structure.

Fig. 4 presents the representative XRD patterns of the porous
ceramic shell, clay, and CFA. The XRD patterns of CFA in Fig. 4a in-
dicated the presence of calcium magnesium carbonate (CaMg(CO3)2),
calcium carbonate (CaCO3), and quartz (SiO2). Fig. 4b exhibits the
presence of quartz (SiO2) and aluminum silicate hydrate in the clay.
The XRD patterns of the shell for CSAC (Fig. 4c) indicated the existence
of anorthic, quartz (SiO2), calcium, magnesium, aluminum silicates,
and mullite species. Based on these findings, the crystalline quartz,
anorthite, and sapphirine were trailing phases as long as the prepara-
tion temperature was below 1200 °C. Alkaline, calcium, and iron-con-
taining crystalline phases would melt and then form a glassy phase at
temperatures exceeding 1200 °C, therefore, they were not detected in
the CSAC XRD patterns [42].

The textural pore parameters, including the specific surface area
(SBET), pore volume, and pore size, are listed in Table 4. It is noteworthy
that AC core2 was directly separated from the CSAC, and it exhibited a
higher SBET (1095 m2 g−1). The SBET of PAC decreased from 823 to
664 m2 g−1 after mixing with CSB (AC core1). This decline was due to
the blocking of free space and pores as previously reported [43,44]. The
PAC used for preparing AC core1 has a smaller SBET (823 m2 g−1) than
that of the AC core2 (1095 m2 g−1), which is because the higher tem-
perature caused an increase in the SBET for both binders and binder-
bonded carbon pellets [45]. The SBET of CSAC (181 m2 g−1) was much
smaller than that of AC core2 without the shell, which is due to two
reasons. One was associated with the blocking of pores in AC core2 by
the piles (agglomerates) of the ceramic shell, and the other was that the
shell weight was included in the denominator. The surface area of the
CL-CFA mixture (raw materials of the shell) was 30 m2 g−1. However,
it decreased to 2.9 m2 g−1 after sintering as CSAC. Furthermore, the
pore volume of AC core1 shrunk to a greater degree than that of the
PAC. In contrast, the pore volume of AC core2 was larger than that of
the PAC. However, the pore volume of CSAC decreased due to the
protection of AC core2 by the porous ceramic shell and sintering at a
high temperature. The pore volume of the shell detached from CSAC
also significantly decreased after sintering the raw CL-CFA mixture at
1250 °C. The pore sizes of PAC, AC core1, AC core2, and CSAC did not
change significantly, while that of the CL-CFA mixture decreased after
the CSAC was heated at 1250 °C. Fig. 5 shows that the pore size dis-
tribution curves shifted toward a large pore size for all materials. AC
core1 and PAC exhibited similar pore size distributions, suggesting the
coexistence of micropores and mesopores due to intra-particle voids
(Fig. 5a). The pore size distribution of CSAC and AC core2 was no-
ticeably broadened and shifted to large pore sizes due to the sintering of
the sample at 1250 °C (Figs. 5a and 5b). In addition, the pore size dis-
tribution of CL-CFA and the shell of CSAC exhibited a broad pore size
with micro-mesopores and macropores (Fig. 5c and d). However, the
macropore distribution increased after sintering at 1250 °C (Fig. 5d),
which is beneficial for the molecular diffusion of SMX from the shell
into the AC core.

3.3. Application to SMX removal

3.3.1. Effect of initial SMX concentration
As shown in Fig. 6a, 99.0% and 97.9% of SMX were removed by the

CSAC adsorbent at initial concentrations of 5 and 10 mg L−1, respec-
tively. Moreover, SMX was partly removed with 77.0, 68.8, and 60.4%
efficiencies at initial concentrations of 30, 50, and 100 mg L−1, re-
spectively. Additionally, similar results were obtained for PAC and AC
core2 when initial SMX concentrations were 5 and 10 mg L−1.
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Meanwhile, for the SMX solutions with other concentrations, AC core2
removed 97.0, 95.4, and 95.1%, and PAC removed 90.0, 78.0, and
76.0% of SMX, respectively. These results could be explained by the
constant reactive sites under the same amount of adsorbent [46]. The
adsorption capacity increases as the initial concentration of the ad-
sorbate increases, suggesting that the initial concentration is a key
factor in overcoming the mass transfer between the adsorbate and AC

Fig. 3. SEM images of the ceramic shell’s surface (a, b) and activated carbon core2 (c, d), images of Core-shell-structure activated carbon (e) and the inside of the
activated carbon core2 shell (f).

Fig. 4. XRD patterns for coal fly ash (a), clay (b), and the ceramic shell (c) (A:
Aluminum silicate hydrate, Q: Quartz, C: Calcium carbonate, C*: Calcium
magnesium carbonate, *: Anorthic, M: Calcium magnesium aluminum silicate,
and M*: Mullite).

Table 4
Specific surface area (SBET), pore volume, and pore size of the materials used in
this study.

Sample Thickness
(cm)

Weight
(g)

SBET

(m2 g−1)
Pore volume
(×10−2 cm3 g-1)

Pore size
(nm)

CSAC 0.13 0.50 181 10.12 2.238
Shell – 0.20 2.9 0.24 3.134
PAC – 0.05 823 44.17 2.147
AC core1* – 0.10 664 34.99 2.109
AC core2* – 0.05 1095 59.24 2.164
CL-CFA – 0.30 30 8.66 12.000

AC core1*: AC core after drying at 105 °C; AC core2*: AC core from CSAC.
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[47]. From the experimental observations, it was found that the ad-
sorption of CSAC decreased comparatively to AC core2 and PAC,
however, the CSAC still showed easy separation, recyclability and good
performance over recycling life cycle.

3.3.2. Effect of initial pH
The SMX removal by CSAC was highly affected by the initial pH of

the solution. The pH not only affected surface properties of CSAC, but
also determined species of SMX in the solution. Fig. 6b shows that the
solution’s pH was responsible for the SMX removal efficiency. An acidic
pH enhances the SMX removal efficiency and capacity. In contrast, the
values decreased as the pH increased from 4.0 to 12.0. Fig. 6d shows
that pHPZC (the pH at the point of zero charge) was 1.88, indicating that
the surface of the CSAC had negative charges when the pH value ex-
ceeded the pHPZC. Cationic (SMX+), neutral (SMX), and anionic
(SMX−) compounds were formed based on two acid dissociation con-
stants within a wide pH range. The first constant involves the proto-
nation of the aniline N (pKa = 1.7) and the other entails deprotonation
of the sulfa drug’s NH (pKa = 5.6) [48]. When the pH increased from
1.0 to 12.0, the SMX+ gradually transformed into SMX, and then
SMX−. At pH 5.6, the concentrations of SMX and SMX− were equal.
Therefore, when the pH equaled to 1.88, the dominant compound was
SMX+ and the surface charge of CSAC was negative, thus, the elec-
trostatic attraction favored the adsorption of SMX. Additionally, after
pH increase to or more than 5.6, the adsorption efficiency of SMX de-
creased due to the decreasing of electrostatic attraction between the
adsorbent and SMX. This correlates with the findings of previous re-
ports [31,48–51].

3.3.3. Effect of contact time
As illustrated in Fig. 6c, the removal reached the equilibrium within

360 min of adsorption. The SMX removal efficiency by CSAC increased
with increasing contact time. This is because the solution firstly crossed
the ceramic shell and continuously diffused into the AC core until it
reached the equilibrium within approximately 360 min. Similarly, the
SMX removal efficiency by AC core2 separated from CSAC sharply in-
creased at 120 min, and then slowly increased until reaching the
equilibrium at approximately 360 min, which was the same time as that
of CSAC. However, the removal efficiency of AC core2 was greater than
that of CSAC due to the protection from the ceramic shell, which served
as an obstacle to transfer of SMX solution from the bulk solution to the
AC core’s surface. In contrast, the SMX removal efficiency of PAC was
much faster than that of CSAC and AC core2, and was initially rapid and
reached the equilibrium at approximately 60 min. This was a result of
the large number of available reactive sites on PAC and the rapid mass
transport of SMX solution through the PAC. Furthermore, the qt of SMX
adsorption by the AC core inside the ceramic shell was calculated using
the mass of the AC core inside the shell as the denominator, and the
results show that the qt was slightly less than that of PAC and AC core2
(Fig. 6e). This indicates that the ceramic shell slightly affected the SMX
adsorption capacity and efficiency. More importantly, the CSAC still
showed easy separation, recyclability and good performance over re-
cycling life cycle.

3.3.4. Thermal regeneration of CSAC
The recycling and regeneration of CSAC material are critical factors

for its practical application. The used samples were regenerated and
used for SMX adsorption for a further three cycles. As shown in Fig. 7,

Fig. 5. Pore size distribution for the powder activated carbon, activated carbon-core1, and activated carbon-core2 (a); Core-shell-structure activated carbon (b); raw
materials of the clay-coal fly ash shell (c) and of the CSAC shell after sintering at 1250 °C (d).
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the generated CSAC exhibited a comparable adsorption capability to
that of the original CSAC.

3.4. Sorption kinetics and isotherm

3.4.1. Sorption kinetics
Table 5 presents the parameters of the calculated kinetics based on

the experimental results. The parameters such as the correlation coef-
ficients (R2), kinetics constants (k1), and qe values were estimated by
plotting q qIn( )e t against t (pseudo-first-order model) and t/qt against
t (pseudo-second-order model). SMX adsorption fitted better to the
pseudo-second-order kinetic model according to the calculated corre-
lation coefficient (R2 ≥ 0.996) and small difference between qeexp and
qecal. This result was consistent with that in previous report on organic
matter removal by activated carbon [14,49]. Additionally, intraparticle
diffusion was a rate-determining stage in the adsorption process. Ac-
cording to the R2 values (R2 ≤ 0.898), the sorption process was not

Fig. 6. Effects of initial concentration (a), pH (b), contact time ((c) and (e)) on the adsorption of SMX, the pHPZC of core-shell-structure activated carbon (d), and
adsorption of antibiotics in real wastewater (f).

Fig. 7. Adsorption of sulfamethoxazole on core-shell-structure activated carbon
at an initial concentration of 100 mg L−1 after thermal regeneration.
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determined by intraparticle diffusion. A multi-linear plot by qt
against t1/2 indicated the presence of multiple steps in the adsorption
process, which correlates with previously reported findings [52]. The
SMX adsorption process could consist of three steps: rapid external
surface sorption, involving the mass transfer of SMX to the external
adsorbent surface; gradual interior surface sorption, which involves the
mass transfer of SMX onto the internal surface; and the last step, in
which the equilibrium reaches and the adsorption efficiency declines.

3.4.2. Sorption isotherm
The data calculated from the Langmuir and Freundlich models is

presented in Table 6. The R2 values demonstrate that the Freundlich
isotherm fitted more precisely than the Langmuir isotherm, revealing
that SMX adsorption was consistent with multilayer adsorption. The n
of Freundlich model is associated with the SMX sorption affinity on the
adsorbent. Generally, n at the ranges of 2–10, 1–2 and less than 1 re-
present good adsorption, moderate adsorption and poor adsorption,
respectively. The n value (2.65) in Table 6 indicated a good adsorption
of SMX on CSAC. The parameter KF of Freundlich model is related to the
sorption amounts for the adsorbents. The value for CSAS as the ad-
sorbent is smaller than those of AC and PAC, indicating the low sorption
amounts of SMX on the CSAC. However, as shown in Fig. 6e, results
show that the qt was slightly less than that of PAC and AC core2. Based
on the Langmuir model, the adsorption capacity of the adsorbents was
determined and the results demonstrated that the adsorption capacity
of the AC core2 was greater than that of PAC and CSAC. This was likely
due to the larger SBET of AC core2 and the mass transfer obstacle in the
AC core2 protected by the ceramic shell. The adsorption capacity (qe) of

the adsorbents used in this work was relatively beneficial, as mentioned
in (Table 7), compared with other adsorbents [14,49].

3.5. Possible mechanism

Electrostatic and non-electrostatic interactions are phenomena im-
plied in the adsorption process [46]. The adsorption of aromatic species
on AC is highly affected by the diffusive interaction between the π-
electrons of the aromatic ring and the π -electrons of the graphene
layers in AC [51,53]. However, the mechanisms governing the ad-
sorption of sulphonamide to carbon adsorbents are still unclear [15].
Fig. 8 presents conceptually the mechanism behind the removal of SMX
by CSAC. As shown in the inserted FTIR figure in Fig. 8, adsorption of
SMX resulted in the appearance of new bands at 1590, 1473, 1380,
1145, 1090, 884 and 829 cm−1. They are corresponding to phenyl ring
C＝C, isoxazole ring, SO2, SN and isoxazole ring CH, respectively [23].
This outcome indicated that the SMX molecular was adsorbed on the
surface of the AC core. The adsorption of SMX by CSAC simultaneously
depends on the pore texture, π-π electro-donor acceptor (EDA), elec-
trostatic interactions, and the hydrophobic properties of the SMX mo-
lecule, which are determined by the surface charge of the CSAC and
acid dissociation of the SMX that are dependent on variations in the
solution’s pH.

3.5.1. (a) Pore texture
A previous study found that more SMX is adsorbed on adsorbents

with pores volume larger than 20 Å, suggesting that mesopores are
beneficial for the adsorption of SMX [23]. As shown in Fig. 5, all ad-
sorbents have pore volumes larger than 20 Å, suggesting that CSAC and
the other adsorbents could adsorb more SMX from an aqueous solution.
The pathways of SMX adsorption to CSAC can be described as follows:
SMX molecules easily pass through the shell due to its macropores and
results confirmed by FTIR analysis, the SMX molecules then reach the
external surface of AC core2, and they are finally diffused into the inner
surface pores of AC core2.

3.5.2. (b) electrostatic, π-π interactions and hydrophobicity
The SMX as a sulfonamides group, may undergo pH-dependent

speciation reactions [12,15,48]. Based on the two dissociation SMX
constants (pKa = 1.7 and pKa = 5.6) throughout a broad pH range,
there are three dominant forms, i.e., anionic (SMX−), neutral (SMX),
and cationic (SMX+) [48]. The first acid dissociation constant (pKa =
1.7) involves the protonation of aniline N, and the second (pKa = 5.6)
involves deprotonation of the sulphonamide NH. At pH levels exceeding
5.6, SMX− is predominant, while uncharged SMX is predominant at pH
values between 1.7 and 5.6, and SMX+ predominates at pH values
below 1.7 [54]. The pHPZC value of CSAC was 1.88 (Fig. 6d). At a lower
pH value (1.0), electrostatic repulsion is established between the ca-
tionic SMX and positively charged CSAC, which decreases the SMX

Table 5
Kinetic parameters of sulfamethoxazole adsorption.a

Kinetic model Parameters

CSAC AC core2 PAC

qe exp (mg g−1) 3.4 47.7 39.0
Pseudo-first-order
qe calculated (mg g−1) 2.06 34.7 37.4
K1 7.48 × 10−3 7.02 × 10−3 0.102
R2 0.724 0.907 0.846
Pseudo-second-order
qe cal (mg g−1) 3.7 53.0 39.3
K2 7.53 × 10−3 0.336 × 10−3 11.75 × 10−3

R2 0.997 0.996 0.999
Intraparticle-diffusion
C 0.98 8.10 32.00
Kdif 0.13 2.03 0.39
R2 0.798 0.898 0.355

a Adsorption conditions: initial concentration = 50 mg L−1, mass of ad-
sorbents = 0.5 and 0.05 g, agitation speed = 150 rpm, temperature = 25 °C,
and pH = 5.6.

Table 6
Adsorption isotherm parameters of sulfamethoxazole adsorption.a

Adsorption isotherm model Parameters

CSAC PAC AC core2

Langmuir isotherm
qm (mg g−1) 6.4 86.0 95.4
kL (L mg−1) 0.15 8.41 × 10−4 1.00 × 10−4

R2 0.826 0.770 0.643
Freundlich isotherm
kF (mg g−1) (L mg−1) 1/n 1.3 14.2 28.0
n 2.65 2.12 1.34
R2 0.945 0.933 0.978

a Adsorption conditions: initial concentration = 5, 10, 50, 80, and
100 mg L−1, mass of adsorbents = 0.5 and 0.05 g, agitation speed = 150 rpm,
temperature = 25 °C, and pH = 5.6.

Table 7
. Comparison of sulfamethoxazole adsorption capacity on Core-shell-structure
activated carbon with other adsorbents.

Pollutant Adsorbents qm (mg g−1) References
SMX CSAC 6.3 This work

AC core2 95.4 This work
PAC 86 This work
PAC-IIa 58.35 [14]
CNTb 28.88 [14]
GNSc 103 [49]
GOSd 122 [49]

a commercial powdered activated carbon from coal.
b carbon nanotube.
c graphene nanosheet.
d graphene oxide nanosheet.
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adsorption efficiency of CSAC. It is noteworthy that SMX was partly
transformed from its neutral form into negative species within pH va-
lues ranging from 5.6 to 7.0, which leads to the electrostatic repulsion
among the anionic surfaces of CSAC and SMX−. Additionally, within
pH values ranging from 7.0 to 12.0, the presence of neutral SMX species
decreased and anionic species became dominant. The electrostatic re-
pulsion between the anionic CSAC surface and the SMX- was unfavor-
able for the uptake of SMX.

Moreover, SMX is a strong π-acceptor due to its functional amino
groups and N-hetero aromatic rings [12]. The noncovalent attractive π-
π EDA force taking place between π-donors (electro–rich arenes) and π-
acceptors (electro-poor arenes) is also described as a mechanism de-
picting the strong interactions between black carbon and nitroaro-
matics [55,56]. The ability of the π-acceptor for SMX+ increased and
thus π-π EDA interactions increased. Therefore, the efficiency of the
SMX adsorption on CSAC was regulated by different interactions and
pH value below 2 (approximately 1.88), where the π-π EDA, hydro-
phobic properties and weak electrostatic attraction simultaneously fa-
vored the adsorption of SMX. Furthermore, another SMX adsorption
mechanism on CSAC was hydrophobic interactions. According to pre-
vious studies [57,58], the hydrophobic properties of SMX are pH-de-
pendent. For example, at pH values below the second dissociation
constant (pKa = 5.6), hydrophobic partitioning with organic compound

dominates because of the nonionic nature of SMX, which is beneficial
for SMX adsorption. In addition, higher pH values result in weak π-π
EDA interactions between SMX and CSAC. This phenomenon is con-
sistent with the findings of previous studies [15,59–61].

3.6. Adsorption study of SMX in real waste water

The three antibiotics, including SMX, SMZ and TC, were detected in
real wastewater. Their concentrations were 1860, 831 and 892 ug/L,
respectively. Different antibiotics at concentration of 200 ug/L were
spiked into the real wastewater. The recovery was calculated based on
the concentration of antibiotics in real wastewater and spiked waste-
water. The recovery of SMX, SMZ and TC were 99.25, 99.60 and
99.00%, respectively. As shown in Fig. 6(f), the simultaneous adsorp-
tion efficiency of SMX, SMZ and TC by CSAC were 94.68, 95.02, and
94.80%, respectively. These results proved that the CSAC sample ex-
hibited a good performance for antibiotics removal from a real waste-
water.

4. Conclusions

In this study, a novel core-shell-structure activated carbon (CSAC)
material was successfully synthesized and utilized to remove

Fig. 8. Mechanism for the adsorption of sulfamethoxazole on core-shell-structure activated carbon.
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sulfamethoxazole (SMX) from water. The results showed that the shell
had a high compressive strength of 2.92 MPa when its thickness was
0.13 cm, the clay (CL) and coal fly ash (CFA) mixture ratio was 60 and
40 (wt. %), and the sintering temperature was 1250 °C. The AC core was
synthesized using commercial powder AC (92%) mixed with a binder
(8%) created from cassava waste splinters (CWS). The CSAC exhibited
two roles resulting from the AC core and porous ceramic shell, which
synergistically adsorbed SMX from aqueous solutions. In addition, the
CSAC material exhibited a good performance of antibiotics removal
from real wastewater. The adsorption isotherm showed that the
Freundlich isotherm fitted better than the Langmuir isotherm. The
CSAC was also found to be recyclable and could be regenerated at
600 °C. The possible mechanism for SMX adsorption indicated that the
adsorption of SMX on CSAC simultaneously depends on pore texture, π-
π EDA, electrostatic interactions, and hydrophobic properties of SMX
molecules, which are determined by the surface charges of CSAC and
the acid dissociation constants of SMX that are dependent on variations
in solution pH.
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