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Abstract—We evaluated the adsorption performance of attapulgite/carbon (APT/C) composite as reusable adsorbents
for antibiotics. APT/C composite was first synthesized by one-step calcination based on the spent bleaching earth after
bleaching of vegetable oil, and followed by a thermal regeneration after adsorption of antibiotic at different tempera-
tures. Antibiotics adsorption results revealed that APT/C composites prepared at 300 °C exhibited high adsorption
capacity and fast equilibrium. Thermal regeneration proved to be an efficient methodology for recycling the spent anti-
biotic-loaded APT/C composites. After the ten-time continuous adsorption-calcination process, the removal ratios of
the recycled adsorbents still retained around 67.3% and 62.9% for chlortetracycline and tetracycline, respectively. The
conjugation of the adsorption and regeneration results suggested that combining the advantages of APT and carbon
species provided a feasible strategy to fabricate a promising adsorbent with the desirable adsorption and regeneration

properties for removal of antibiotics in the future.
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INTRODUCTION

Carbon-based adsorbents are increasingly performing a major
role in emerging environmental remediation technologies [1]. Com-
pared with conventional adsorbents, they have led to new avenues
for novel applications in water treatment due to high surface area,
high chemical/thermal stability; ease of chemical or physical modi-
fication, adjustable properties for specialized applications, and excep-
tional capacity for removal of both organic and inorganic conta-
minants [2-4].

As a consequence, interest in carbon-based adsorbents and their
respective composites has progressed amazingly and represents a
very hot topic in the quest for new challenges. However, the use of
carbon-based adsorbents could suffer from some difficulties in cost
due to the elaboration of these materials with pure organic com-
pounds as carbon precursors [5,6]. In addition, aggregation behav-
ior of such materials will inevitably exist, associated with environ-
mental undesirable regeneration operations, which severely limits
their wide application in high-efficient environmental related fields
[7]. Therefore, it is imperative to develop more sustainable types of
carbon-based adsorbents for overcoming the above-mentioned
issues.

Clay minerals have been proposed as adsorbent and show fasci-
nating results in terms of environmental pollution control in relation
to organic or inorganic pollutants removal [8]. Also, their abun-
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dance in nature, low cost, higher stability, nuisancelessness and avail-
able properties make them a good candidate for developing carbon-
based adsorbents as the supporters [9]. Subsequently; a novel class
of clay minerals/carbon composites fabricated by the assembly of
clay minerals with diverse organic precursors are thus among the
most promising candidates as alternatives to high-cost carbon-based
adsorbents for wastewater treatment in recent decades [10,11]. Obvi-
ously, the impregnation of clay minerals into carbon-based adsor-
bents not only reduces the cost of such applications and exposes
more available active sites aiming to extend their potential func-
tionalities, but also improves the aggregate phenomenon to some
extent.

Spent bleaching earth (SBE), obtained from the refining process
of crude vegetable oil, is actually a waste by-product. In step with
the worldwide consumption of more than 60 Mt of vegetable oil,
about 600,000 t of SBE are generated worldwide in the oil refining
industry [12]. Most of which are usually burned and discarded as
garbage, used as feed additives or used as low-value filler [13]. Thus,
SBE has led to offering many possibilities for the preparation of
improved cost-effective carbon-based adsorbents due to the resid-
ual of organic matters to make the ecosystem more sustainable. Clay
minerals/carbon composite derived from SBE can effectively remove
a wide range of pollutants; however, the regeneration of the exhausted
adsorbents has proven to be a complicated and time-consuming
process with low desorption rate by conventional elution process
(organic solvents or acidic/basic solutions), which results in the sec-
ondary pollution and the limited applications, as described in our
previous study [14]. To the best of our knowledge, little information
is available for the studies on the continuous cyclic utilization of
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the exhausted clay minerals/carbon composites for removal of pol-
lutants.

Bearing this in mind, the aim of this study was to open a new
avenue to explore sustainable attapulgite/carbon (APT/C) compos-
ites synthesized by carbonization of SBE for the chlortetracycline
(CTC) and tetracycline (TC) removal, while also highlighting their
continuous cyclic adsorption of antibiotics using the exhausted APT/
C composites by thermal regeneration techniques. The physical-
chemical properties of APT/C composites along with the influence
of calcination temperature, initial pH, initial concentration of anti-
biotics, contact time and regeneration temperature were systemati-
cally investigated. The effect of successive regeneration cycles was
also analyzed.

MATERIALS AND METHODS

1. Materials

Spent bleaching earth from soybean oil bleaching was marked
as SBE consisting essentially of APT and approximately 21.8% organic
matter (e.g., fatty acids, grease, etc.), and was supplied by Jinguang
Food Co. LTD. (Zhejiang, China). Chlortetracycline (CTC) and
tetracycline (TC) were USP grade purchased from Shanghai Alad-
din Reagent Inc., China. The physical characteristics and molecu-
lar structure of CTC and TC were presented in Table S1. All other
chemicals were of analytical grade and used as received without
further purification.
2. Preparation of APT/C Composites

The APT/C composites were fabricated by one-step calcination
method. Specifically, 30.0 g of the SBE was treated in the furnace by
heating to five different temperatures (200, 300, 400, 500 and 600 °C)
with a heating rate of 10°C min ', and held at the final temperature
for 2h in air atmosphere, respectively. The resultant samples were
labeled as APT/C-x, where x referred to the above calcination tem-
peratures.
3. Evaluation of Adsorption Properties

Batch adsorption experiments were performed by mixing 20 mL
of the CTC or TC solution (200 mg/L) with 20 mg as-prepared com-
posite. The mixtures were shaken in a thermostatic orbital shaker
(THZ-98A) at 25+5°C/160 rpm for a certain time, and then the
composite was divided from the solution by centrifugation. Subse-
quently, an appropriate amount of supernatant was sampled and
diluted to the desired concentration of CTC and TC for determi-
nation using a UV-vis spectrophotometer at the wavelength of maxi-
mum absorbance of 397 and 392 nm, respectively. The adsorption
capacity (Q,, mg/g) and the removal efficiency (RE, %) toward CTC
or TC were quantified by the differences in the concentration before
and after the adsorption according to the following Eq. (1) and Eq.
(2), respectively:

C,—C,)xV
Q,= (__0___)__ 1)
m
CO_Ce
RE(%)ZC—X 100% (2)

0

where C, and C, are the initial and equilibrium concentrations (mg/
L), V is the volume of solution (mL) and m is the mass of adsor-

bents used (mg), respectively.

The variables affecting the adsorption performance were inves-
tigated systematically. The effect of pH values on the adsorption
capacity was evaluated by adjusting the initial pH of CTC and TC
solution from 2 to 10 with 1.0 mol/L HCI or NaOH. A series of
CTC and TC solutions with the concentrations of 50-1,000 mg/L
were contacted with 20 mg adsorbent for 4h and natural pH to
investigate the adsorption isotherms. The adsorption kinetics was
performed by varying the adsorption time from 10 to 360 min and
natural pH with three concentration levels (100 mg/L, 300 mg/L
and 600 mg/L).

4. Thermal Regeneration of Spent APT/C Composites

To perform the thermal regeneration of spent APT/C compos-
ites, APT/C-300 after adsorption of CTC or TC was employed as
the probe for investigation, respectively. In this process, regenera-
tion temperature of the spent samples was implemented by a muf-
fle furnace with air and calcined at various temperatures (200-
800 °C) with a heating rate of 10 °C min™" for 2 h to investigate the
regeneration conditions. The adsorption experiments of the regen-
erated APT/C-300 were enforced by addition of 20 mg adsorbent
in 20 mL 600 mg/L CTC or TC aqueous solution at 298 K for 6 h.
The adsorption capacity of the regenerated APT/C-300 after each
regeneration cycles was determined by the same procedure described
above. For this study; ten consecutive thermal regeneration cycles
were carried out.

5. Analytical Methods

Fourier transform infrared (FTIR) spectra were recorded on a
Thermo Nicolet NEXUS TM spectrophotometer with incorpora-
tion of solid samples using KBr in wavelength range of 4,000-400
cm™, X-ray diffraction (XRD) patterns were detected using an X Pert
PRO diffractometer (X’Pert PRO, PAN analytical Co., NLD) using
the Cu-Ke radiation in the range of 26=3-80° at 40kV and 40 mA.
The micrographs of the samples were taken using a field emission
scanning electronic microscope (SEM, JSM-6701E JEOL, Ltd. Japan)
and a transmission electron microscopy (TEM, JEM-2010, JEOL,
Tokyo, Japan). The elemental composition of the as-prepared sam-
ples was conducted by a Kevex energy dispersive spectrometer
(JSM-5600LYV, Japanese Electronic Optical Co., LTD., Japan). Ther-
mogravimetric (TG) analysis was obtained from an STA 6000
(Perkin-Elmer Instrument Co., Ltd. USA) over a temperature interval
of 30-800 °C at a rate of 10°C min " in O, atmosphere. The Raman
spectrum (Raman) was recorded on a Horiva (Lab Ram HR-800)
spectrometer. Brunauer-Emmett-Teller (BET) surface area, pore
size and pore volume were measured using an ASAP 2020 instru-
ment (Micromeritics, USA). Zeta potentials of suspensions were
measured on a Malvern Zetasizer Nano system with irradiation
from a 633 nm He-Ne laser (ZEN3600, Britain). The absorbance
of the samples was measured using a UV-vis 765 spectrophotome-
ter (Precision & Scientific Instrument Co., Ltd., Shanghai, China).

RESULTS AND DISCUSSION
1. Structural Characterization of APT/C Composites
1-1. XRD and FTIR Analysis
Fig. 1(a) shows the XRD patterns of SBE and the various APT/C

composites calcined at different temperatures. APT is the main com-
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Fig. 1. (a) XRD patterns and (b) FTIR spectra of SBE and APT/C composites.

ponent phase in the SBE used in this study; with appreciable amounts
of quartz and calcite coexisted in the samples. After calcination,
the crystal structure is maintained perfectly differing only in terms
of the intensity of the diffraction peaks of APT. Interestingly, the
relative intensity of these diffraction peaks weakens evidently or
almost vanishes after calcinated at 600 °C, especially 26=8.38", indi-
cating the deformation of layer-ribbon structure of APT and the
damage of the ordered arrangement of lattice structure after calci-
nation [15]. Furthermore, all the APT/C composites present broad
diffraction peaks centered at 26 of around 20° corresponding to
the characteristic peak of carbon-based materials, implying the for-
mation of carbonaceous materials after calcination of SBE at dif-
ferent temperatures [16]. The decrease in the intensity of this peak
compared with that of the raw SBE may be attributed to the de-
composition of carbon species.

The FTIR spectra of SBE and the as-prepared APT/C composites
calcined at different temperatures (200, 300, 400, 500 and 600 °C)
are illustrated in Fig, 1(b). The asymmetric (2,855 cm ') and sym-
metric stretching vibrations (2,925 cm™") of C-H are remarkably
weakened or even disappeared after the calcination treatment, reflect-
ing the successful transformation from the residual organic mat-
ters to carbon species [17]. Moreover, the absorption peaks at 3,428,
1,633, 1,032 and 516 cm™" can be assigned to the stretching vibra-
tion of Mg (Al Fe) O-H in the octahedral sheet, H-O-H bending
vibration of water molecules, Si-O-Si stretching vibration and the
deformation of tetrahedral sheet, respectively, which are the char-
acteristic peaks of APT [18]. After being calcined, the intensities of
these peaks weaken or disappear owing to the effectiveness of remov-
ing the water molecules in the tunnel of APT and breaking the Si-
O-Si bonds to gain the interaction between adsorbents with adsor-
bates [19]. In addition, calcite is detected in the SBE by its charac-
teristic peak at 1,430 cm ', and the asymmetrical stretching vibration
and deformation vibration of carbonate anions are also obvious
from emergence of peaks at 879 cm™' and 721 cm™" [20]. The sig-
nificant change of intensities for these peaks further validates the
decomposition of impurities or associated minerals at elevated tem-
perature.

In particular, the unsaturated soybean oil in the SBE exhibiting
peaks at 1,743 cm™ (C=0 stretching vibration) and 1,463 cm ™" (C=C
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stretching vibration) are noticeable, implying that the surfaces of
the APT/C composites are rich in hydroxyl, carboxyl, and aromatic
groups, which potentially contribute to the antibiotics binding pro-
cess through adsorption. Note that the intensity of the two peaks
becomes extremely weaker after being calcined at 200 and 300 °C,
and then virtually disappears when the calcination temperature is
up to 300°C. An incidence of peak at 467 cm™" reveals the C-C
bending vibration. Meanwhile, the peak of about 1,633 cm™" is also
assigned to C-H (aromatic stretching vibration), suggesting the aro-
matic carbon in this resulting composite [21]. Thus, it may be specu-
lated that the structural changes in APT/C composites by carbon-
ization temperature determine their adsorption performances towards
antibiotics.
1-2. SEM and TEM Analysis

Fig. 2(a)-(f) shows the SEM images of SBE and APT/C compos-
ites with different calcination temperatures. The SBE is observed
to be brown and covered with organic matters (Fig. 2(a)). Compared
with SBE, the as-prepared APT/C composites present the typical
nanorod-shaped structure of APT with different morphology char-
acteristics, and a great amount of the rod-like structure gradually
increases with further raising the calcination temperature due to
the decomposition and carbonization of the residual organics. Fur-
thermore, the obvious change in color of the APT/C composites
after calcination also indicates that the calcination temperature has
an important influence on the feature and component of the ob-
tained APT/C composites (Fig. 2(b)-(f)). The formation of as-pre-
pared composite can be further confirmed by TEM images. As the
case of APT/C-300, it can be found that APT/C composite consists
of rod-like APT and carbon species, where carbon nanosheets are
attached on the surface of the one-dimensional APT (Fig. 2(g)-(i)).
The effective combination of the two materials is expected to en-
hance the adsorption of antibiotics.
1-3. Raman Analysis

The Raman spectroscopic data provides important information
about the microcrystalline carbon structure of the materials. The
Raman spectra of the APT/C composites obtained at different tem-
peratures are analyzed in Fig. 3. Two noticeable peaks at around
1,365 cm ™" and 1,591 cm™’, assigned to the D band and G band,
respectively, are detected in all APT/C samples, suggesting similar
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Fig. 2. SEM images and digital photographs of (a) SBE, (b) APT/C-200, (c) APT/C-300, (d) APT/C-400, (¢) APT/C-500, (f) APT/C-600, and

(g)-(i) TEM images of APT/C-300.
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Fig. 3. Raman spectra of APT/C composites.

graphitelike crystallite and amorphous carbon structure of the sam-
ples. Concerning D and G bands, they originate from the defects
and disorders existing in carbonaceous material and from E,, in-
plane bond stretching modes of pairs of sp” carbons, respectively

[22]. Furthermore, it is widely accepted that the intensity ratio of
those two peaks (Ip/I;) is the extent of disorders or defects of the
carbon structure [23]. During calcination treatment, band posi-
tions are approximately invariable, while their relative intensities
and widths significantly change. As calculated, the I,/I; values of
APT/C composites are 0.931 (200 °C), 0.855 (300 °C), 0.859 (400 °C),
0.922 (500 °C), and 0.929 (600 °C).

The higher the value of I)/I, the lower the degree of graphitiza-
tion of the APT/C composites [24,25]. The results confirm that the
optimum calcination temperature is 300 °C for the production of
APT/C composite with high degree of graphitization compared to
the samples prepared at other temperatures. This phenomenon is
distinct from common sense that a higher carbon graphitization
degree could be obtained at high-temperature calcination. A simi-
lar trend can be discovered by the formulation of nitrogen-doped
hierarchically porous carbon materials owing to the presence of more
disordered carbon originating from the pores generated during
the calcination process [26]. On the contrary, the APT/C compos-
ite, although heated up to 600 °C, only offers weaker broad bands
at the corresponding positions, implying the deformation of APT
associated with its amorphous nature with low graphitization, being
in accordance with the XRD results.

1-4. TG and Pore Structural Parameters Analysis

TG analysis was performed to determine the actual carbon spe-
cies loading in the APT/C composites (Fig. 4(a)). The main mass
loss below 200 °C is almost the same for all samples, which is assigned
to the removal of all surface-adsorbed water, zeolite water and par-
tial coordinated water. While the weight loss in the temperature range
of 200-600 °C may be mostly due to the decomposition of carbon
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Fig. 4. (a) TG curves of APT/C composites, (b) N, adsorption/desorption isotherms, (c) BJH pore size distributions, and (d) BJH pore size
distributions in the range of 1-5 nm of SBE and APT/C composites.

species under O, atmosphere. Compared with the TG curve of
bare APT prepared at corresponding calcination temperatures, the
total mass losses of APT, APT/C-200, APT/C-300, APT/C-400,
APT/C-500 and APT/C-600 are 13.43%, 42.73%, 38.62%, 25.04%,
21.83% and 18.49%, respectively. Hence, the content of carbon
species of APT/C-200, APT/C-300, APT/C-400, APT/C-500 and
APT/C-600 is about 29.3%, 25.19%, 11.61%, 8.4% and 5.06%, respec-
tively. It is obvious that the mass loss of APT/C composites reduces
with the increasing calcination temperature, indicating that the car-
bon species content of composites gradually decreases. The result
is consistent with the analysis of SEM images.

To further understand the relationship between vesicular struc-
tures of APT/C composites and antibiotics adsorption process, spe-
cific surface area and average pore size of SBE and the as-prepared
APT/C composites were examined. Fig. 4(b) shows the N, adsorp-
tion-desorption isotherms of SBE and APT/C composites. Regard-
ing SBE, it shows non-porous material characteristic, which is
ascribed to the low specific surface area owing to the existence of
organic residues [27]. In contrast, APT/C-200 exhibits a typical type
I isotherm as stated by TUPAC dlassification, showing that it is a
microporous material. With the increase in the calcination tem-
perature, IV isotherms with a typical H3 type hysteresis can be
observed in APT/C composites, revealing the creation of microp-
ore structure and widening of micropores to mesopores (and/or
macropores). In addition, from the shape and hysteresis of the iso-
therms, it is plausible to suggest that APT/C composites show a
more extensive microporous structure with the elevated calcina-
tion temperature.

The textural properties (e.g., specific surface area, total pore vol-
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ume and average pore diameter) of the adsorbents are also sum-
marized in Table S2. The specific surface areas of the APT/C com-
posites increase substantially compared with those determined for
SBE, resulting in more sites for the adsorption of antibiotics. Spe-
cifically, the specific surface area and pore volume of APT/C com-
posites begin to increase in the whole range of 200-500 °C with
the elevated temperature, and after that slightly decrease when the
calcination temperature is up to 600 °C. These results can be ex-
plained by the disintegration of the organic matter and the struc-
tural change of APT. Interestingly; the co-occurrence of micropore
surface area and micropore volume at the calcination temperature
of 300 °C is important for the application in wastewater treatment.

The pore size distributions of SBE and the developed samples
are also measured and the results are given in Fig. 4(c). It is evi-
dent that microporosity and mesoporosity mainly exist in APT/C
composites with broad pore size distribution. A more gradual in-
crease in main pore diameter according to the peak can be observed
during higher calcination treatment (Fig. 4(d)). As a whole, the
pore size distributions widen and shift towards larger pores as the
calcination temperatures increase, leading to larger average pore
size, as listed in Table S2. These results overall validate that the
total optimization of the pore characteristics is important for facili-
tating antibiotics adsorption.
1-5. EDS Analysis

Furthermore, EDS analysis was done to probe the presence of
involved elements of SBE and APT/C-300, and their atomic per-
cent with different elements is demonstrated in Fig. 5. It is appar-
ent that the O, Fe, Al, Si, and Mg contained in SBE are typical of
the elemental composition of APT [28]. Similar to raw clay, Si, O,
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Atomic
C Al Fe c/o
percent (%)
SBE

56.49 3433 579 L14 1.37 0.88  1.65

APT/C-300 42.02 4407 872 1.82 2.11 1.26  0.95

Fig. 5. EDS spectra of (a) SBE and (b) APT/C-300.

Mg, Al and Fe are the existing elements in APT/C-300. Notably,
only the difference on the element contents between SBE and APT/
C-300 can be observed. That is, the ratio of C/O is decreased from
1.65 to 0.95 after calcination. A significant decrease in C/O ratio
on the APT surface can be related to the decomposition of retained
organic matters and the generation of oxygen functional groups,
confirming its role in adsorption of antibiotics by APT/C-300. All
the informations provide evidence that APT/C composites have
been successfully fabricated by calcination process, and the result-
ing APT/C composites will show a significant adsorption for anti-
biotics.
2. Optimization of the Calcination Conditions

To obtain a promising adsorbent with exceptional adsorption
properties, the effect of calcination temperature on CTC and TC
adsorption was evaluated. As illustrated in Fig. 6, the adsorption
capacities of the APT/C adsorbent for CTC and TC initially increase
with increasing the calcination temperature, reaching the maxi-
mum at temperature of 300 °C, followed by a slight decline with
prolonging the calcination temperature, revealing that the produc-
tion of excellent adsorbent is sensitively rely on the moderate tem-
perature. At low calcination temperature (200 °C), the rod-like crystal
structure of APT has no obvious change, and only a small por-
tion of water molecules are removed from APT. With increasing
calcination temperature to 300 °C, the removal of considerable
amount of water results in the increase in specific surface area of
the sample, and the APT/C composite is rich in functional groups
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(hydroxyl groups, carboxyl groups, etc.), in accord with the trends
in the zeta potential (Fig. S1), contributing to the adsorption asso-
ciated with the electrostatic attraction. Upon further increasing the
calcination temperature to 600 °C, a decline in the adsorption capac-
ity of APT/C composites is clearly observed. This trend can be due
to the folding or complete collapsing of the APT skeleton and de-
composing of carbon species caused by rising the calcination tem-
perature. Comparatively, 300 °C is considered the optimal calcina-
tion temperature to develop an encouraging adsorbent with extra-
ordinary performance.

3. Variables Influencing Adsorption Properties

3-1.pH

Fig. 7(a) presents the influence of initial pH on the adsorption
of APT/C-300 for CTC and TC. The adsorption capacity of CTC
increases with increasing pH and reaches a maximum value when
the pH value is 4, whereas the adsorption capacity is gradually weak-
ened to a certain extent when the pH value is further adjusted to
above 7. The trend of the adsorption capacity for TC in the stud-
ied pH range is accordance with that for CTC. TC adsorption
increases with the increase in initial pH and reaches small pla-
teaus at pH range 4-7, and then starts to decrease from pH 8. Since
the adsorption process occurring always includes electrostatic interac-
tion, hydrogen bonding, electron donor-acceptor and 77 interac-
tion involved in the studied pH range [29], such pH dependent
phenomenon might be related to the surface charge of the adsor-
bent, the molecular structure of antibiotics, as well as the func-
tional groups presenting on the surface of adsorbent.

Taking TC adsorption as an example, TC can exist in four forms
of TCH; (pH<3.3), TCH; (3.3<pH<7.7), TCH™ (7.7<pH<9.7), and
TC* (pH>9.7) at different pH levels [30]. In a fundamental sense,
the protonated form of APT/C-300 is predominant at the lower
pH, while TC exhibits the cationic species; thereby, the electro-
static repulsion between the adsorbent and adsorbate as well as the
competition between H* and TCHj result in a lower adsorption
capacity. Nevertheless, strong 7 7 interaction can occur between the
7 systems on APT/C-300 surface and benzene rings in TC mole-
cules, probably achieving a considerable amount of TC adsorbed
on APT/C-300 surfaces at pH 3.0 [31]. Subsequently, the adsorp-
tion capacity increases and the maximum adsorption capacity is
achieved in the pH of 4.0. As the pH increases to 7.0, the dominant
TC species is TCHj, the adsorption capacity is stable due to the
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Fig. 6. Effect of calcination temperatures on the adsorption capacity of APT/C composites for (a) CTC and (b) TC.
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Fig. 7. Effect of (a) initial pH, (b) initial concentration and (c) contact time on the adsorption capacity of APT/C-300 for CTC and TC.

weak electrostatic interaction between TC and the deprotonation
of adsorbent surface. At higher pH values, the dissociation of TC
molecule transforms it to TCH and TC; thus, the stronger elec-
trostatic repulsion between the negatively charged adsorbent and
the anionic character of TC might cause poor adsorption capacity.
Consequently, in all the batch adsorption experiments, an optimum
pH value of 4.26 and 3.68 is fixed for CTC and TC, respectively.
3-2. Initial Concentration of Pollutants

As shown in Fig. 7(b), the adsorption capacity of APT/C-300
for CTC and TC increases sharply with further increasing the ini-
tial concentration. This may be because the concentration of adsor-
bates provides the necessary driving force to surmount the resistance
between the solution and the adsorbent surface [32]. However, the
CTC and TC removal ratios of APT/C-300 decrease with the in-
creasing initial CTC and TC concentration, which may be due to
the low availability of binding sites to attach CTC or TC in the adsor-
bents. Thereafter, the increasing tendency of adsorption capacities
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becomes flat, and the maximum adsorption capacities for CTC and
TC at the equilibrium concentration of 600 mg/L are 336.37 mg/g
and 297.91 mg/g, respectively. The high adsorption capacities for
CTC and TC are closely related to the abundant functional groups
and the sufficient pore structure. As a whole, the above-mentioned
results prove the successful application of the as synthesized APT/
C-300 for effective removal of antibiotics.

To further explore the adsorption mechanism, two well-known
adsorption isotherms of Langmuir (Eq. (S1)) and Freundlich iso-
therm (Eq. (S2)) are used to fit the experiment data (Fig. S2). The
different isotherm parameters with corresponding R* values deter-
mined from linearized equations of two isotherms are presented
in Table S3. The Langmuir isotherm displays better straight lines
with higher R” values around 0.98 than that fitted with Freundlich
model, revealing a mono-layer adsorption with interaction between
adsorbed molecules onto the homogeneous surface [33,34].

Table 1 and Table 2 compare the maximum adsorption capaci-
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Table 1. Summary of adsorption capacity of CTC by several adsorbents
Adsorbent Feedstock Technique used Q,ax (mg/g) Reference
Graphene oxide functionalized Amine-functionalized magnetic particles, Template-free method 42.6 [31]
magnetic particles Graphene oxide
Granular Merck activated Commercial granular activated carbon - 309.9 [35]
carbon (0.60-1.00 mm)
Activated pinewood biochar Pine white wood Pyrolysis 208.3 [36]
Sludge-derived adsorbent Sewage sludge Pyrolysis 30 [37]
APT/C-300 Spent bleaching earth Calcination 336.4 This work
Table 2. Summary of adsorption capacity of TC by several adsorbents
Adsorbent Feedstock Technique used Q. (Mg/g) Reference
Rice husk ash Rice husk ash - 8.37 [38]
Ferric-activated SBA Ferric sulfate Pyrolysis 40.8 [39]
Dried sludge
CK.750.5 Tyre pyrolysis char (TPC) Pyrolysis 316.6 [40]
Magnetic polystyrene PS-EDTA microsphere resins Solvothermal method 166 [41]
EDTA microsphere (MPEM)
APT/C-300 Spent bleaching earth Calcination 297.9 This work

ties (Q,,,,,) for adsorption of CTC and TC on APT/C-300 adsor-
bent with other available adsorbents, respectively. It is clearly obvious
that the adsorption capacity of CTC or TC on the APT/C-300 ap-
pears to be much higher than that of some tabulated adsorbents.
Accordingly, our cost-effective and facile preparation and out-
standing properties make APT/C-300 an applicable and promis-
ing candidate in water purification.
3-3. Contact Time

Adsorption kinetic models are essential to assess the rate-con-
trolling of adsorption process as well as to provide significant infor-
mation on the reaction mechanism [42]. For this purpose, the ad-
sorption of CTC and TC on APT/C-300 by using three concen-
trations of antibiotics from low to high level as a function of con-
tact time is studied. As illustrated in Fig. 7(c), the adsorption capacity
increases sharply initially; and then slows and finally reaches equi-
librium. According to this increasing trend, the equilibrium times
are sensitively relied on the initial antibiotics concentration. For
CTC and TC adsorption, the adsorption equilibrium can be achieved
within about 2h and 3 h for low-level concentration of 100 mg/L
and middle- and high-level concentration of 300 mg/L and 600
mg/L, respectively. The adsorption behavior may be explained by
the increase in the driving force of the concentration gradient with
an increase of initial antibiotics concentration and the abundance
of available active sites for the adsorption of antibiotic molecules at
the initial stage. Subsequently; the lower adsorption rate at the lat-
ter stage may be because of progressive exhaustion of remaining
reactive sites and possible repulsive force between adsorbed mole-
cules and bulk phase. Note that the faster rate of antibiotics adsorp-
tion onto APT/C-300 surface is owing to better accessibility of its
surface, which originates from its larger surface area, and the stron-
ger electrostatic attraction between antibiotic molecules and the sur-
face sites contained in the adsorbent.

Based on the kinetic data obtained from the experimentation,

pseudo-first-order (Eq. (S3)) and pseudo-second-order kinetic (Eq.
(S4)) models have been used to clarify the adsorption process, as
shown in Fig. S3. The kinetic parameters of CTC and TC under dif-
ferent initial concentrations are calculated and are given in Table
S4. The higher correlation coefficient values (R;>0.995) and closer
q. values with experimental data validate that adsorption of anti-
biotic molecules on APT/C-300 can be well characterized by the
pseudo-second-order kinetic model nearly representing the pro-
cess for all the solution concentration. This also means that a strong
chemical interaction between adsorbate and adsorbent is rate-con-
trolling and the adsorption capacity is proportional to the num-
ber of active sites of APT/C-300 [43]. Moreover, compared to the
estimated kinetic constants (k,) of CTC or TC for the three concen-
trations, the initial adsorption rate at low concentration (100 mg/L)
is greater than middle or high concentration (300 mg/L and 600
mg/L), implying that the initial adsorption rates are overwhelm-
ingly dependent on the initial concentration.
4. Recycling of Adsorbent

The recyclability of adsorbent and the removal efficiency of pol-
lutants were also essential considerations in selecting suitable adsor-
bent, controlling pollution, and protecting environment, as most
pollutants were either toxic or precious raw materials. To investi-
gate the recycling performance of APT/C-300, simple thermal regen-
eration experiments were carried out to recycle adsorbents and
recover pollutants. As the most applicable regeneration method, it
is imperative to select optimal parameters and operating condi-
tions for exhausting APT/C-300. In this case, the effect of regener-
ation temperature on adsorption efficiency of spent adsorbent is
displayed in Fig. 8(a). As observed, the removal ratios of CTC and
TC increase with the increase in the regeneration temperature and
approach its maximum at 300 °C, followed by the removal ratios
begin to decline. This phenomenon can be explained from the fol-
lowing aspects.
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Fig. 8. (a) Effect of calcination temperatures on the adsorption capacity of CTC or TC-loaded APT/C-300 and (b) the amount adsorbed for

CTC and TC as a function of adsorption-calcination cycle.

First, when the spent APT/C-300 is calcined at 200°C after
adsorption of antibiotics, the adsorbed antibiotics are not exhaus-
tively eliminated, which is not conducive to the adsorption capac-
ity in the next circle. At a high temperature of 300 °C, some oxidizing
compounds are evolved from decomposing of the antibiotics ad-
sorbed to the surface and pores of APT/C-300, such as CO and
CO,, thus releasing the increasing surface and pores for re-adsorp-
tion [44]. While the high temperature can prompt the decrease in
intensity and size of pores due to deformation of nanotunnels of
APT, leading to the reduction in the adsorption capacities for CTC
and TC. In addition, the decrement of adsorption capacities may
be responsible for the variation of surface functional groups and
the decomposition of carbon species during regeneration at high
temperature. In summary, 300 °C is the optimum calcination tem-
perature for the thermal regeneration of the exhausted APT/C-300
after adsorption of antibiotics.

To certify the regeneration efficiency of the consumed APT/C-
300 after being regenerated at 300 °C, the CT'C and TC removal ratios
of the regenerated APT/C-300 were also studied after ten adsorp-
tion-regeneration cycles (Fig. 8(b)). In terms of removal efficiency,
67.3% (CTC) and 62.9% (TC) of the initial adsorption capacity are
still satisfactory in consideration of reducing disposal cost of the
spent APT/C-300 after ten cycles for the regenerated adsorbent. With
regards to the thermal degradation process itself, the adsorbent
offers more and more resistance to the desorption of antibiotics after
every cycle. This is related to the increasing permanence of strongly
adsorbed compounds on the carbon surface, which resulted in a
slight decay of the regeneration efficiency [45]. In the case of APT/
C-300, the fraction of antibiotics removed is associated to the
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weaker bonds, while the fraction that remained adsorbed on the
APT/C-300 surface is related to the chemisorbed species. Further-
more, partial small organic molecules emerging from the decom-
position of antibiotics are attached to the surface of the regenerated
APT/C-300. In particular, the oxygen-containing functional groups
or carbon species primitively existing in the APT surfaces could
either be partially removed or decomposed during the regenera-
tion process. The above-mentioned reasons can be mainly respon-
sible for the reduced adsorption capacity for antibiotics of the
regenerated APT/C-300. As a whole, the APT/C-300 regenerated
at optimized condition represents a fairly good stability to effec-
tively treat the antibiotics, implying that the exhausted APT/C-300
can be reused in an eco-friendly way without much loss in adsorp-
tion capacity after proper thermal regeneration.
5. Proposed Mechanism of Antibiotics Adsorption

The FTIR spectra of APT/C-300, CTC and CTC-loaded APT/
C-300 were performed and studied to gain an insight into the ad-
sorption mechanism, as shown in Fig. 9(a). The characteristic ad-
sorption peaks of APT/C-300 at 3,428 cm™' (stretching vibration
of O-H), 1,730cm ™" (stretching vibration of C=0), 1,628cm™'
(stretching vibration of aromatic ring and bending vibration of O-
H), 1,463 cm™" (stretching vibration of C=C) and 467 cm™" (bend-
ing vibration of C-C) suggest the presence of many oxygen-contain-
ing functional groups and aromatic rings on APT/C-300. After the
adsorption of CTC onto APT/C-300, the FTIR spectrum of CTC-
loaded APT/C-300 exhibit many changes. The band at 3,428 cm™
presented on APT/C-300 shifts to lower wavenumber (3,414 cm™),
indicating O-H plays an important role in the adsorption process.
Furthermore, the peak of APT/C-300 at 1,628 cm™ that is assigned
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to aromatic ring shifts to 1,635 cm™ after CTC adsorption; The C-H
stretching vibration band of -CHj groups at 2,926 and 2,849 cm™
shifts to 2,928 and 2,852 cm™, respectively; For CTC, the charac-
teristic band of amide I at 1,623 cm™", amide IT at 1,582 cm™" shift
to 1,635cm ™ and overlap with the aromatic ring stretching vibra-
tion and O-H bending vibration of APT/C-300 at 1,628 cm™'; More-
over, the C-N stretching band of benzene ring at 1,361 cm ™" and
the amide IIT band at 1,316 cm™ shift to 1,379 cm™ and 1,322 cm,
respectively; The characteristic band of aromatic ring at 1,448 cm™*
still appears in the spectrum of CTC-loaded APT/C-300 (the band
at 1,454 cm™); The -NH, bending vibration band of CTC at 848
cm" shifts to 796 cm™ after adsorption.

These changes can be attributed to the following reasons. (i) The
negatively charged surfaces of APT/C-300 resulting from the exis-
tence of numerous oxygen-containing functional groups can pro-
vide adsorption sites for electrostatic interaction with CTC and
hydrophobic effect. In addition, the zeta potentials of APT/C-300
at different pH values of the suspension (Fig. 9(b)) confirm that
the change in the adsorption capacity is consistent with the change
in the negative zeta potential, which implies that the electrostatic
attraction plays a positive role in enhancing adsorption; (i) The 77
electron donor-acceptor interaction as a dominant driving force
has been widely used to explain the adsorption of organic contami-
nants with benzene rings on the carbon surface [46]. The conjugated

enone structures on CTC molecules act as 7-electron-acceptors
due to the strong electron-withdrawing ability of the ketone group.
The -OH groups on the APT surface can make APT act as 7-elec-
tron-donors. Therefore, strongly enhanced adsorption of CTC on
APT/C-300 is expected via the formation of the stacking interac-
tions [47]; (iii) Functional groups of CTC such as carbonyl and
protonated amino could form hydrogen bond with oxygen-con-
taining functional groups on APT/C-300; (iv) The cation- bond-
ing is dominated by the cation-induced polarization and electrostatic
force between the cation and the permanent quadrupole of the 7
electron-rich aromatic structure. Hence, the cation-7z bonding be-
tween the protonated amino group on the ring C of CTC and the
7-electrons in APT/C-300 might be another reasonable mecha-
nism for adsorption. Moreover, the properties of nanometer scale,
one-dimensional rod-liked morphology and relatively high spe-
cific surface area can make APT/C-300 contact and adsorb antibi-
otic molecules efficiently [48]. These aspects synergistically contribute
to the high adsorption capacity and removal efficiency of APT/C-
300 for antibiotics. The possible adsorption mechanism is sche-
matically illustrated in Fig. 9(c).

CONCLUSION
This work shed light on the preparation and utilization of SBE-
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derived APT/C composites as reusable adsorbents for antibiotics
removal. The carbon species and functional groups on the APT
surface endowed them with more active sites, hence facilitating the
adsorption capacity and achieving the utilization of waste. It indi-
cated that calcination temperature played a dominant role in antibi-
otics adsorption. The optimum temperature for the preparation of
SBE-derived APT/C composites was 300 °C, where the maximum
adsorption capacity of 336.37 mg/g for CTC and 297.91 mg/g for
TC was obtained, respectively. In addition, the adsorption of as-
prepared adsorbent for antibiotics had a pH-dependent and fast-
responsive adsorption rate. More importantly, the exhausted APT/
C-300 can be recycled by thermal regeneration at 300°C in air
with slight performance abasement after at least ten-times cycle. It
was anticipated that APT/C composites can be produced econom-
ically and thermal regeneration for antibiotic-containing wastewa-
ter treatment.
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SECTION I: SUPPLEMENTARY EXPERIMENTS

1. Adsorption Isotherms
The adsorption isotherms are fitted with two typical theoretical
models: Langmuir model (Eq. (S1)) and Freundlich model (Eq. (S2)).

C, C, 1

=—4
9e Qm QmXKL

(S

logqe:logKF+rll><logCe (82)

where C, (mg/L) denotes the equilibrium concentration, Q,, and
q. (mg/g) are the adsorption capacity at equilibrium and at any time,
K, (L/mg) is the Langmuir constant related to the binding sites affin-
ity; K¢ (mg"™L"/g) is the Freundlich constant and n represents the
degree of sorption dependence at equilibrium concentration.
2. Adsorption Kinetics

In order to study the dynamic adsorption behaviors, the adsorp-
tion kinetic data are fitted using the pseudo-first-order (Eq. (S3))

K
log(q,~q,)=logg, - (m)t (83)
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Fig. S1. The zeta potentials of APT/C composites at different calci-

and pseudo-second-order (Eq. (S4)) kinetic models. nation temperatures.

Table S1. The physical characteristics and molecular structure of CTC and TC
Compound Chlortetracycline Tetracycline
Abbreviation CTC TC
Chemical formula C,,H,;CIN,Oq C,,H,,N,Oq
Molecular weight (g/mol) 478.88 444.44
Aonax (NM) 397 392

Molecular structure

Ball-stick model
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pseudo-second-order model, respectively. The values of k; and k,
can be calculated by the intercept and slope of the straight lines of
log(q.—q,) vs t and t/q; vs t, respectively.

where q, (mg/g) and q, (mg/g) are the adsorption amount of TC

or CTC at equilibrium and time t (min), respectively. k; (min™") and SECTION II: SUPPLEMENTARY FIGURES
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Fig. S2. Langmuir adsorption isotherms of (a) CTC and (b) TC on APT/C-300, and Freundlich adsorption isotherms of (c) CTC and (d) TC
on APT/C-300.
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Fig. S$3. Adsorption kinetic curves of (a) CTC, (b) TC on APT/C-300 by pseudo first-order kinetic model and (c) CTC, (d) TC on APT/C-300
by pseudo second-order kinetic model.



Table S2. The textural properties of SBE and APT/C composites

Sample Sper (m?/ 2) S, (m% g) S, (m’*/ g) V! (cm’/ 2) V., (cm’/ g) mef (nm)
SBE 2.8 - 4.1 0.0025 3.55
APT/C-200 7.6 0.6 6.9 0.0065 - 342
APT/C-300 39.5 3.7 35.8 0.1058 0.0012 10.71
APT/C-400 105.6 - 106.2 0.2499 - 947
APT/C-500 1159 - 120.5 0.2762 - 9.54
APT/C-600 108.7 - 115.2 0.2718 - 10.01

“BET (Brunauer-Emmett-Teller) surface area

*Micropore surface area, derived from a t-plot method

‘External surface area, calculated using a t-plot method

“Total pore volume, measured at P/P,=0.97

‘Micropore volume, obtained from a t-plot method

fAverage pore diameter, calculated from D,,,.=4 V/A according to BET

Table S3. Estimated isotherm parameters for adsorption of CTC and TC onto APT/C-300

Langmuir model Freundlich model
Adsorbents Adsorbates 5 P
qe, exp (mg/ g) qe, cal (mg/ g) KL (L/ mg) RL KF n RF
APT/C-300 CTC 336.4 357.1 0.0291 0.9873 55.08 341 0.5810
TC 2979 322.6 0.0166 0.9731 33.28 2.87 0.9391

Table $4. Estimated adsorption kinetic parameters for the adsorption of CTC and TC onto APT/C-300

c Pseudo-first-order model Pseudo-second-order model
A A 0 qe, exp 4
dsorbents dsorbate (mg/L) (mg/g) Qercal 1.<171 R Qercal k,x10 . R?
(mg/g) (min™) (mg/g) ((g/mg)/min)
APT/C-300 100 95.68 21.89 0.0094 0.6521 98.04 13.73 0.9987
CTC 300 184.83 72.64 0.0122 0.8372 192.31 441 0.9968
600 33641 175.19 0.0145 0.8642 357.14 1.74 0.9959
100 91.83 24.65 0.0092 0.6947 94.34 12.23 0.9983
TC 300 160.74 52.65 0.0106 0.8042 163.93 6.53 0.9982

600 297.87 130.86 0.0129 0.8396 312.50 2.37 0.9974
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