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ABSTRACT

The g-MoS, coated biochar (g-MoS,-BC) composites were synthesized by coating original biochar
with g-MoS,; nanosheets at 300°C(BC300)/700°C (BC700). The adsorption properties of the g-MoS,-
BC composites for ciprofloxacin (CIP) were investigated with an aim to exploit its high efficiency
toward soil amendment. The specific surface area and the pore structures of biochar coated g-MoS,
nanosheets were significantly increased. The g-MoS,-BC composites provided more 7 electrons,
which was favorable in enhancing the n-n electron donor-acceptor (EDA) interactions between CIP
and biochar. As a result, the g-MoS,-BC composites showed faster adsorption rate and greater
adsorption capacity for CIP than the original biochar. The coated g-MoS, nanosheets contributed more
to CIP adsorption on the g-MoS,-BC composites due to their greater CIP adsorption capacity than the
original biochar. Moreover, the synergistic effect was observed for CIP adsorption on g-MoS,-BC700,
and suppression effect on g-MoS,-BC300. In addition, the adsorption of CIP onto g-MoS,-BC
composites also exhibited strong dependence on the solution pH, since it can affect both the adsorbent
surface charge and the speciation of contaminants. It was reasonably suggested that the mechanisms of
CIP adsorption on g-MoS,-BC composites involved pore-filling effects, n-t EDA interaction,
electrostatic interaction, and ion exchange interaction. These results are useful for the modification of
biochar in exploiting the novel amendment for contaminated soils.

© Higher Education Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

1 Introduction

pollutants and are widely used in soil treatment. Con-
tamination of antibiotics is a global environmental problem

Antibiotics are one of the frequently detected organic —owing to its potential threat to humans (Luo et al. 2011).

Ciprofloxacin (CIP), a common fluoroquinolone antibiotic,
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has been used as a feed additive for animal production
owing to its broad spectrum antimicrobial activities.
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However, this is poorly metabolized and subsequently
discharged into various environmental media such as
surface water, groundwater, and farmland soil. Thus, it is
extremely necessary to exploit the highly efficient soil
amendments for removing antibiotic pollutants from soil,
thus preventing these from entering animal and human
bodies. Adsorption followed by immobilization can affect
the migration/transformation of antibiotics in soil environ-
ments (Thiele-Bruhn et al. 2003), which is also regarded as
a cost-effective and environmental-friendly method for the
retention of antibiotics (Chen et al., 2014).

It is crucial to select suitable adsorbents to attain
effective retention of antibiotics; some common adsorbents
have been investigated for the adsorption/immobilization
of antibiotics from soil environment, such as sediments
(Wang et al., 2015), biochars (Agrafioti et al., 2014) and
activated carbon. Among them, biochar showed excellent
adsorption potential owing to its large specific surface area,
porous structure, and abundant oxygen-containing func-
tional groups (Cao et al., 2009; Huang et al., 2019).
Compared with other adsorbents, biochar is more econom-
ical and environment-friendly, as it is originated from the
pyrolysis of waste feedstock found abundantly in the
environment (Ahmad et al., 2014). Recently, some
modifications have been applied to enhance the adsorption
capacity of biochar toward antibiotics, and these modifica-
tions includes acid treatment, metal salt activated, and
nanomaterial coating (Zhao et al., 2017; Leila et al., 2014;
Guo et al.,, 2016). Zhang et al. (2012) reported that
graphene-coated biochar significantly increased the
adsorption ability of target pollutants due to strengthened
n-n EDA interactions between the contaminants and
biochar. However, it remains challenging to develop a
novel adsorbent with lower costs, eco-friendly character-
istics, high adsorption efficiency, and sustainability for soil
remediation.

Molybdenum disulfide (MoS,) is a kind of layered
transition metal dichalcogenide, which has a structure
analogous to that of graphene. In MoS, crystals, the layers
of Mo atoms are sandwiched between two layers of S
atoms to form the S-Mo-S layered structure. Recently,
some studies have shown that the S-Mo-S sandwich
structure causes it to possess a huge surface area,
developing pore structures and strong edge effects. Further,
ultrathin MoS, nanosheets are used in the adsorption of
antibiotics (Chao et al., 2017). Compared to graphene, g-
MoS, nanosheets are the preferable choice for soil
amendments in large scale application, as they are more
abundant and cheap. However, recent adsorption studies
show that g-MoS, nanosheets tend to agglomerate in the
adsorption process, exerting detrimental influence on the
adsorption/immobilization of antibiotics by g-MoS,.

In this study, biochar was modified with g-MoS,
nanosheets to produce the g-MoS,-BC composites with
the aim of enhancing the dispersibility of g-MoS,
nanosheets and make best use of its preferable adsorption

performance. Ciprofloxacin (CIP), the most frequently
detected fluoroquinolones antibiotics in soil environment,
was selected as the target contaminant, and the adsorption
kinetics, adsorption efficiency, effect of pH, and adsorption
mechanism of CIP on the synthesized g-MoS,-BC
composite was investigated. The main objective of the
study is to elucidate the adsorption properties of g-MoS,-
BC composites for CIP and explore an effective method to
exploit a novel biochar-based adsorbent in enhancing the
adsorption/immobilization of antibiotics in the soil. The
results of the study should provide a firm theoretical
foundation for further analyses of the potential application
of biochar-based composites in the adsorption of anti-
biotics in soil environment.

2 Materials and methods
2.1 Materials

The rice straw stocks were purchased from Jiangsu
Province, China. Ciprofloxacin hydrochloride hydrate
was purchased from JeK Chemical Co. Ltd. (Beijing,
China). Other reagents were obtained from Aladdin
Chemical Co. Ltd. (China).

2.2 Fabrication of g-MoS,-BC composites

Biochar was obtained by pyrolyzing the rice straw samples
in a preheated muffle furnace at 300°C (BC300) and 700°C
(BC700) for 6 h under oxygen-deficient conditions (Cao
et al., 2009). The g-MoS,-BC composites were prepared as
follows: Na,MoO,4-2H,O (0.03 g) thioacetamide
(CH3CSNH,, 0.06 g) and 60 mL of deionized water
were mixed together to which a certain amount of the
prepared biochar was added (ratio of 20% (w/w) of MoS,/
biochar). Then, 0.1 mmol/L. PEG10000 was added to
disperse the mixtures. Afterwards, the solution was
transferred into a 100 mL Teflonlined stainless steel
autoclave; the autoclave was sealed and maintained at
180°C for 24 h. After allowing the solution to cool by itself
to room temperature, the suspension was centrifuged at
8000 r/min for 15 min to collect the g-MoS,-BC
composite. The obtained mass was washed thrice with
deionized water and ethanol alternatively, and dried at
80°C in air for 24 h. The g-MoS, nanosheets were prepared
in a similar manner.

2.3 Batch adsorption experiments

Batch adsorption experiments were performed in tripli-
cates in 22-mL tubes to determine the adsorption bebavior
of CIP onto g-MoS,-BC composites and g-MoS,
nanosheets. An appropriate amount of the g-MoS,-BC
composites or g-MoS, nanosheets were mixed with 20 mL
of a CIP aqueous solution. The pH of these solution was
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adjusted to 5.6+0.1. The solution was equilibrated on a
shaker (160 r/min) for 12 h at 2541, followed by
centrifuging it at 3500 r/min for 5 min. An appropriate
amount of the supernatant was filtered through a 0.22 pm
glass fiber membrane and analyzed for CIP concentrations.
The adsorption amounts were calculated by considering
the difference between the initial and equilibrium con-
centrations in aqueous solutions.

2.4 Analysis and characterization

The concentrations of CIP in aqueous solution were
quantified using an Agilent 1100 HPLC (USA) fitted with
an UV detector. Acetonitrile/formic acid (0.01%) (17.5:
82.5, v/v) at a flow rate of 1.0 mL/min was employed as the
mobile phase for CIP, and the UV wavelength was set at
278 nm. The g-MoS,-BC composites were characterized
using a field emission scanning electron microscope
(FESEM) equipped with an energy dispersive X-ray
analyzer (Hitachi SU8010, Japan), Brunauer-Emmett-
Teller (BET) surface analyzer (Quantachrome autosorb-1,
USA), Fourier-transform infrared spectroscopy (FTIR)
(Thermo FT-IRModel Nicolet 6700, USA), X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS,
ULVAC-PHI PHI 5000 VersaProbell, Japan), and Thermo-
gravimetric analysis (TGA) (TA-Q500, USA). The elec-
troacoustic spectroscopy (ZS, UK) was used to measure
the zeta potential of the g-MoS,-BC composites in solution
with pH in the range of 2—11.

The isotherms obtained in this study are fitted to the
Freundlich and Langmuir adsorption model, respectively.
The Freundlich model adsorption is determined using

Eq. (1):
logQ, = logKF + nlogCe, (M

where Q.(mg/g) is the amount of CIP adsorbed on the
adsorbents, C.(mg/L) indicates the CIP concentration in
aqueous solutions. Kt [in (mg/kg) (mg/L) "] and n denote
the adsorption affinity and nonlinearity index, respectively.

The Langmuir equation can be described using Eq. (2):

Ce/Qe = 1/(QmaxKL) + Ce/Qmaxa (2)

where the Q.x (mg/g) is the maximum adsorption
capacity of the adsorbents for CIP and Kj is a constant
relating to the adsorption intensity.

3 Results and discussion
3.1 Characterization of the adsorbent

FESEM-Energy-dispersive X-ray spectroscopy (EDS)
analysis for the BC700 and g-MoS,-BC700 is presented
in Fig. 1. It can be seen that the original biochar possessed
smooth surface morphology, which was composed of
closely packed tubular structures with different cavity

sizes, and the surface of the g-MoS,-BC composites was
relatively uneven due to the growth of MoS, nanosheets on
the biochar surface. It can be seen from Fig. 1b that the g-
MoS, is an ultrathin nanosheet with numerous curved
edges. The three dimensional globular-like structure of g-
MoS,-BC composites is attributed to the curling of g-
MoS, nanosheet edges, resulting in a large surface area for
the g-MoS,-BC composites. This is significantly beneficial
to the adsorption/immobilization of target contaminants.

In the EDS pattern shown in Fig. 1, we could not detect
Mo in BC700, while Mo was detected in g-MoS,-BC700,
and the atomic percentage of S significantly increased from
0.54% to 9.64%; this confirms that g-MoS, nanosheets are
coated in the prepared composites. The wide scan XPS
spectra (Fig. S1) shows that the g-MoS,-BC700 mainly
consists of C, O, Mo, and S elements, and the introduction
of Mo and S elements in g-MoS,-BC composites surface is
obtained by comparing the XPS spectrum of BC700 and g-
MoS,-BC700. The high-resolution XPS spectrum of Mo
3d is presented in Fig. 2(a); here, two absorption peaks at
231.9 eV and 228.5 eV are indexed to be Mo 3d;/, and Mo
3ds,», respectively, and this is ascribed to the Mo(4 4) in
1 T-MoS,(Xie et al., 2013). The doublet peaks located at
233.3 and 229.7 eV are assigned to the 3d3, and 3ds,
of Mo*" in 2H-MoS,. The peak centered at 226.1 eV
(Fig. 2(a)) can be assigned to the S,; in MoS,. The
absorption peaks at 163.2 and 162.1 eV in Fig. 2(b) are the
respective characteristics of S 2p;, and S 2p;,, of the
S,p in MoS,.

The FTIR analysis of the raw biochar and the g-MoS,-
BC composites is given in Fig. 3. It can be seen that a new
stretching peak appeared at 623 cm™ and is due to the Y,
Mo-S stretching vibration (Wang et al., 2016). This
confirms presence of MoS, on the composite surface. In
addition, the peak at 901 ¢cm™' arises from the Mo= O
stretching vibration (Han et al,, 2017), owing to the
continual oxidation of the Mo atom on the g-MoS, surface.

The pore-size distribution in the original biochar and the
g-MoS,-BC composites is presented in Fig. S2. An
average pore diameter of 3.251 nm is determined for the
g-MoS,-BC composites. It is well accepted that when the
pore diameter of adsorbents is 1.7-3 times larger than the
pollutants molecular size, the adsorption property of the
adsorbents under this condition will be the finest (Tang et
al., 2018). Therefore, it is reasonable to believe that the g-
MoS,-BC composites prepared in this study could be
efficient for CIP adsorption based on the size of the CIP
molecule.

3.2 Adsorption kinetics of CIP on g-MoS,-BC composites

The adsorption kinetics of CIP on BC700 and g-MoS;-
BC700 is given in Fig. 4. Adsorption amount of CIP on g-
MoS,-BC700 showed a sharp increase in the first 8 h,
thereafter reaching adsorption equilibrium. A relatively
slower increase is observed for the CIP adsorption on
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Elements Atomic (%)
@ 91.05
O 7.45
S 0.54
K 0.88
Ca 0.08
Mo 0.00
100.00

Elements Atomic (%)
€ 77.67
O 10.29
S 9.64
K 0.08
Ca 0.06
Mo 2.26
100.00

Atomic (%)
89.63
6.95
2.99
0.01
0.05

0.37
100.00

Fig. 1 SEM-EDS analyses of BC700 and g-MoS,-BC700. (a) BC700; (b) g-MoS,-BC700; (c) CIP loaded g-MoS,-BC700.

BC700, and the adsorption equilibrium of CIP for is
approximately 24 h. This is three times longer than for g-
MoS,-BC700. Thus, the g-MoS,-BC composites showed
faster adsorption rates for CIP than the original biochar,
which can be attributed to the coating of the ultrathin
nanosheets in the g-MoS,-BC composites, and this
provided more adsorption sites for CIP.

The adsorption kinetics of CIP on g-MoS,-BC700
follows fast and slow adsorption stages. It can be seen that
in the fast adsorption stage, the adsorption of CIP on g-
MoS,-BC700 sharply increased and almost 85% of the
adsorption was accomplished within 4 h at all investigated
concentrations, which is ascribed to accessibility of

numerous adsorption sites on the adsorbent and the
electrostatic attraction between g-MoS,-BC composites
and CIP. Later, the adsorption process proceeds slowly and
the adsorption became almost constant after 8 h; this
implies that the adsorption equilibrium has been attained.

To further analyze the kinetic characteristics of CIP
adsorption on the original biochar and g-MoS,-BC
composites —the pseudo-first-order and second-order
kinetic models—were used to fit the experimental
adsorption data at three initial CIP concentrations, and
corresponding adsorption kinetic parameters are presented
in Table S1. The results showed that the pseudo-second-
order model is more suitable for the adsorption behavior of
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Fig. 2 The high-resolution scans of Mo 3d and S 2s (a), S 2p (b) of g-MoS,-BC700.
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CIP on g-MoS,-BC composites based on the higher
correlation coefficient values (R?) in the pseudo-second-
order model. This indicated that the overall rate of the
adsorption process for CIP on g-MoS,-BC composites is
more likely to be controlled by chemisorption (Wang et al.,
2014). Moreover, it should be noted that all &, and gax
values in the pseudo-second-order model for CIP adsorp-
tion on g-MoS,-BC700 are much larger than that for
BC700. For example, with an initial CIP concentration of
10 mg/L, the k, value and the corresponding ¢, value for
CIP adsorption on g-MoS,-BC700 is about 1.4 times and
5.5 times larger than on BC700, respectively. The result
shows that the adsorption ability of g-MoS,-BC compo-
sites for CIP is significantly larger than that of the original
biochar. The coated g-MoS, nanosheets on biochar surface
adsorbed more CIP due to the presence of numerous active
adsorption sites. Further, the g-MoS,-BC composites have
two-dimensional layered structures and thus, CIP was able
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Fig. 4 Adsorption kinetics of CIP on BC700 and g-MoS,-BC700.
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to transport across the boundary liquid film from the liquid
phase, whereas transport was negligible across the limited
interlayer (Chao et al., 2017). This could greatly enhance
the adsorption ability of CIP on g-MoS,-BC composites.

3.3 Adsorption isotherms of CIP onto g-MoS,-BC
composites

The adsorption isotherms of CIP on original biochars, g-
MoS, nanosheets, and the g-MoS,-BC composites are
demonstrated in Fig. 5, and adsorption data are fitted to the
Freundlich model (R*>0.99 in each case) (Table 1). It can
be seen from Fig. 5 that g-MoS, showed greater adsorption
capacity than the original biochars and g-MoS,-BC
composites. The g-MoS,-BC composites also showed
greater adsorption capacity than the corresponding original
biochars and other reported biochars (Table S2). The very
high surface area, developed pore structures, and strong
edge effects of g-MoS, are responsible for the superior
adsorption abilities of g-MoS, for CIP. To quantitatively
compare the adsorption capability of the original biochar
and the corresponding g-MoS,-BC composites for CIP, the
equilibrium adsorption amounts of CIP at four different
initial CIP concentrations (Cy =4, 10, 15, and 20 mg/L) on
different adsorbents are carried out and the results are listed
in Table 2. For the four initial CIP concentrations, the
equilibrium adsorption amount of CIP on g-MoS,-BC700
and g-MoS,-BC300 is about 3.9-4.9 and 3.0-3.8 times
higher than that on BC700 and BC300, respectively.
Therefore, the coated g-MoS, nanosheets greatly enhanced
the adsorption ability of biochar for CIP as the adsorption
capacity of g-MoS, for CIP is higher than the original
biochars.

60
v g-MoS,

50 m g-MoS,-BC700
e 2-MoS,-BC300
A BC700

40 *BC300

30

q. (mg/g)

20

C, (mg/L)
Fig. 5 Adsorption isotherms of CIP on different adsorbents.

To further explore the contribution of g-MoS,
nanosheets and origin biochar to the overall adsorption
of CIP on g-MoS,-BC composites and the mutual effects
between biochars and g-MoS, nanosheets, an empirical

model is applied in this study (Sun et al., 2013); this is
given by:

n,MoS n,BC
Gecal = OMoS,KrMos, Ce > + OpcKppcCe 3)

fi=(6:Kg; C¥'/qecar) X 100% @)

where ¢, ., is the theoretical adsorption amount of CIP on
g-MoS,-BC composites (mg/g) based on CIP adsorption
on the g-MoS, nanosheets and origin biochar, respectively;
BC and MoS,; represent the mass percentage of original
biochar and g-MoS, nanosheets in the g-MoS,-BC
composites; Kr, n are the Freundlich adsorption coeffi-
cients for CIP adsorption isotherms on g-MoS, and
different biochars, respectively, and f; is the percent
contribution of different components for the total adsorp-
tion of CIP.

The quantitative contributions of g-MoS, and the
original biochar to the total adsorption of CIP onto g-
MoS,-BC composites are indicated in Fig. S3. Here, C./S,,
is the ratio of the CIP equilibrium concentration to its
aqueous solubility. It is clear that the original biochar
accounted only for a small percentage for CIP adsorption
on the g-MoS,-BC composites. For example, the con-
tribution of BC300 and BC700 increased from 17.5% to
21% and from 29% to 33.2% for CIP adsorption on g-
MoS,-BC300 and g-MoS,-BC700 with increasing CIP
concentration in aqueous solutions, respectively. Mean-
while, the contribution of g-MoS, slightly decreased from
82.5% to 79% and from 71% to 66.8% for CIP adsorption
on g-MoS,-BC300 and g-MoS,-BC700, respectively. The
results indicate that the contribution of g-MoS, nanosheets
for CIP adsorption on g-MoS,-BC composites is sig-
nificantly larger than that of the original biochars, and this
is attributed to the huge gap of adsorption ability for CIP
between them.

Moreover, the comparison between the calculated
adsorption amount (g..,) and experiment adsorption
amount (geexp) for CIP on g-MoS,-BC composites
(Fig. 6) shows a more meaningful consequence that the
experimental values of g, for CIP adsorption on g-
MoS,-BC700 at all studied CIP concentrations is larger
than the calculated values of g ... However, the gcexp
values for CIP adsorption on g-MoS,-BC300 is much
lower than the g, values. Therefore, the synergistic
effect occurs for the CIP adsorption on g-MoS,-BC700,
but repression effect occurs on g-MoS,-BC300. The
different adsorption mechanism involved in low tempera-
ture and high temperature biochars could account for these
results. It is well established that the surface adsorption and
pore-filling mechanism dominate the adsorption process of
organic contaminants on biochars paralyzed at high
temperature (>500°C) (Xing et al., 1997), and the coated
g-MoS, nanosheets on biochars sharply increased the
surface area of biochars, which can enhance the surface
pore adsorption between high temperature biochars and
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Table 1 Freundlich and Langmuir model parameters for CIP adsorption on different absorbents

Freundlich model

Langmuir model

Sample

KF n R2 Qmax KL Rz
BC300 0.96 0.49 0.993 4.76 0.17 0.978
g-MoS,-BC300 7.32 0.22 0.991 12.9 1.29 0.867
BC700 1.90 0.47 0.994 9.54 0.18 0.985
g-MoS,-BC700 19.2 0.31 0.990 379 2.85 0.928
g-MoS, 274 0.35 0.994 395 0.49 0.928

Table 2 Equilibrium adsorption amount (mg/g) of CIP onto different adsorbents at four CIP initial concentrations

Co (mg/L) BC300 2-MoS,-BC300 BC700 2-MoS,-BC700 g-MoS,
4 1.49 7.49 2.74 10.72 11.09
10 2.85 10.92 5.62 27.58 32.25
15 3.50 12.52 6.84 32.87 43.15
20 3.85 13.85 7.89 38.33 5275
21 7 50 7
2-MoS,-BC300 —B— e oxp -MoS,-BC700 e o
18) —0—Y; cal +qc,cal
40+
15¢
w 12f @ 301
o o
£ £
= 9r = 20+
6 -
10+
3 -
0 1 1 1 1 0 1 1 1 1
0.1 0.2 03 0.4 05 0.6 0.1 0.2 03 0.4 0.5 0.6
C /Sy (107) C /Sy (107)
(@) (b)

Fig. 6 Comparison of the experiment adsorption amount (gc exp) and the calculated adsorption amount (g ca1) of CIP on g-MoS,-BC

composites.

pollutants significantly. On the contrary, the surface area
and pore structures of biochars paralyzed at low tempera-
ture are limited. Low temperature biochars are rich in
oxygen-containing functional groups, such as C-O and C =
O, which can result in negatively charged biochar due to
deprotonation. The electrostatic interactions between
negatively charged biochar and CIP* (at tested pH, CIP
existed mainly as CIP*) may be considered as the primary
reason for the CIP adsorption on biochars paralyzed at low
temperature.

3.4 Effect of pH on CIP adsorption on g-MoS,-BC
composites

It was well known that the solution pH plays an important
role in the adsorption process owing to its effect on both
adsorbent and pollutant properties. The influence of the pH

of the solution on CIP adsorption on g-MoS,-BC
composites is investigated with initial CIP concentration
of 10 mg/L and pH varying from 2 to 11. The result is
presented in Fig. 7, which also shows the zeta potentials of
g-MoS,-BC700. The results showed that the adsorption
amount of CIP increased by 34% from 21.5 mg/g to
28.8 mg/g with the pH increase from 2 to 6. However,
slight change is observed with the pH value ranging from 6
to 8; then, CIP adsorption amount reduced by 41% from
28.8 mg/g to 16.9 mg/g with pH increase from 8 to 11. The
result is different from the previous studies (Shang et al.,
2016), where the adsorption capacity of biochar for CIP
increased with pH increase from 3 to 7 and decreased with
pH increase from 7 to 10. They attributed that the
functional groups on the surface of biochar changed with
the pH. Further, the different surface charge of the
adsorbents might be responsible for the different results.
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Fig. 7 Effect of solution pH on the adsorption of CIP on g-
MoS,-BC700.

The surface charge of g-MoS,-BC composites is closely
related to the solution pH value. Results from Fig. 7
showed that the pHzpc of g-MoS,-BC700 is approxi-
mately 3.4, and g-MoS,-BC700 is negatively charged and
reduces with increase of pH when the pH>pHzpc. The
transformation of protonation and de-protonation by
oxygen-containing functional groups at different pH can
alter the adsorbent surface charge and affect the speciation
existence of organic contaminants (Tan et al., 2016). CIP is
an amphoteric molecule with some ionizable functional
groups, such as-NH and-COOH, which can exist as cations
(CIP"), zwitterions (CIP*), and anions(CIP") under

Pore-filling effect

Ion exchange adsorption

different pH solutions. CIP existed as CIP* at solution
pH below 3.4, and the g-MoS,-BC700 surface under
such condition is positively charged and decreases
with increasing solution pH. This indicates that the
decrease of electrostatic repulsion between g-MoS,-
BC700 and CIP, will be useful for CIP adsorption.
CIP mainly existed as CIP* in the pH range of 6 to 8; as
a result, there is nearly no net electrostatic attraction or
repulsion between CIP and g-MoS,-BC700. Thus, the
effect of pH on CIP adsorption onto g-MoS,-BC700 under
such pH range is slight. The adsorption capacity of CIP
under this pH range can be controlled by other mechan-
isms, such as surface adsorption, m-m EDA interactions
(Chao et al., 2017), which will be discussed later. CIP
mainly existed in the form of CIP~ when the solution pH
ranged from 9 to 11. The surface of g-MoS,-BC700 is also
negative charged in this pH range and thus, the electro-
static repulsion between g-MoS,-BC700 and CIP is
enhanced, which results in the reduction of CIP adsorption
on g-MoS,-BC700.

3.5 Adsorption mechanisms of CIP on g-MoS,-BC com-
posites

Based on the above analysis, it is reasonable to believe that
various different mechanisms are involved in CIP adsorp-
tion on g-MoS,-BC composites, which is presented in
Fig. 8. The above description about the effect of solution
pH on CIP adsorption onto g-MoS,-BC composites

o OH
® 2-MoS,
(e} OH
F o
|
N
+ 'NIIZ\) A
+ o OH
+ pH<6.1 Fwo
- pH>8.7 N N
§ LT

Electrostatic force

T-T interaction

Fig. 8 The proposed adsorption mechanisms for CIP on g-MoS,-BC composites.
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confirms that the electrostatic interactions between g-
MoS,-BC composites and CIP actually exists. The FTIR
spectrum (Fig. 3) for g-MoS,-BC700 before and after CIP
adsorption is further analyzed to investigate the different
adsorption mechanisms of CIP on g-MoS,-BC composites.
It is known that the carboxyl group of adsorbents can cause
the adsorbent surface to become negatively charged owing
to its ionization. The absorption peaks at 1022 cm',
1118 cm™, and 1241 cm™ show that the C-O stretching
vibration shifted to 1028 cm™, 1104 cm™', and 1249 cm ™',
respectively, and the C=O0 stretching vibration at
1657 cm' changed to 1625 cm ! after the CIP adsorption.
This could be ascribed to deprotonation of the carboxyl
group. The result confirms the electrostatic forces between
CIP and g-MoS,-BC composites in the adsorption of CIP.
Furthermore, the stretching peak at 1396 cm™ derived
from the aromatic benzene ring skeleton in g-MoS,-BC700
shifted to 1402 cm™ after CIP adsorption, suggesting that
the n-m EDA effect between benzene ring of g-MoS,-BC
composites and other functional groups of CIP molecule is
involved in CIP adsorption onto g-MoS,-BC composites.
In fact, CIP possessed a fluorine group bonded to the
benzene ring and can serve as the 7 electron acceptor (Yang
et al. 2012), while the hydroxyl group on adsorbents
surface can serve as m electron donors (Han et al. 2016).
Thus, it is reasonable to believe that the m-mn EDA
interactions between the fluorine group of CIP molecule
and the hydroxyl group on g-MoS,-BC composites surface
is involved in CIP adsorption. It should also be noted that
the coated g-MoS, nanosheets significantly increased the-
OH content on g-MoS,-BC composites (Fig. 3), resulting
in m-t EDA interactions between g-MoS,-BC composites
and CIP and is much greater than on the original biochars
thereby, significantly increasing the adsorption of CIP on
g-MoS,-BC composites.

Pore size distribution in g-MoS,-BC700 during CIP
adsorption is presented in Fig. S2. The composite is
mesoporous, and the pore size ranged from 2 to 16 nm.
However, the pore size sharply reduced after CIP
adsorption, indicating that the pore-filling effect is the
important mechanism of CIP adsorption on g-MoS,-BC
composites. The average pore diameter and the specific
surface area (SSA value) of the g-MoS,-BC700 and
BC700 are calculated to be 3.251 nm, 7.763 nm, and
610.4 m*/g, 140.1 m?/g, respectively. The g-MoS, coated
nanosheets greatly changed the pore structures and surface
area of biochar and thus, an enhanced surface pore
adsorption between biochar and pollutant is favored,
which could significantly increase CIP adsorption on g-
MoS,-BC composites. Moreover, the EDS spectrum of g-
MoS,-BC700 before and after CIP adsorption (Fig. 1)
shows that the atomic percentage of K and Ca reduced
from 0.08% and 0.06% to 0.01% and 0.05%, respectively.
This indicates that the ion exchange adsorption of CIP*
with K+ and Ca®* has a key role in CIP adsorption on g-
MoS,-BC composites.

4 Conclusions

We report a novel method to synthesize g-MoS,-BC
composites by coating g-MoS, nanosheets into original
biochar. The prepared g-MoS,-BC composites showed
excellent performance for CIP adsorption due to its
appropriate pore structure and abundant n electrons. The
adsorption mechanism of CIP on g-MoS,-BC composites
is attributed to the pore-filling effects, n-m EDA interac-
tions, electrostatic interactions, and ion exchange adsorp-
tion. We also found that the adsorption strongly depends
on the pH of the solution. The composites synthesized in
this study are versatile and low cost and thus, they are
effective materials for antibiotic immobilization from
contaminated soils.
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