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• Hierarchical g-MoS2 nanosheets were
successfully loaded onto the surface of
biochar.

• Pore structures and surface properties of
biochar were improved by decorated
with g-MoS2.

• Sustainable efficient removal for TC by
novel g-MoS2-biochar nanocomposite
was confirmed.

• Several mechanisms participated in the
antibiotic removal were also discussed.

• Further research focuses on the catalytic
degradation ability of nanocomposite
for its regeneration.
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Antibiotic concentrations in surface waters far exceed the pollution limit due to the abuse of pharmaceuti-
cals, resulting in an urgent need for an approach with potential efficiency, sustainability and eco-
friendliness to remove antibiotic pollutants. A novel biochar-based nanomaterial was synthesized by hy-
drothermal synthesis and was investigated for its removal potential for tetracycline hydrochloride (TC)
from both artificial and real wastewater. The associative facilitation between biochar and g-MoS2 nano-
sheets was proposed, revealing the favorable surface structures and adsorption properties of the composite.
The related adsorption kinetics, isotherms and thermodynamics were studied by several models with ad-
sorption experimental data, turning out that biochar decorated by g-MoS2 exhibited optimum TC removal
with adsorption capacity up to 249.45 mg/g at 298 K. The adsorption behavior of TC molecules on g-
MoS2-BC can be interpreted well by three-step process, and it is dominated by several mechanisms contain-
ing pore-filling, electrostatic force, hydrogen bond and π-π interaction. In addition, the cost-effective g-
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MoS2-BC nanocomposites demonstrated excellent adsorption and recycling performance in TC-
contaminated river water, which might provide the underlying insights needed to guide the design of
promising approach for contaminant removal on a large scale in practical application.

© 2018 Published by Elsevier B.V.
Sustainable application
Removal mechanisms
1. Introduction

Antibiotics, as emerging pollutants, are released into the environ-
ment in large quantities due to abuse of pharmaceuticals, and they
have been detected excessively in surface water, groundwater and sed-
iment (Chao et al., 2014; Zhou et al., 2018). The existence of antibiotic
residues in the environment has caused high concern because of their
potential long-term adverse threats on human health and natural eco-
system (Ren et al., 2018; Ye et al., 2017b). There is an increasingdemand
for the removal of antibiotics from contaminated water to avoid the
ecological risk. A growing number of researches have been explored
for the remediation of antibiotics-contaminated water (Tiwari et al.,
2017), containing biotechnology (degrading microorganism) (Chen
et al., 2015; Ye et al., 2017a), chemical technology (oxidation, photo-
catalysis) (Cheng et al., 2016; Wang et al., 2017) and physical technol-
ogy (separation) (Gong et al., 2009; Wan et al., 2018; Xu et al.,
2012b). However, some deficiencies restrict the application of these
technologies, for instance, the growth-restricted microorganisms as
for biological processes; high energy/cost consumption and toxic by-
products as for chemical processes; and low efficiency as for pure
physical separation (Ahmed et al., 2017; Tang et al., 2014). Tetracycline
hydrochloride (TC) with amphoteric behavior, a kind of widely used
antimicrobial, has been detected frequently in aquatic ecosystems, and
it is difficult to degrade even with more toxic byproducts (Homem
and Santos, 2011). Adsorption is a way that affects the migration-
transformation of antibiotics in the aquatic environment, which is con-
sidered as a feasible and economical approach for antibiotic removal
(Chao et al., 2017; P.P. Liu et al., 2017; S. Liu et al., 2017).

Adsorbents play an important role in polluted water remediation,
some common adsorbents and their modifications have been studied
for removal of antibiotics from aqueous solution, such as graphene
(Deng et al., 2013; Q.F. Yang et al., 2017), clay minerals (Long et al.,
2011; Xu et al., 2012a), metal organic framework (Wang et al., 2018;
Yang et al., 2018a, 2018b), carbon nanotubes (Ji et al., 2009; Zhang
et al., 2015) and powder activated carbon (P.P. Liu et al., 2017; S. Liu
et al., 2017). Among them, biochar shows excellent adsorption perfor-
mance as well as carbon sequestration based on its favorable physico-
chemical surface characteristics, like high hydrophobicity and aromatic-
ity, large surface area and developed pore structure (P.P. Liu et al., 2017;
S. Liu et al., 2017; Ye et al., 2017a). Moreover, biochar is more environ-
mentally and economically viable, since it is derived from the pyrolysis
of waste biomass, allowing the resources recovery and utilization (Liang
et al., 2017; Wu et al., 2017; Zeng et al., 2015). However, the effective-
ness of biochar relies heavily on the temperatures and raw materials
of production. In order to get better removal efficiency for pollutants,
biochar is modified by metallic embedding, nanomaterial decorating
and surface functionalization based on various mechanisms (Tan et al.,
2015; Ye et al., 2017b). Zhang et al. (2012) prepared an engineered
graphene-coated biochar, and the results showed the adsorbed amount
of contaminant on the graphene-coated biochar was enhanced by the
strong π-π interaction between aromatic structure of pollutant mole-
cules and graphene sheets on biochar surface, which was N20 times
higher than that of the pristine biochar (Zhang et al., 2012). It is still a
challenge to develop a cost-effective adsorbent for water treatment on
large scale application, along with the difficulties in separation and re-
generation of used adsorbent.

Molybdenum disulfide with a special layered structure (g-MoS2) is a
novel quasi-two-dimensional lamellar nanomaterial similar to graphene,
which had been proposed as a potential alternative for removal of antibi-
otics (Chao et al., 2017; Chao et al., 2014; Han et al., 2017; Theerthagiri
et al., 2017). A MoS2 molecule possesses the S-Mo-S sandwich structure
with the Mo atom sandwiched between two S atoms. Due to the large
surface area, surface covalent forces and strong edge effects (Kiran
et al., 2014), the researches of g-MoS2 in contaminant adsorption
(Chao et al., 2014; Qiao et al., 2016), electrochemical performance
(Voiry et al., 2013; Wang et al., 2016), and catalytic degradation
(Vattikuti and Byon, 2016; Zhu et al., 2016), etc. have drawn huge deal
of scientific interests. However, g-MoS2 nanosheets have relatively low
dispersibility and tend to agglomerate, thereby adversely affecting the
remediation efficiency as well as having bad impacts on aquatic organ-
isms. Until now, no systematic study concerning the adsorption perfor-
mance of MoS2 nanomaterial-decorated biochar (biochar is used as
substrate and is modified to a nanocomposite with g-MoS2 nanosheets)
in antibiotic removal from aquatic environment has been published yet.

In this work, a novel adsorbent of g-MoS2 nanosheet-decorated bio-
char (g-MoS2-BC) was synthesized firstly using a facile hydrothermal
method. Batch adsorption experiments were designed to investigate
the adsorption performance of the composite in aqueous solution that
contaminated with tetracycline hydrochloride (TC). The main aims of
the research were to 1) synthesize and characterize the g-MoS2-BC;
2) explore the adsorption behavior of TC on surface of g-MoS2-BC, in-
cluding the adsorption kinetics, isotherms, thermodynamics, mecha-
nisms as well as the factors potentially affecting the adsorbed amount;
and 3) investigate the removal efficiency of g-MoS2-BC applied in real
TC wastewater.
2. Materials and methods

2.1. Materials

Rice strawwas obtained from bottomland of Dongting Lake, located
in Changsha, China. Tetracycline hydrochloride (TC: purity N 98.5%), so-
dium molybdate and thioacetamide were purchased from Shanghai
Chemical Corp and used without purification. Besides, deionized water
(18.25 MΩ/cm) used in the experiment was produced by an Ulupure
(UPRII-10 T) laboratory water system.
2.2. Preparation of g-MoS2-decorated biochar

As shown in Fig. 1, biochar was produced by slow pyrolysis of agri-
cultural straw in tube furnace operating at a continuous flow of N2 gas
and a temperature of 500 °C for a residence time of 2 h, according to pre-
vious research (Zeng et al., 2015). In a typical synthesis of the MoS2
nanosheets, 230 mg of Na2MoO4·2H2O and 460 mg of thioacetamide
were dissolved in 60mL deionizedwater, in which 0.1 g of the prepared
biochar and 0.1 mM PEG10000 were added in sequence with magnetic
stirring, and themixture dispersed via ultrasonication for 30min. After-
wards, the whole solution was transferred to a 100mL Teflon-lined au-
toclave and heated up to 180 °C for 24 h by hydrothermal treatment.
After the mixture was cooled to room temperature naturally, the black
solid precipitate (g-MoS2-BC) produced in the solution was collected
by centrifugation (8000 rpm for 5 min), and then was washed six
times with anhydrous ethanol and deionized water, thereby drying in
an oven at 80 °C for overnight.



Fig. 1. Schematic illustration of the formation of g-MoS2-BC composite and its application for removal of TC.
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2.3. Characterization methods

The field emission scanning electron microscope (SEM, JSM-6700F,
Japan) equipped with an energy dispersive X-ray analyzer (EDS,
AMETER, USA) was used to examine the surface morphology and ele-
mental compositions of the g-MoS2-BC. The structural details of the
composite were further characterized by the transmission electron mi-
croscopy (TEM). The BET specific surface area and pore characteristics
were calculated based on the N2 adsorption-desorption isotherms at
77.3 K by using automatic surface and porosity analyzer (Quantachrome,
USA). Fourier transform infrared spectrum (FT-IR) measurements, re-
corded in the range of 4000–400 cm−1, were performed in KBr pellet
byNicolet 5700 Spectrometer, USA. The X-ray diffraction (XRD) patterns
were showed by Bruker AXS D8 Advance diffractometer equipping with
a Cu-Ka radiation source (λ=1.5417Å) to explore the crystal structures
of as-synthesized composite. Binding energies of the material elements
were conducted based on the X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Scientific-K-Alpha 1063, UK), with the calibration of C1s
at 284.8 eV. Thermogravimetric analysis (TGA)was carried out under ni-
trogen flowwith a heating rate of 10 °C/min (TG209, Netzsch, Shanghai,
China). The zeta potentials analysis of g-MoS2-BC and TC were deter-
mined using Electroacoustic Spectrometer (ZEN3600 Zetasizer, UK) at
solution pH ranging from 2.0 to 11.0.
2.4. Adsorption and removal of TC by g-MoS2-BC

The batch experimentswere carried out in 100mLErlenmeyerflasks
containing the mixture of 20 mg g-MoS2-BC and 50 mL TC aqueous
solution. All flasks were wrapped with aluminum foils to avoid
photodegradation and then placed in a thermostatic water shaking
bath at an agitation speed of 150 rpm. The desired pH of solution
were achieved by the adjustment with 0.1 M NaOH or 0.1 M HCl mea-
sured by pH meter (PHSJ-5, China), varying from 2.0 to 11.0 in initial
TC solution (100 mg/L). The effect of salt ionic strength on the removal
of TC (100 mg/L) was studied with the sodium chloride (NaCl) and cal-
cium chloride (CaCl2) at concentration range of 0–0.1 M. After shaking
under 298 K for 24 h, the samples were taken from the flasks, followed
by centrifuged and filtered using 0.45 μm PVDF disposable filters prior
to UV spectrophotometry (UV-2550, SHIMADZU, Japan) at λmax

357 nm.
Adsorption kinetics studies were carried out by mixing 20 mg of as-

synthesized composite and 50mL TC solutionwith initial concentration
of 50, 100, 150mg/L at pH of 4.0. The solution was shaken with a speed
of 150 rpm at temperature of 298 K, and samples were taken at
predetermined time intervals (from 5 min to 30 h) for the determina-
tion of TC residual concentration after filtration. Adsorption isotherm
and thermodynamic experiments of g-MoS2-BC were performed
under three different temperatures (298, 308, and 318 K). 50 mL TC so-
lutionswith different initial concentrations ranging from10 to 400mg/L
were adjusted to pH at 4.0 and then mixed with 20 mg composite for
shaking. The TC concentrations of sample were then determined by
above-mentioned ultraviolet spectrophotometrymethod after centrifu-
gation and filtration.

The research on practical application of g-MoS2-BC in real water
samples (river water: obtained from Xiang River located in Changsha
for TC solution preparationwithout filtration)was conducted bymixing
20 mg of g-MoS2-BC with 50 mL real wastewater polluted by TC
(100mg/L), and themixture was shaken at 298 K for 24 h. The regener-
ation of g-MoS2-BC was carried out by adding TC-loaded g-MoS2-BC to
50 mL NaOH (0.2 mol/L) and stirring the mixture at temperature of
298 K and agitation speed of 140 r/min for 24 h. The suspension liquid
was centrifuged after desorption, and the collected solid (regenerated
g-MoS2-BC)was dried at 353 K and applied for next round of adsorption
experiment with four-times repetition.

3. Results and discussion

3.1. Characterization of g-MoS2-BC composite

The surfacemorphologies andmicro-structures of themanufactured
materials were examined by SEM and TEM. The SEM image of pristine
biochar (Fig. 2a) shows essentially the smooth surface morphology
composing of closely packed tubular structures with a cavity size of



Fig. 2. SEM images of pristine biochar (a), pure MoS2 (b), g-MoS2-BC (c), and MoS2 sheets on g-MoS2-BC composite (d), and HRTEM images of g-MoS2-BC (e and f).
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1–2 μm. Upon themodification, the resulting g-MoS2-BC composite was
found to be relatively uneven surface decorated with MoS2 stacking hi-
erarchical structure. A high magnification SEM image of the composite,
presented in Fig. 2c, reveals that the tubular carbon material is
disorderly assembled by crumpled nanosheets with curved edges, indi-
cating the biochar could be regarded as a fresh substrate for supporting
hierarchical MoS2 nanosheets. The interactions between the oxygen-
containing functional groups of biochar and Mo4+ precursors might
be responsible for the in situ growth ofMoS2 nanosheets on biochar sur-
face (Chang and Chen, 2011; Zhao et al., 2017). Comparedwith the bulk
structure of pure MoS2 (Fig. 2b), the MoS2 in composite (Fig. 2d) ex-
hibits cluster framework with relatively few layers stacking, which is
conducive to the exposure of active sites with defect-rich structure.
The TEM images (Fig. S2) and HRTEM (Fig. e and f) further confirm a hi-
erarchical crumpled and disordered structure with curved edges onto
the carbon-based materials. HRTEM image illustrates the discontinued
fringes of the curled edges, indicating the defect-rich structure with
ample surface sites (Qiao et al., 2017). The lattice fringes of g-MoS2 on
composite display interplanar spacing of ~0.67 nm, the different inter-
layer distances should be associated with the intercalation of MoS2
nanosheets and biochar.

In order to examine the porous properties of g-MoS2-BC composite,
Brunauer-Emmett-Teller (BET) gas sorptometry measurement was
conducted. The inset of Fig. 3a describes the N2 adsorption/desorption
isotherm of the composite, which can be identified as type IV isotherm
with a hysteresis loop, demonstrating the mesoporous characteristic of
g-MoS2-BC. The observed large hysteresis loop is intermediate between
typical H3- and H4-type isotherm, which is considered to be derived
from the stack of laminated layered structure of the slit pore. The corre-
sponding pore-size distribution, obtained from the isotherm by using
the BJH method and shown in Fig. 3a, elucidates that most of the
pores fall into the size range of 2 to 20 nm and the average pore diam-
eter is calculated to be 3.509 nm. It is well established that adsorbent
might exhibit the best adsorption performance when its pore diameter
is 1.7–3 times larger than the adsorbate molecular size (even N3–6
times if adsorbent needs to be recycled) (Tang et al., 2018). Taking the



Fig. 3. (a) The pore-size distribution curve of g-MoS2-BC and TC-loaded g-MoS2-BC, inset showsN2 adsorption-desorption isotherms of g-MoS2-BC at 77 K; (b) XRD patterns of pureMoS2,
g-MoS2-BC and TC-loaded g-MoS2-BC; (c) FT-IR spectrums of pure MoS2, g-MoS2-BC and TC-loaded g-MoS2-BC; (d) XPS survey spectra of pristine biochar and g-MoS2-BC.
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TCmolecule dimension (1.41 nm long, 0.46 nmwide and 0.82 nmhigh)
into account, we conclude that g-MoS2-BC composite is endowed with
adsorption capacity for efficient TC molecular removal based on their
pore-size distribution. On the whole, the prepared composite exhibits
a BET specific surface area of 176.8 m2/g and a pore volume of
0.0839 cm3/g. Both are higher than the corresponding value of the pris-
tine biochar, it should be noted that the change could be attributed to
the extra mosaic structure of MoS2 nanosheets with plenty of folded
edges like wings.

The X-ray powder diffraction (XRD) patterns of the as-prepared
MoS2 and g-MoS2-BC composite are shown in Fig. 3b. The three detected
diffraction peaks are indexed to (002), (100) and (110) planes, respec-
tively, indicating a hexagonal phase of MoS2 (JCPDS card No. 37-1492)
(Chao et al., 2014). Subtle changes in the peak location may be due to
the strain effect by bending of the layers or lattice expansion introduced
by crystal defects (Berdinsky et al., 2005). Especially, the (002) diffrac-
tion peak, resulted primarily from the scattering of interlayer Mo\\Mo
(L. Yang et al., 2017), is feeble in the pattern, suggesting that MoS2 is
consisted of only a few layers nanosheets. There is no obvious difference
in peak position between pure MoS2 and the g-MoS2-BC composite due
to the lowXRD intensity of biochar, which also reveals that the chemical
composition of MoS2 has not changed after the surface modification.
From the variation in width and strength of (002) plane diffraction
peak, it can be observed that the growth of MoS2 crystal along the c-
axis in composite is inhibited owing to the presence of biochar, demon-
strating fewer stack of MoS2 layers.

FT-IR analysis was carried out to investigate the surface property of
the BC and g-MoS2-BC composite. It can be seen from Fig. 3c, several
characteristic FT-IR peaks of biochar are observed in composite, includ-
ing 3384–3450 cm−1 for O\\H stretching, 2860 cm−1 for C\\O of car-
boxyl, 2365 cm−1 for cumulated double bonds stretching, 1635 cm−1

for C_O vibration, 1446 cm−1 for aromatic benzene ring skeletal vibra-
tion, 1247 cm−1 for C-O stretching, 1039 and 1095 cm−1 for C\\O\\C
pyranose ring skeletal vibration, 858 cm−1 for C\\H bending vibrations
and 667 cm−1 for S\\H vibration. In addition to the common functional
groups abovementioned, a new stretch at 617 cm−1 appearing in curve
(II) is assigned to γas Mo\\S vibration (Wang et al., 2016), demonstrat-
ing the successful binding of MoS2 onto the biochar surface. Moreover,
another fresh peak presenting at 916 cm−1 in curve (II) could be
ascribed to the stretching vibration of Mo_O (Han et al., 2017), which
implies the partial oxidation of the Mo atom on edge of nanosheet.
Curve (III) in Fig. 3c describes the FT-IR spectrum of TC-loaded g-
MoS2-BC, the enhanced and broadened peaks approximately at 3500
to 3900 cm−1 are probably originated from the extra functional groups
of TCmolecule, especially the peak around 3520 cm−1 corresponding to
the acylamino of TC. These observations confirmed that the TC mole-
cules are successfully adsorbed on the surface of g-MoS2-BC composite.

X-ray photoelectron spectroscopy (XPS) was performed to further
investigate the surface chemical composition and valence state of the el-
ements in g-MoS2-BC composite. The survey spectrum, presented in
Fig. 3d, reveals the g-MoS2-BC composite is composed of four major el-
ements of C, O, Mo, and S. Compared with the biochar before and after
modification, besides the introduction of Mo, and S elements in g-
MoS2-BC, the proportion of oxygen in the element composition is ob-
served to increase, which implies that more oxygen-containing func-
tional groups appear on composite surface. In the high resolution XPS
spectrum of Mo 3d, shown in Fig. 4a, two peaks locating at 232.30 eV
and 229.00 eV can be assigned to Mo 3d3/2 and Mo 3d5/2, respectively,
characterizing of Mo4+ in 1 T-MoS2, while the doublet peaks presenting
at about 233.28 and 229.76 eV are attributed to the 3d3/2 and 3d5/2 of
Mo4+ in 2H–MoS2 (Qiao et al., 2016). Meanwhile, two weak peaks cen-
tering at 236.17 and 232.90 eV are attributed to the oxidation state Mo6
+, whichmight be derived from the slight oxidation of Mo atoms at the
defect or edges of MoS2 nanosheets due to the high oxidation activity
(Zhou et al., 2014). The peaks at 163.80 and 162.20 eV (Fig. 4b) could
be indexed to S 2p1/2 and S 2p3/2 orbital of divalent sulfide,



Fig. 4. The XPS spectra of g-MoS2-BC composite: high resolution XPS spectrum of Mo 3d and S 2s (a), S 2p (b), C 1s (c), and O 1s (d).
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respectively, suggesting the valence state of S element is−2. In combi-
nationwith another analysis of peak at 226.66 eV (Fig. 4a) arising fromS
2 s, the existence of MoS2 on the composite is confirmed. In the C 1s XPS
spectrum (Fig. 4c) of composite, the C 1s band is deconvoluted into four
peaks locating at 284.50, 284.83, 286.45, and 287.36 eV, assigning to the
binding of C_C/C\\C, CO/Mo, C\\O and C_O, respectively. The binding
energies of O 1s peaks (Fig. 4d) are observed at about 532.90, 531.30
and 533.51 eV, corresponding to the O\\C/O\\H, O\\Mo and O_C, re-
spectively, which are consistent with the FT-IR results.

The thermal stability of the prepared materials was examined by
TGAwhich is shown in Fig. S3. The weight percentage of both materials
was observed to decrease with increasing temperature from 20 to 800
°C. Compared with the pristine biochar, modified biochar has consider-
ably high thermal stability before 450 °C with an approximate 5%
weight loss. However, the weight percentage of g-MoS2-BC dropped
Fig. 5. (a) Zeta potentials of g-MoS2-BC at different pH ranging from 2.0–11.0 and the effect of p
represent standard error of the mean (n = 3). Different letters indicate significant difference (
sharply after 500 °C, which could be attributed to the decomposition
of the loaded MoS2 and organic species that adsorbed on material sur-
face during synthesis process.

3.2. Effect of pH on TC adsorption

It is generally believed that pH plays an important role in influencing
adsorption capacity by changing both surface properties of adsorbent
and adsorbate. The effect of solution pH varying from 2.0 to 11.0 on TC
adsorption to g-MoS2-BC was investigated, and the corresponding re-
sults with the zeta potential of g-MoS2-BC are measured and illustrated
in Fig. 5a. It could be observed that the adsorption capacity exhibits in-
creasing trend when pH value changes from 2.0 to 4.0, but the effect is
little when pH value in the range of 5.0–7.0, sequentially, the declining
trend of adsorption capacity is obvious especially when pH value N8.0.
Hvalues, (b) effect of ionic strength on adsorption capacity of g-MoS2-BC for TC. Error bars
p b 0.05) between each salt concentration.
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The surface charge of g-MoS2-BC, which makes great influences on
the adsorption process of TC, is sensitive to the solution pH value. Ac-
cording to the result obtained by Fig. 5a, the zero potential point
(pHZPC) of g-MoS2-BC is around 3.21, the adsorbent surface shows elec-
tronegative and decreases gradually with increasing pH value when pH
N pHZPC, owing to the dissociation of carboxylic group on the surface of
g-MoS2-BC. Besides the charge change of adsorbent surface, the chemi-
cal speciation of organic compound also transforms by the protonation-
deprotonation transition of functional groups at different pH (Tan et al.,
2016a). Tetracycline is amphoteric molecule along with multiple ioniz-
able functional groups, which exists cations (TCH3

+: derived from pro-
tonation of the dimethyl-ammonium group), zwitterions (TCH2

0:
derived from deprotonation of the phenolic diketone moiety), and an-
ions (TCH− and TC2−: derived from deprotonation of the tri-carbonyl
groups and phenolic diketone moiety) in accordance with the different
dissociation constant (pKa =3.4, 7.6 and 9.7) (Chao et al., 2017). When
thepHvalue is below3.21, both surface zeta potential of TC and g-MoS2-
BC composite are positive and decrease with the increasing pH value of
the solution, demonstrating theweakening effect of the electrostatic re-
pulsion which is favorable for adsorption. TC is predominantly existed
as zwitterion at pH values ranging of 4.0–7.0 with almost no net electri-
cal charge, resulting in little electrostatic interactions (attraction or re-
pulsion) and unobvious effect of pH changing on the adsorption
capacity. The comparatively large adsorption capacity at pH in this
range may be determined by other interactions, such as hydrogen
bond, π-π and hydrophobic interaction (Chao et al., 2017), aswill be de-
scribed below. Nevertheless, when pH value is N8, the negatively
charged surface of g-MoS2-BC is generally decreases and presents an en-
hancing electrostatic repulsion to anions TCH− and TC2−, which ad-
versely affects the adsorbed amount of TC.

3.3. Effect of ionic strength on the adsorption capacity

In order to get closer to the actual situation of natural water, differ-
ent amounts of sodium chloride and calcium chloride ranging from 0
to 0.1 mol/L were added to solution to explore the influences of ionic
strength on the adsorption capacity. As can be seen from Fig. 5b, the ad-
dition of extra ions slightly decreases the adsorbed amount of TC in
generally, while the adsorption capacity changes very little with the in-
creasing NaCl concentration. There are two possible reasons accounted
for the slight change: (1) equalizing effect: on one hand, the Na+ ions
inhibit the electrostatic interaction between the TC cations with g-
MoS2-BC groups by competition (Wu et al., 2014); on the other hand,
the salt would be beneficial for the dissociation of TC molecules to
TC+ by facilitating the protonation and result in promoting electrostatic
interaction (Tan et al., 2016b). And (2) electrostatic interaction is only a
considerably weak mechanism that affects the adsorption of TC on g-
MoS2-BC. However, the downtrend is evident and it represents obvious
inhibiting effect of TC adsorption with the increase of CaCl2 concentra-
tion. This difference may arise from much higher screening effect by
CaCl2 on the electrostatic interaction compared with NaCl, and thus
more actives sites are occupied by Ca2+, which confirms the electro-
static interaction has a certain degree in the domination of adsorption.

3.4. Effect of time and adsorption kinetics

As shown in Fig. 6a, the adsorption of TC by g-MoS2-BC is a time-
dependent process, which could be divided into two phases: fast- and
slow- adsorption stages. Attributed to the abundant active sites and at-
tractive electrostatic force on composite surface for TC molecules, it is
found that the adsorbed amount increased as the increasing contact
time, and nearly 85% of the adsorption capacity was accomplished
within the first 4 h, which is defined as fast-adsorption stages. Then,
the adsorption was performed at much lower rate. The adsorption rate
went down gradually until there was no significant variation in the
adsorbed amount after 24 h, which represents that the adsorption equi-
librium has been achieved.

In order to further analyze the kinetics of TC adsorption onto g-
MoS2-BC, the experimental data were fitted by pseudo-first-order,
pseudo-second-order, intra-particle diffusion, Boyd's film-diffusion
and Bangham channel diffusionmodels at three different initial TC con-
centrations to research the characteristics of the adsorption process in
this study. The linear forms of these kinetic models are presented in
Table S1, and the related kinetic parameters calculated by linear regres-
sion are summarized in Tables 1 and 2.

The pseudo-first-order and pseudo-second-order models are two
universalmodelwidely used for investigation of the adsorption kinetics.
Compared with the pseudo-first-order model, pseudo-second-order
model is more consistent with the adsorption behavior across the
whole experimental on the basis of the significant higher values of cor-
relation coefficient (Table 1). This is also supported by the favorable
fitting between the equilibrium adsorption capacity obtained from ex-
perimental data (qe,exp) and the calculated values (qe,cal) in pseudo-
second-order model, suggesting the adsorption behavior is much af-
fected by chemical mechanism. It should also be mentioned that the
pseudo-second-order rate constants (k2) reduces with increasing initial
TC concentration, which could be attributed to the low competition of
TC molecules for adsorption sites at lower initial concentration.

To achieve a better understanding of the diffusion mechanisms and
possible rate controlling adsorption process, Intra-particle diffusion,
Boyd's film-diffusion and Bangham channel diffusion model were fur-
ther applied. Intra-particle diffusionmodel, an empirically functional re-
lationship of adsorbed amount, is used to analyze experimental data
with some crucial parameters (intra-particle diffusion rate constant
kid, and Ci related to the thickness of boundary layer). As can be seen
from part d of Fig. 6, the plots of qt against t1/2 are consisted of three lin-
ear sections, indicating that the TC adsorption processes are associated
with multiple steps. High linear correlation coefficient and all non-
zero Ci values, presented in Table 2, imply that intra-particle diffusion
is involved in the adsorption process, while it is not the only rate-
controlling step (Wu et al., 2014). The first linear section with a rela-
tively sharp slope demonstrates the transport of TC from bulk solution
to the external surface of g-MoS2-BC, which is controlled by the mole-
cule diffusion and film diffusion. The second sectionwith slow slope de-
scribes the gradual adsorption stage, where the intra-particle diffusion
dominates, that is, the diffusion of the TC molecules transfer into the
pores of g-MoS2-BC from its external surface. The last linear section
with tardy slope implies the arrival of adsorption equilibrium. Compar-
ing the rate constant of three stages, k1d is much larger than other two
values, indicating that the film diffusion of TC molecules transferring
through the boundary liquid layer is the most important limiting step
of the adsorption. The wing-like g-MoS2 with a quasi-two-dimensional
few-layered structure, embedded in the biochar surface, helps TC mole-
cules reach the active sites of surfacemore easily, since the TCmolecules
only need to divert from liquid phase through the boundary liquidmem-
brane, but barely need to transfer in limited intermediate layer (Chao
et al., 2017).

To shed light on the actual rate-controlling step participated in the
overall TC adsorption process, the Boyd's film-diffusion and Bangham
channel diffusion model were used to illustrate the experimental data.
On the basis of thesemodels, the linearity of the plots provides the fairly
reliable information to define the actual rate-controlling step as film dif-
fusion or intra-particle diffusion. The plots of calculated Bt versus time t
for early stage of first 8 h are the segment-line which do not pass
through the origin, suggesting that the rate-controlling step is domi-
nated by film diffusion at the initial stage of adsorption process, subse-
quently took over by other mechanisms (intra-particle diffusion).
Furthermore, the relatively good linear coefficients of Bangham channel
diffusionmodel, presented in Table 1, reveal theperformance of channel
diffusion behavior in this adsorption process. In general, the adsorption
of TC onto the surface of g-MoS2-BC includes three steps: (1) the TC



Fig. 6. Effect of contact time on the adsorption of TC onto g-MoS2-BC (a); the pseudo-first-order plots (b), pseudo-second-order plots (c), intra-particle diffusion plots (d), Boyd plots
(e) and Bangham plots (f) for TC adsorption by g-MoS2-BC.
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molecules overcome the liquid resistance and transfer from the solution
phase to the exterior surface of g-MoS2-BC controlled by film diffusion;
(2) the TC molecules migrate on the surface and enter the pores of par-
ticles, as the adsorbent particles are loadedwith TC; and (3) the TCmol-
ecules that arrived at the active site are absorbed on the interior surface
of g-MoS2-BC and gradually reach the adsorption equilibrium.

3.5. Adsorption isotherms

The isotherm plays an important role in designing the adsorption
system, which shows the distribution of solute molecules in solution
Table 1
Adsorption kinetics parameters of pseudo-first-order kinetic, pseudo-second-order kinetic and

Concentration (mg/L) Pseudo-first-order kinetic

qe,exp (mg/g) k1 (1/h) qe,cal (mg/g) R2

50 103.676 0.002303 31.225 0.9428
100 174.285 0.002763 58.144 0.9448
150 208.583 0.002994 66.911 0.9807
phase and solid phase upon adsorption reaching equilibrium. The rela-
tionship between the equilibrium adsorption capacity (qe) and equilib-
rium TC concentration (Ce) in solution, presented in Fig. S4a, shows the
adsorption capacity of g-MoS2-BC enhances with increasing initial TC
concentration in the range of 10–400 mg/L. This may be explained by
the more powerful driving force provided by higher initial TC concen-
tration to overcome the mass transfer resistances between aqueous
and solid phases (Qiao et al., 2016). To further explore the isotherms,
the adsorption equilibrium data at temperature of 298, 308, and 318 K
were fitted by different equilibrium models including Langmuir,
Freundlich, Temkin, BET isotherm and Dubinin-Redushckevich (D-R)
Bangham model for TC on g-MoS2-BC.

Pseudo-second-order kinetic Bangham model

k2 (g/mg·h) qe,cal (mg/g) R2 kB m R2

0.000465 104.167 0.9994 49.957 9.560 0.9672
0.000248 175.438 0.9993 83.714 9.701 0.9876
0.000203 209.643 0.9992 113.083 11.936 0.9927



Table 2
The obtained parameters' value of intra-particle and Boyd's film-diffusion models.

Kinetics models Parameters Initial concentration (mg/L)

50 100 150

Intra-particle diffusion Kid (mg/g·min1/2) K1d 4.986 5.403 4.738
K2d 1.225 2.316 2.058
K3d 0.244 0.516 0.484

Ci C1 45.502 87.822 122.691
C2 69.932 111.834 146.113
C3 93.766 153.521 188.554

Ri
2 R1

2 0.9694 0.9580 0.9831
R2
2 0.9524 0.9691 0.9854

R3
2 0.8063 0.8691 0.9425

Boyd's film-diffusion Ri
2 R1

2 0.9468 0.9724 0.9702
R2
2 0.9947 0.9673 0.9771
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isothermmodels. The forms of these isothermmodels and their related
isotherm parameters are presented in Tables S1 and 3, respectively.

The Langmuir model, based on the assumption of monolayer ad-
sorption on specific homogenous sites without interactions between
molecules, is shown in Fig. S4b. The linear relation is obtained from Ce/
qe against Ce with highest correlation coefficients, revealing that the
adsorption of TC onto g-MoS2-BC probably is monolayer molecular
adsorption associated with the functions of chemical mechanism.
Concerning the different temperature, the parameters qmax and kL in-
creases as temperature rises up, implying higher temperature is likely
to inspire adsorption through enhancing the bond energy between TC
molecules and surface sites (Tang et al., 2018). It is noteworthy that a
critical characteristic, the dimensionless constant separation factor RL,
is found to be between 0 and 1, which suggests that the adsorption pro-
cess is favorable. As an improvement of the Langmuir model, the BET
adsorption isotherm model is based on the assumption that the adsor-
bates are randomly adsorbed on a homogeneous surface to form a
multi-molecular layerwithout horizontal interaction. The TC adsorption
equilibrium data is fitted better by BET model (inset of Fig. S4b) with
higher correlation coefficient (Table 3), demonstrating the adsorption
on g-MoS2-BC surface may be multilayer formation (Jahangiri-Rad
et al., 2013).

Freundlich model is an empirical formula which assumes that there
are multilayers of adsorbate on heterogeneous surface. It can fit the ex-
perimental data well as indicated by the good correlation coefficients
(R2 N 0.948), suggesting that the physical interaction also takes part in
the TC adsorption on g-MoS2-BC surface. The KF value, represented the
adsorption capacity, was observed to increase with the increasing tem-
perature. An essential parameter, heterogeneity factor 1 / n, is used to
Table 3
The obtained results of isotherm models for TC adsorption.

Isotherm models Parameters Temperature (K)

298 308 318

Langmuir R2 0.9927 0.9919 0.9913
KL (L/mg) 0.0553 0.0637 0.0887
qmax (mg/g) 249.376 423.728 699.301
RL 0.0692 0.0803 0.1017

BET model R2 0.9981 0.9953 0.9928
Kb 4430.910 3202.787 2782.223
qmax (mg/g) 248.561 422.386 696.492

Freundlich R2 0.9473 0.9745 0.9772
KF (L/mg) 30.572 40.988 64.508
1 / n 0.447 0.497 0.529

Temkin R2 0.9651 0.9358 0.9169
KT (L/mg) 73.402 136.687 142.263
BT 30.154 40.119 51.088
bT (J/mol) 82.246 63.889 57.799

D-R model R2 0.8138 0.7713 0.7604
E (kJ/mol) 0.863 0.992 1.107
qmax (mg/g) 168.891 243.464 315.977
describe the bond distribution, and all 1 / n values are b1, suggesting
the adsorption is facile and favorable at all tested temperature. On the
whole, the adsorption behavior of TC molecular onto the g-MoS2-BC
surface is determined by the combined impacts of the physical and
chemical mechanisms.

In contrast to the models mentioned above, the Temkin isotherm
model assumes that the adsorption heat of the adsorbate on the surface
decreases linearlywith increasing coverage, which is closer to the actual
state of the adsorption experiment. As shown in Fig. S4d, the linear re-
gression plot of qe versus lnCe is relatively weak observed by the corre-
lation coefficients (R2) in range of 0.915–0.965, which reveals that the
chemicalmechanism is not the only controlled interaction for the TC ad-
sorption behavior. This is consistentwith the calculated values of bT (re-
lated to the heat of adsorption) in Table 3, since the low bT value reflects
the comparatively weak chemical interaction between TC molecules
and surface of g-MoS2-BC (Wu et al., 2014). Finally, the D-R isotherm
model was also analyzed in its linearized form regarding to the TC con-
centration at equilibrium. The calculated sorption free energy values (E)
shown in Table 3 are lower than 8, confirming the occurrence of physi-
cal adsorption behavior of TC molecular. However, given the relatively
small correlation coefficient, the physical driving force is considered to
have a limited role in TC adsorption process.

3.6. Thermodynamic analysis

As can be seen frompart a of Fig. S4, temperature is observed to have
a significant effect on TC adsorption behavior. The adsorption capacity
improves obviously with the increasing temperature, and the average
adsorption capacity increases from 174.701 mg/g at 298 K to
226.653 mg/g at 318 K with about 30% rises under initial TC concentra-
tion of 100 mg/L, which suggests that the adsorption is an endothermic
process. High temperature is favorable for adsorption, due to the swell-
ing effect on the particle porosity which makes the pore volume allow
TC molecules to rapidly diffuse through the external boundary layer
and within interior pore of g-MoS2-BC. The adsorption of TC under dif-
ferent temperature was investigated to make clear the thermodynamic
property. Related parameters containing the Gibbs free energy (ΔGo),
enthalpy (ΔHo), and entropy (ΔSo) were determined by Gibbs-
Helmholtz equation. All negative values of ΔGo, shown in Table S2, con-
firm that the absorption process of TC molecules on g-MoS2-BC surface
is spontaneous and feasible, and it is observed to decrease from
−4.649 kJ/mol to−9.129 kJ/mol as the temperature increasing, mani-
festing that the adsorption is more favorable at higher temperature.
The ΔGo value is in the range of −20–0 kJ/mol, confirming again the
role of physical interactions in this adsorption process. Based on the
positive value of ΔHo, we prove the endothermic nature of TC adsorp-
tion. The positive value of ΔSo reveals an increase in randomness at
the interface of solid-solution over the process of adsorption, which im-
plies some extent structural changes of TC molecule and surface of g-
MoS2-BC (Zhao et al., 2011).

3.7. Adsorption mechanisms

Based on the above analysis, we speculate thatmultiplemechanisms
and various interactions including non-specific and specific binding are
involved in the whole TC adsorption process onto g-MoS2-BC, as illus-
trated in Fig. 7. According to the discussion in the influences of pH on
TC adsorption (inhibiting effect in acid and alkali solution caused by
electrostatic repulsion), it is confirmed that the electrostatic force actu-
ally do exist. To shed light on more mechanisms of TC adsorption, the
FT-IR spectrum (Fig. 3c) experiments of g-MoS2-BC and TC-loaded g-
MoS2-BC were conducted and analyzed further. Carboxyl (\\COOH)
plays an important role in making the surface negatively charged,
which is ascribed to its ionization. Upon adsorption treatment, the
C\\O stretching vibration peak at 2860 cm−1 and C_O stretching
peak at 1635 cm−1 are observed by slightly shifting to 2863 and



Fig. 7. The proposed mechanisms for the removal behavior of TC onto g-MoS2-BC.
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1637 cm−1, respectively. These changes of peak position might be
caused by the deprotonation of carboxyl, confirming the existence of
electrostatic interaction between TC and g-MoS2-BC in adsorption pro-
cess. Moreover, the stretching vibration peaks at 2368, 1635, 1446,
1095 cm−1 derived from cumulated double bond, C_O, aromatic ben-
zene ring skeleton, and C\\O\\C pyranose ring skeletal, respectively in
composite occur in varying degrees of migration, which can be attrib-
uted to the π-π conjugate effect with benzene ring, double bonds,
amino and other functional groups of TCmolecule as π electron donator
or acceptor. Considering the graphene-like layered structure of g-MoS2
and the four aromatic rings in TC molecular structure, the mechanism
of π-π stacking interaction between aromatic compound TC and π
electron-rich regions of g-MoS2-BC composite is proposed as a crucial
one. Besides, the adsorption peaks at 667 cm−1 and around
3384–3450 cm−1 designated to S\\H and O\\H vibration, respectively
shift to lower absorbance areas after adsorption experiment, manifest-
ing the existence of hydrogen bond between TC and g-MoS2-BC, it
proves that hydrogen-bonding interaction is also one of the mecha-
nisms affecting the TC adsorption process. Moreover, owing to the hy-
drophobic microenvironment of g-MoS2-BC surface accommodating
TC molecules, it shows promoting effect on the hydrogen bonding by
the large π subunit of condensed aromatic structure (Zhang et al.,
2016). Furthermore, the g-MoS2-BC composite is considered as a
tailor-made adsorbent for TC removal due to the appropriate pore-size
distribution, since the increasing mesoporous might decrease the steric
hindrance effect and enhance adsorption (Tang et al., 2018). By compar-
ing the pore-size distribution of g-MoS2-BC surface before and after TC
adsorption (Fig. 3a), the mesoporous in the range of 2–20 nm was
found to be significantly reduced undergone the adsorption, suggesting
the pore-filling by partition effect is also one of the mechanisms that
influencing the adsorption process.

3.8. Application on real water samples and its recyclability

Riverwater and tapwaterwere used as themediumof TC solution to
study the practical application of g-MoS2-BC in complex aqueous sys-
tem. It can be observed from Fig. 5S, the adsorbed amount of TC by g-
MoS2-BC in river water and tap water are slightly higher than that in
lab single system of deionized water. Because of the relatively low cat-
ionic concentration in the sampled water (Table 3S), the inhibitory ef-
fect is almost non-existent. The higher adsorption in the river water
may be due to the wrapped and cross-linked of TC by the floccules or
the additional adsorption by fine particles.

The recyclability of g-MoS2-BC, an important indicator for assessing
economy and applicability in large-scale application, was researched
under three solution medium including deionized water, tap water
and river water. It could be seen from Fig. 5S, regardless of the solution
medium, the result describes a good recycle performance of g-MoS2-BC
with slight reduction after five cycles. After five adsorption/desorption
cycles, the amount of adsorbed TC onto the recycled g-MoS2-BC is
about 163.07mg/g in river water, which indicates the adsorbent still re-
mains high adsorption capacity. Compared with other different adsor-
bents for TC adsorption (Table 4S), g-MoS2-BC showed excellent
performance in application and recyclability as well as the low-cost ad-
vantages, and it is considered as an adsorbent with great potential for
removal of antibiotic contaminants from aquatic environment on a
large scale application. Furthermore, the excellent catalytic ability of
MoS2 can be used to realize the regeneration of the saturated adsorbent
by photo-degradation of loading TC molecules under light irradiation,
which is worthy of further study because no solid-liquid separation is
required.

4. Conclusions

The novel biochar-based nanocomposite had been prepared by a
facile hydrothermal synthesis and showed a considerable adsorbed
amount of TC with appropriate pore structure and abundant oxygen-
containing functional groups. The hierarchical MoS2 nanomaterials
were proved to be embedded in the biochar, and the modification did
improve the adsorption performance of materials. The results indicated
that the adsorption of TC onto g-MoS2-BC is a spontaneous and endo-
thermic multilayer formation course that following three-step process,
and it is strongly dependent on contact time, pH, temperature and ini-
tial concentration. The binding mechanisms, including electrostatic
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interaction, pore-filling, hydrogen bonding, π-π interaction, and so on,
are involved in the adsorption of TC molecules. Considering the cost-
effective, high efficiency, excellent reusability and wide applicability,
g-MoS2-BC could be regard as a potential absorbent for removal the
TC from polluted natural waters. Assembly of g-MoS2 nanosheets onto
biochar, a sustainable and reusable material, presents a wide range of
possibilities for the further development of antibiotics-polluted water
remediation without solid-liquid separation.
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