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Abstract: Antibiotic concentrations in s aters far exceed the
pollution limit due to the abuse of ph e cals, resulting in an
urgent need for an approach with p t fficiency, sustainability and
eco-friendliness to remove antibio olTOtants. A novel biochar-based
nanomaterial was synthesized by o mal synthesis and was
investigated for its removal po 1 for tetracycline hydrochloride

(TC) from both artificial an stewater. The associative
facilitation between biochar 052 nanosheets was proposed,
revealing the favorable g a ructures and adsorption properties of

the composite. The relat adgorption kinetics, isotherms and
thermodynamics were s 1 several models with adsorption
experimental dat tuQning® out that biochar decorated by g-MoS2 exhibited
optimum TC remova @ sorption capacity up to 249.45 mg/g at 298 K.

The adsorption beh of TC molecules on g-MoS2-BC can be interpreted
well by three-step ocess, and it is dominated by several mechanisms
containing pore-filling, electrostatic force, hydrogen bond and n-n
interaction. In addition, the cost-effective g-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.
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Dear Prof. Ching-Hua Huang,



Thank you very much for your email on Jul 17, 2018, with regard to our
manuscript (Ms. Ref. No.: STOTEN-D-18-04778R1) together with the
requirement from you. According to the requirement, we have revised the
language of manuscript carefully to meet the requirement of publication.
We also responded the modification of grammar point by point as listed
below. The revisions were highlighted in red so that you could easily
identify them in the revised manuscript. We expect that you will be
satisfied with our responses and revisions for the original manuscript.
Once again, thank you very much for your suggestions.

Best regards and wishes.

Yours sincerely,

Guangming Zeng

Response to Editor:

I have carefully reviewed your revised manuscript. I feel you have
adequately addressed most of the technical comments by the reviewers.
However, your manuscript still requires substantial grammatical revisions
in its present form, and that it cannot be accepted without addressing
this concern. For this, we strongly recommend you to get somebody native
in English language to perform the grammatical editi of your paper.

avel revised the
grammar errors

Response: Many thanks for your careful suggestion.N€E
whole manuscript carefully and tried our best t
or badly worded/constructed sentences. In additio ave asked the
native English speakers of University of Ngrthern B ish Columbia, Prof
Jason Li (li@unbc.ca), and Texas A&M UniverQty, Dr Clark Zhang
(hua.zhang@tamucc.edu), to check the Engli e believe that the
language now has been improved. Some revyg or better understanding
are listed as follows:
(1) Highlights: "Pore structure S a properties of biochar were
improved by decorating with g-MoS2' s replayed by "Pore structures and
surface properties of biochar we i m ed by decorated with g-MoS2" on
line 21 of the revised manuscri
(2) The sentence "Antibioti S in surface waters is far exceeding
the limits due to the abuse ceuticals, resulting in an urgent
need for a potentially e sustainable, and eco-friendly approach
to remove antibiotic polRutiog" was replaced by "Antibiotic

1

concentrations in sur e rs far exceed the pollution limit due to
the abuse of phargaceQtic#ls, resulting in an urgent need for an approach
with potential e qQ ¥ sustainability and eco-friendliness to remove

antibiotic polluta .%o on line 12-14 of the revised manuscript.

(3) The words "th® removal potential of tetracycline hydrochloride"
were revised as "its removal potential for tetracycline hydrochloride" on
line 16 of the revised manuscript.

(4) The word "favourable surface structure" was revised as "favorable
surface structures" on line 18 of the revised manuscript.

(5) The words "g-MoS2 decorated biochar" were replayed by "biochar
decorated by g-MoS2" on line 21 of the revised manuscript.

(6) The words "actual aqueous contaminant removal on a large scale"
were modified to "contaminant removal on a large scale in practical
application”™ on line 28 of the revised manuscript.

(7) The word "threat" was revised as "threats" on line 37 of the
revised manuscript.
(8) The words "high energy consumption, cost and toxic by-products as

for chemical processes" were replayed by "high energy/cost consumption
and toxic by-products as for chemical processes" on line 46-47 of the
revised manuscript.

(9) The word "high" between "the" and "temperatures" on line 66 of the
revised manuscript was deleted.



(10) The sentence "In order to get better efficiency, biochar is
modified by metallic embedding, nanomaterial decorating and surface
functionalization to remove antibiotics from aquatic solution by various
mechanisms” was revised as "In order to get better removal efficiency for
pollutants, biochar is modified by metallic embedding, nanomaterial
decorating and surface functionalization based on various mechanisms" on
line 66-68 of the revised manuscript.

(11) The words "huge deal of scientific interest" were revised as "huge
deal of scientific interests" on line 86 of the revised manuscript.

(12) The words "..in removal antibiotics from aquatic environment" were
modified to "..in antibiotic removal from aquatic environment" on line 91
of the revised manuscript.

(13) The words "to g-MoS2-BC" were revised as "on surface of g-MoS2-BC"
on line 98 of the revised manuscript.

(14) The words "measuring a pH meter" were replayed by "measured by pH
meter" on line 146-147 of the revised manuscript.

(15) The word "surface morphology and micro-structure" was changed to
"surface morphologies and micro-structures" on line 175 of the revised
manuscript.

(16) The word "for support of hierarchical MoS2 nanf{{sh s" was revised
as "for supporting hierarchical MoS2 nanosheets" o e 3 of the
revised manuscript.

(17) The word "interaction" was modified to "int Mns" on line 183

of the revised manuscript.
(18) The word "adsorption" was added befor
of the revised manuscript.
(19) The words "..at this condition" wer d by "..at pH in this
range.." on line 307 of the revised man
(20) The words "as will be describ
"hydrophobic interaction (Chao et
manuscript.

the "capacity" on line 210

were added after the
)" on line 309 of the revised

(21) The sentence "equalizing d % , which on one hand...” was revised
as "equalizing effect: on on on line 320 of the revised
manuscript.

(22) The words "were fityg e anged to "were fitted" on line 342 of
the revised manuscript.

(23) The sentence ".. cond-order model is more in agreement with

the adsorption bephavi
higher values of
second-order model

afross the whole experimental with significantly
on coefficient”" was modified to "..pseudo-

re consistent with the adsorption behavior across

the whole experimen§al on the basis of the significant higher values of

correlation coefficient " on line 350-352 of the revised manuscript.

(24) The words "possible rate controlling procedure affecting the

kinetics of adsorption" were revised as "possible rate controlling

adsorption process" on line 359-360 of the revised manuscript.

(25) The words "are consists of" were replayed by "are consisted of" on

line 365 of the revised manuscript.

(26) The words "with initial TC concentration increasing" were modified

to "with increasing initial TC concentration" on line 405-406 of the

revised manuscript.

(27) The words "the facile and favorable adsorption is at all tested

temperature" were revised as "the adsorption is facile and favorable at

all tested temperature" on line 436-437 of the revised manuscript.

(28) The word "observing" was revised as "observed" on line 444 of the

revised manuscript.

(29) The word "improved" was replaced by "improves" on line 457 of the

revised manuscript.




(30) The word "influence" was revised as "the influences" on line 481 of
the revised manuscript.

(31) The word "structure" was added after the "TC molecular" on line 497
of the revised manuscript.
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urgent need for an approach with potential efficiency, sustainability and eco-
friendliness to remove antibiotic pollutants.” on line 12-14 of the revised
manuscript.

(3) The words "the removal potential of tetracycline hydrochloride" were revised
as "its removal potential for tetracycline hydrochloride™ on line 16 of the
revised manuscript.
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365 of the revised manuscript.
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(27)  The words "the facile and favorable adsorption is at all tested temperature”
were revised as "the adsorption is facile and favorable at all tested
temperature™ on line 436-437 of the revised manuscript.
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revised manuscript.
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ABSTRACT

Antibiotic concentrations in surface waters far exceed the pollution limit due to the
abuse of pharmaceuticals, 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 hydrothermal synthesis and was
investigated for its removal potential for tetracycline hydrochloride (TC) from both
artificial and real wastewater. The associative facilitation betwegggbiochar and g-MoS;
nanosheets was proposed, revealing the favorable surfage cturegl and adsorption

properties of the composite. The related adgorption tics, isotherms and

thermodynamics were studied by several models sorption experimental data,

turning out that biochar decorated by ibited optimum TC removal with
adsorption capacity up to 249.45 § at 298 K. The adsorption behavior of TC

molecules on g-MoS,-BC %erreted well by three-step process, and it is
dominated by several Q containing pore-filling, electrostatic force, hydrogen
bond and - inte In addition, the cost-effective g-MoS,-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.

Keywords: Biochar-based nanocomposite; ¢g-MoS,; Tetracycline hydrochloride;

Sustainable application; Removal mechanisms
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1. Introduction

Antibiotics, as emerging pollutants, are released into the environment in large
quantities due to abuse of pharmaceuticals, and they have been detected excessively in
surface water, ground water and sediment (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 ecosystem (Ren
et al., 2018; Ye et al., 2017b). There is an increasing demagg, for the removal of
antibiotics from contaminated water to avoid the ecological IN& A gigwing number of
researches have been explored for the remediatiog of antibi®yCs-contaminated water

(Tiwari et al., 2017), containing biotechnology ide $ microorganism) (Chen et al.,

2015; Ye et al., 2017a), chemical techno

( ion, photo-catalysis) (Cheng et al.,

2016; Wang et al., 2017) and physiag % ology (separation) (Gong et al., 2009; Wan

et al., 2018; Xu et al., 201&/% some deficiencies restrict the application of
these technologies, forca)

processes; high ost consumption and toxic by-products as for chemical

e growth-restricted microorganisms as for biological

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 & Santos, 2011).
Adsorption is a way that affects the migration-transformation of antibiotics in the

aquatic environment, which is considered as a feasible and economical approach for
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antibiotic removal (Chao et al., 2017; 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; Yang et al., 2017b), clay
minerals (Long et al., 2011; Xu et al., 2012a), metal organic framework (Wang et al.,
2018; Yang et al., 20184, b), carbon nanotubes (Ji et al., 2009; Zhang et al., 2015) and
powder activated carbon (Liu et al. 2017). Among them, bigghar shows excellent
adsorption performance as well as carbon sequestratjon\aased its favorable
physico-chemical surface characteristics, like high hydropricity and aromaticity,

large surface area and developed pore structure al., 2017; Ye et al., 2017a).

Moreover, biochar is more environmenta@an omically viable, since it is derived

from the pyrolysis of waste biomagg ing the resources recovery and utilization
(Liang et al., 2017; Wu et a ; Jeny et al., 2015). However, the effectiveness of
biochar relies heavily e eratures and raw materials of production. In order to
get better removal cy 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 m-n interaction between

aromatic structure of pollutant molecules and graphene sheets on biochar surface,

which was more than 20 times higher than that of the pristine biochar (Zhang et al.,



74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

2012). Itis still a challenge to develop a cost-effective adsorbent for water treatment on
large scale application, along with the difficulties in separation and regeneration of
used adsorbent.

Molybdenum disulfide with a special layered structure (g-MoS;) is a novel
quasi-two-dimensional lamellar nanomaterial similar to graphene, which had been
proposed as a potential alternative for removal of antibiotics (Chao et al., 2017; Chao
et al., 2014; Han et al., 2017; Theerthagiri et al., 2017). A MoS lecule possesses the
S-Mo-S sandwich structure with the Mo atom sandwiched b&\yeen ggfo S atoms. Due
to the large surface area, surface covalent forces ggd strong effects (Kiran et al.,

2014), the researches of g-MoS; in contammant a pn (Chao et al., 2014; Qiao et

al., 2016), electrochemical performanc I, 2013; Wang et al., 2016), and

catalytic degradation (Vattikuti & ; Zhu et al., 2016), etc. have drawn huge

deal of scientific interest er g-MoS; nanosheets have relatively low
dispersibility and ten a erate, thereby adversely affecting the remediation
efficiency as we ving bad impacts on aquatic organisms. Until now, no

systematic  study concerning the adsorption performance of MoS;
nanomaterial-decorated biochar (biochar is used as substrate and is modified to a
nanocomposite with g-MoS, nanosheets) in antibiotic removal from aquatic
environment has been published yet.

In this work, a novel adsorbent of g-MoS, nanosheet-decorated biochar

(9-Mo0S,-BC) was synthesized firstly using a facile hydrothermal method. Batch

(8]
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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-MoS,-BC;
2) explore the adsorption behavior of TC on surface of g-MoS,-BC, including the
adsorption Kinetics, isotherms, thermodynamics, mechanisms as well as the factors
potentially affecting the adsorbed amount; and 3) investigate the removal efficiency of
g-MoS,-BC applied in real TC wastewater.

2. Materials and methods %

2.1. Materials

S

China. Tetracycline hydrochloride (T@pu 98.5%), sodium molybdate and

Rice straw was obtained from bottomland of I

g Lake, located in Changsha,

thioacetamide were purchased fr nghai Chemical Corp and used without

purification. Besides, deionj at 8.25 MQ/cm) used in the experiment was
produced by an Ulupu 0 T) laboratory water system.
2.2 Preparation of -decorated biochar

As shown in Fig. 1, biochar was produced by slow pyrolysis of agricultural straw
in tube furnace operating at a continuous flow of N, gas and a temperature of 500 °C
for a residence time of 2 h, according to previous research (Zeng et al., 2015). In a
typical synthesis of the MoS, nanosheets, 230 mg of Na,MoO,-2H,0 and 460 mg of
thioacetamide were dissolved in 60 mL deionized water, in which 0.1 g of the prepared

biochar and 0.1 mM PEG10000 were added in sequence with magnetic stirring, and the
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mixture dispersed via ultrasonication for 30 min. Afterwards, the whole solution was
transferred to a 100 mL Teflon-lined autoclave 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-Mo0S,-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.

2.3. Characterization methods
The field emission scanning electron microscope  (SNN{, JSD-G?OOF, Japan)

equipped with an energy dispersive X-ray analyzeg (EDS, A ER, USA) was used

to examine the surface morphology and element positions of the g-MoS,-BC.

The structural details of the composite ufe characterized by the transmission

electron microscopy (TEM). The cific surface area and pore characteristics
were calculated based on t dgprptfon-desorption isotherms at 77.3 K by using
automatic surface an r analyzer (Quantachrome, USA). Fourier transform
infrared spectrum measurements, recorded in the range of 4000-400 cm™, were
performed in KBr pellet by Nicolet 5700 Spectrometer, USA. The X-ray diffraction
(XRD) patterns were showed by Bruker AXS D8 Advance diffractometer equipping
with a Cu-Ka radiation source (A=1.5417 A) 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 Cls at 284.8 eV.
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Thermogravimetric analysis (TGA) was carried out under nitrogen flow with a heating
rate of 10 °C/min (TG209, Netzsch, Shanghai, China). The zeta potentials analysis of
g-MoS,-BC and TC were determined 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-MoS,-BC

The batch experiments were carried out in 100 mL Erlenmeyer flasks containing
the mixture of 20 mg g-MoS,-BC and 50 mL TC aqueous solgon. All flasks were
wrapped with aluminum foils to avoid photodegradatiorN\gnd_tQ®n placed in a
thermostatic water shaking bath at an agitation spged of 15 . The desired pH of
solution were achieved by the adjustment W|th 0. OH or 0.1 M HCI measured
by pH meter (PHSJ-5, China), varyin & 11.0 in initial TC solution (100
mg/L). The effect of salt ionic stre the removal of TC (100 mg/L) was studied
with the sodium chloride (

@ca ium chloride (CaCl,) at concentration range
un

98 K for 24 h, the samples were taken from the flasks,

of 0-0.1 M. After shakj
followed by centr nd filtered using 0.45 um PVDF disposable filters prior to
UV spectrophotometry (UV-2550, SHIMADZU, Japan) at Amax 357 nm.

Adsorption kinetics studies were carried out by mixing 20 mg of as-synthesized
composite and 50 mL TC solution with initial concentration of 50, 100, 150 mg/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

determination of TC residual concentration after filtration. Adsorption isotherm and
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thermodynamic experiments of g-MoS,-BC were performed under three different
temperatures (298, 308, and 318 K). 50 mL TC solutions with different initial
concentrations ranging from 10 to 400 mg/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 Dby above-mentioned ultraviolet spectrophotometry method after
centrifugation and filtration.

The research on practical application of g-MoS,-BC in reglgyvater samples (river
water: obtained from Xiang River located in Changsha forN\RC solgtion preparation
without filtration) was conducted by mixing 20 of g-M0O§2-BC with 50 mL real
wastewater polluted by TC (100 mg/L), and the m as shaken at 298 K for 24 h.

The regeneration of g-MoS,-BC was caf€d adding TC-loaded g-MoS,-BC to

50 mL NaOH (0.2 mol/L) and st4q

agitation speed of 140 r/mb%x

desorption, and the cojfeCte d (regenerated g-MoS,-BC) was dried at 353 K and

he mixture at temperature of 298 K and

he suspension liquid was centrifuged after

applied for next ro dsorption experiment with four-times repetition.
3. Results and discussion
3.1 Characterization of g-MoS,-BC composite

The surface morphologies and micro-structures of the manufactured 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 1-2 um. Upon the modification, the resulting
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g-MoS,-BC composite was found to be relatively uneven surface decorated with MoS;
stacking hierarchical 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, indicating the biochar could be regarded as a
fresh substrate for supporting hierarchical MoS; nanosheets. The interactions between
the oxygen-containing functional groups of biochar and Mo*" precursors might be
responsible for the in situ growth of MoS, nanosheets on bio surface (Chang &
Chen, 2011; Zhao et al., 2017). Compared with the bulk stro\Xyre ofgbure MoS, (Fig.

2b), the MoS, in composite (Fig. 2d) exhibits clygter frame with relatively few

layers stacking, which is conducive to the expo active sites with defect-rich
structure. The TEM images (Fig. S2) Hg (Fig. e and f) further confirm a
hierarchical crumpled and disoreg structure with curved edges onto the
carbon-based materials. H ingnge’ illustrates the discontinued fringes of the
curled edges, indicatingFthe t-rich structure with ample surface sites (Qiao et al.,
2017). The lattice of g-MoS; on composite display interplanar spacing of ~ 0.67
nm, the different interlayer distances should be associated with the intercalation of
MoS; nanosheets and biochar.

In order to examine the porous properties of ¢g-MoS,-BC composite,
Brunauer-Emmett-Teller (BET) gas sorptometry measurement was conducted. The

inset of Fig. 3a describes the N, adsorption/desorption isotherm of the composite,

which can be identified as type IV isotherm with a hysteresis loop, demonstrating the
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mesoporous characteristic of g-MoS,-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
corresponding 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 diameter is calculated to be 3.509 nm. It is well
established that adsorbent might exhibit the best adsorption perfggnance when its pore

diameter is 1.7-3 times larger than the adsorbate molecular Nge (evgh more than 3-6
times if adsorbent needs to be recycled) (Tang et @l., 2018). ing the TC molecule
dimension (1.41 nm long, 0.46 nm wide and 0.826?0 into account, we conclude
that g-MoS,-BC composite is endowce&n@orption capacity for efficient TC

molecular removal based on their w& e distribution. On the whole, the prepared

composite exhibits a BETG%'H e area of 176.8 m?/g and a pore volume of
h

0.0839 cm®/g. Both arg™lg an the corresponding value of the pristine biochar, it
should be noted t change could be attributed to the extra mosaic structure of
MoS; nanosheets with plenty of folded edges like wings.

The X-ray powder diffraction (XRD) patterns of the as-prepared MoS, and
g-MoS,-BC composite are shown in Fig. 3b. The three detected diffraction peaks are
indexed to (002), (100) and (110) planes, respectively, indicating a hexagonal phase of

MoS; (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

11
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introduced by crystal defects (Berdinsky et al., 2005). Especially, the (002) diffraction
peak, resulted primarily from the scattering of interlayer Mo—Mo (Yang et al., 2017a),
is feeble in the pattern, suggesting that MoS; is consisted of only a few layers
nanosheets. There is no obvious difference in peak position between pure MoS; and the
g-MoS,-BC composite due to the low XRD intensity of biochar, which also reveals that
the chemical composition of MoS; has not changed after the surface modification.
From the variation in width and strength of (002) plane diffrggjion peak, it can be
observed that the growth of MoS, crystal along the c-axis \\compgsite is inhibited

owing to the presence of biochar, demonstrating feyer stack oNVIoS; layers.

FT-IR analysis was carried out to investigate @ face property of the BC and

g-MoS,-BC composite. It can be seen . 3c, several characteristic FT-IR

peaks of biochar are observed in site, including 3384-3450 cm™* for O-H

stretching, 2860 cm* for &bo yl, 2365 cm* for cumulated double bonds

stretching, 1635 cm™* ration, 1446 cm™" for aromatic benzene ring skeletal

vibration, 1247 c C-O stretching, 1039 and 1095 cm* for C-O—C pyranose
ring skeletal vibration, 858 cm™ for C-H bending vibrations and 667 cm* for S—H
vibration. In addition to the common functional groups above mentioned, a new stretch
at 617 cm* appearing in curve (l1) is assigned to v, Mo-S vibration (Wang et al.,
2016), demonstrating the successful bindidng of MoS, onto the biochar surface.

Moreover, another fresh peak presenting at 916 cm* in curve (11) could be ascribed to

the stretching vibration of Mo=0 (Han et al., 2017), which implies the partial oxidation

12
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of the Mo atom on edge of nanosheet. Curve (Ill) in the Fig. 3c describes the FT-IR
spectrum of TC-loaded g-MoS,-BC, the enhanced and broadened peaks approximately
at 3500 to 3900 cm* are probably originated from the extra functional groups of TC
molecule, especially the peak around 3520 cm™* corresponding to the acylamino of TC.
These observations confirmed that the TC molecules are successfully adsorbed on the
surface of g-MoS,-BC composite.

X-ray photoelectron spectroscopy (XPS) was performed togyrther investigate the
surface chemical composition and valence state of the Wmentgfin g-MoS,-BC
composite. The survey spectrum, presented inFig. 3d, Wveals the g-MoS,-BC
composite is composed of four major elements of Q lo, and S. Compared with the
biochar before and after modification, h@dfies mtroduction of Mo, and S elements

in g-MoS,-BC, the proportion of G \@ in the element composition is observed to

increase, which implies th e §xygen-containing functional groups appear on
composite surface. In I solution XPS spectrum of Mo 3d, shown in Fig. 4a,
two peaks locatin .30 eV and 229.00 eV can be assigned to Mo 3d3, and Mo

3dsp, respectively, characterizing of Mo*" in 1T-MoS,, while the doublet peaks
presenting at about 233.28 and 229.76 eV are attributed to the 3ds, and 3ds;, of Mo** in
2H-MoS; (Qiao et al., 2016). Meanwhile, two weak peaks centering at 236.17 and
232.90 eV are attributed to the oxidation state Mo®*, which might be derived from the
slight oxidation of Mo atoms at the defect or edges of MoS; nanosheets due to the high

oxidation activity (Zhou et al., 2014). The peaks at 163.80 and 162.20 eV (Fig. 4b)
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could be indexed to S 2p1/2 and S 2p3/2 orbital of divalent sulfide, respectively,
suggesting the valence state of S element is -2. In combination with another analysis of
peak at 226.66 eV (Fig. 4a) arising from S 2s, the existence of MoS, 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=0, respectively. The
binding energies of O 1s peaks (Fig. 4d) are observed at aboy532.90, 531.30 and
533.51 eV, corresponding to the O—C/O—H, O—Mo and Q=QN\espegvely, which are
consistent with the FT-IR results.

The thermal stability of the prepared materi examined by TGA which is

shown in Fig. S3. The weight percenta& aterials was observed to decrease

with increasing temperature from AQO C. Compared with the pristine biochar,

modified biochar has con@ig

approximate 5% weig SS; ever, the weight percentage of g-MoS,-BC dropped

thermal stability before 450 °C with an

sharply after 500 ich could be attributed to the decomposition of the loaded
MoS; and organic species that adsorbed on material surface 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-MoS,-BC was investigated,

and the corresponding results with the zeta potential of g-MoS,-BC are measured and
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illustrated in Fig. 5a. It could be observed that the adsorption capacity exhibits
increasing 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 >8.0.

The surface charge of g-MoS,-BC, which makes great influences on the adsorption
process of TC, is sensitive to the solution pH value. According to the result obtained by
Fig. 5a, the zero potential point (pHzpc) of g-MoS,-BC is aro 3.21, the adsorbent
surface shows electronegative and decreases gradually with easingl pH value when

pH>pHzpc, owing to the dissociation of carboxylicgroup on thg Surface of g-MoS,-BC.

Besides the charge change of adsorbent surface, Nemical speciation of organic
compound also transforms by the protdftio otonation transition of functional
groups at different pH (Tan et al., Q16 Tetracycline is amphoteric molecule along
with multiple ionizable fungji @up . which exists cations (TCHs": derived from
protonation of the di monium group), zwitterions (TCH,’: derived from
deprotonation of t olic diketone moiety), and anions (TCH™ and TC*": derived
from deprotonation of the tri-carbonyl groups and phenolic diketone moiety) in
accordance with the different dissociation constant (pK;=3.4, 7.6 and 9.7) (Chao et al.,
2017). When the pH value is below 3.21, both surface Zeta potential of TC and
g-MoS,-BC composite are positive and decrease with the increasing pH value of the

solution, demonstrating the weakening effect of the electrostatic repulsion which is

favorable for adsorption. TC is predominantly existed as zwitterion at pH values
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ranging of 4.0-7.0 with almost no net electrical charge, resulting in little electrostatic
interactions (attraction or repulsion) 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, n-r and hydrophobic
interaction (Chao et al., 2017), as will be described below. Nevertheless, when pH
value is >8, the negatively charged surface of g-MoS,-BC is generally decreases and
presents an enhancing electrostatic repulsion to anions TCly and TC*", which
adversely affects the adsorbed amount of TC.

3.3 Effect of ionic strength on the adsorption cagacity

In order to get closer to the actual situation 0 gl water, different amounts of
sodium chloride and calcium chloride ra{hg -0.1 mol/L were added to solution

to explore the influences of ionic % on the adsorption capacity. As can be seen

in generally, while the capacity changes very little with the increasing NaCl
concentration. Th 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-MoS,-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-MoS,-BC. However, the downtrend is evident
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and it represents obvious inhibiting effect of TC adsorption with the increase of CaCl,
concentration. This difference may arise from much higher screening effect by CaCl,
on the electrostatic interaction compared with NaCl, and thus more actives sites are
occupied by Ca®*, which confirms the electrostatic 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-MoS,-Bggs a time-dependent
process, which could be divided into two phases: fast- gn w- ggIsorption stages.
Attributed to the abundant active sites and attracty/e electroS\tic force on composite
)
increasing contact time, and nearly 85%/4f th rption capacity was accomplished
d@-a sorption stages. Then, the adsorption was
adorption rate went down gradually until there was

t.a
t sorbed amount after 24 h, which represents that the

surface for TC molecules, it is found that the d amount increased as the

within the first 4 h, which is define

performed at much lower r

no significant variatio
adsorption equilib been achieved.

In order to further analyze the kinetics of TC adsorption onto g-MoS,-BC, the
experimental data were fitted by pseudo-first-order, pseudo-second-order, intra-particle
diffusion, Boyd's film-diffusion and Bangham channel diffusion models at three
different initial TC concentrations 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 regression are summarized in
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Table 1 and Table 2.

The pseudo-first-order and pseudo-second-order models are two universal model
widely used for investigation of the adsorption Kkinetics. 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 correlation coefficient (Table 1). This is also supported by the
favorable fitting between the equilibrium adsorption cagggity obtained from
experimental data (Qeexp) and the calculated values (qgc.aN\Q Psegtio-second-order

model, suggesting the adsorption behavior is muchg@ffected by\gfiemical mechanism. It

should also be mentioned that the pseudo-second-a@ e constants (k) reduces with
increasing initial TC concentration, whi u ttributed to the low competition of
TC molecules for adsorption sites a initial concentration.

To achieve a better un @ of the diffusion mechanisms and possible rate
controlling adsorptio (@Intra-particle diffusion, Boyd's film-diffusion and
Bangham channel ®n model were further applied. Intra-particle diffusion model,
an empirically functional relationship of adsorbed amount, is used to analyze
experimental data with some crucial parameters (intra-particle diffusion rate constant
kig, and C; related to the thickness of boundary layer). As can be seen from part d of Fig.

6, the plots of g; against t*2

are consisted of three linear sections, indicating that the TC
adsorption processes are associated with multiple steps. High linear correlation

coefficient and all non-zero C;values, presented in Table 2, imply that intra-particle
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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 relatively sharp slope
demonstrates the transport of TC from bulk solution to the external surface of
g-MoS,-BC, which is controlled by the molecule diffusion and film diffusion. The
second section with slow slope describes the gradual adsorption stage, where the
intra-particle diffusion dominates, that is, the diffusion of the TC molecules transfer

into the pores of g-MoS,-BC from its external surface. The Iggf linear section with

tardy slope implies the arrival of adsorption equilibrium. CoRWaringghe rate constant

of three stages, kig is much larger than other tyo values, Wdicating that the film

diffusion of TC molecules transferring through t @ sdary liquid layer is the most
important limiting step of the ad@Qbti he wing-like g-MoS, with a
quasi-two-dimensional few-layered re, embedded in the biochar surface, helps
TC molecules reach the acyj %)f urface more easily, since the TC molecules
only need to divert f I phase through the boundary liquid membrane, but
barely need to tran imited 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 these models, the linearity
of the plots provides the fairly reliable information to define the actual rate-controlling

step as film diffusion or intra-particle diffusion. The plots of calculated B; versus time t

for early stage of first 8 h are the segment-line which do not pass through the origin,
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suggesting that the rate-controlling step is dominated by film diffusion at the initial
stage of adsorption process, subsequently took over by other mechanisms
(intra-particle diffusion). Furthermore, the relatively good linear coefficients of
Bangham channel diffusion model, presented in Table 1, reveal the performance of
channel diffusion behavior in this adsorption process. In general, the adsorption of TC
onto the surface of g-MoS,-BC includes three steps: (1) the TC molecules overcome
the liquid resistance and transfer from the solution phase to exterior surface of
g-MoS,-BC controlled by film diffusion; (2) the TC molecuNR\migrggk on the surface

and enter the pores of particles, as the adsorbent pgrticles areNgaded with TC; and (3)

the TC molecules that arrived at the active site ar¥ Wbed on the interior surface of

g-MoS,-BC and gradually reach the ads@brium.

3.5 Adsorption isotherms

The isotherm plays anc@ro in designing the adsorption system, which
S

shows the distributio molecules in solution phase and solid phase upon
adsorption reachi Wibrium. The relationship between the equilibrium adsorption
capacity (ge) and equilibrium TC concentration (Ce) in solution, presented in Fig. S4a,
shows the adsorption capacity of g-MoS,-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 concentration 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,
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308, and 318 K were fitted by different equilibrium models including Langmuir,
Freundlich, Temkin, BET isotherm and Dubinin-Redushckevich (D-R) isotherm
models. The forms of these isotherm models and their related isotherm parameters are
presented in Table S1 and Table 3, respectively.

The Langmuir model, based on the assumption of monolayer adsorption on
specific homogenous sites without interactions between molecules, is shown in the Fig.
S4b. The linear relation is obtained from C¢/ge against C. Wi highest correlation
coefficients, revealing that the adsorption of TC onjo 0S,4pC probably is

monolayer molecular adsorption associated with thg functions\§f chemical mechanism.

Concerning the different temperature, the ar Qmax and ki increases as
temperature rises up, implying higher e is likely to inspire adsorption

)

through enhancing the bond energ Wen TC molecules and surface sites (Tang et

al., 2018). It is noteworthy al characteristic, the dimensionless constant
separation factor Ry, isgOUn e between 0 and 1, which suggests that the adsorption
process is favorab n improvement of the Langmuir model, the BET adsorption
isotherm model is based on the assumption that the adsorbates are randomly adsorbed
on a homogeneous surface to form a multi-molecular layer without 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-MoS,-BC surface may be multilayer formation (Jahangiri-Rad et al., 2013).

Freundlich model is an empirical formula which assumes that there are multilayers
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of adsorbate on heterogeneous surface. It can fit the experimental data well as indicated
by the good correlation coefficients (R? > 0.948), suggesting that the physical
interaction also takes part in the TC adsorption on g-MoS,-BC surface. The Kg value,
represented the adsorption capacity, was observed to increase with the increasing
temperature. An essential parameter, heterogeneity factor 1/n, is used to describe the
bond distribution, and all 1/n values are less than 1, suggesting the adsorption is facile
and favorable at all tested temperature. On the whole, the adsggggion behavior of TC

molecular onto the g-MoS,-BC surface is determined by theN\mbingll impacts of the

physical and chemical mechanisms.
In contrast to the models mentioned above ékin isotherm model assumes

that the adsorption heat of the adsor @ surface decreases linearly with

increasing coverage, which is closer ctual state of the adsorption experiment. As

shown in Fig. S4d, the Ii&sio plot of ge versus InCe is relatively weak

observed by the corre}ion icients (R?) in range of 0.915-0.965, which reveals
that the chemica nism is not the only controlled interaction for the TC
adsorption behavior. This is consistent with the calculated values of by (related to the
heat of adsorption) in Table 3, since the low by value reflects the comparatively weak
chemical interaction between TC molecules and surface of g-MoS,-BC (Wu et al.,
2014). Finally, the D-R isotherm model was also analyzed in its linearized form

regarding to the TC concentration at equilibrium. The calculated sorption free energy

values (E) shown in Table 3 are lower than 8, confirming the occurrence of physical
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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 from part 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 avera dsorption capacity

increases from 174.701 mg/g at 298 K to 226.653 mg/g af 3 wityabout 30% rises

under initial TC concentration of 100 mg/L, whicQ suggests \at the adsorption is an

endothermic process. High temperature is favorabsorption, due to the swelling

m@%’re volume allow TC molecules to
n

rapidly diffuse through the exter ary layer and within interior pore of

cb@n r different temperature was investigated to

make clear the thermogl/ia

effect on the particle porosity which

g-MoS,-BC. The adsorpti
operty. Related parameters containing the Gibbs free
energy (AG°), en%H"), and entropy (AS°) were determined by Gibbs-Helmholtz
equation. All negative values of AG®, shown in Table S2, confirm that the absorption
process of TC molecules on g-MoS,-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, manifesting that the adsorption is more favorable at higher temperature.
The AG® 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 AH®, we prove
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the endothermic nature of TC adsorption. The positive value of AS° reveals an increase
in randomness at the interface of solid-solution over the process of adsorption, which
implies some extent structural changes of TC molecule and surface of g-MoS,-BC
(Zhao et al., 2011).
3.7 Adsorption mechanisms

Based on the above analysis, we speculate that multiple mechanisms and various
interactions including non-specific and specific binding are invglyed in the whole TC

adsorption process onto g-MoS,-BC, as illustrated i cording to the

discussion in the influences of pH on TC adsorptiog (inhibitin ect in acid and alkali
solution caused by electrostatic repulsion), it is w pd that the electrostatic force

actually do exist. To shed light on mo@ame ms of TC adsorption, the FT-IR

spectrum (Fig. 3c) experiments ci% 0S,-BC and TC-loaded g-MoS,-BC were
conducted and analyzed furt .%xy (—COOH) plays an important role in making
the surface negativelyg€riar hich is ascribed to its ionization. Upon adsorption
treatment, the C— ing vibration peak at 2860 cm ™! and C=0 stretching peak at
1635 cm ™ are observed by slightly shifting to 2863 and 1637 cm*, respectively. These
changes of peak position might be caused by the deprotonation of carboxyl, confirming
the existence of electrostatic interaction between TC and g-MoS,-BC in adsorption
process. Moreover, the stretching vibration peaks at 2368, 1635, 1446, 1095 cm™*

derived from cumulated double bond, C=0, aromatic benzene ring skeleton, and

C-O-C pyranose ring skeletal, respectively in composite occur in varying degrees of
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migration, which can be attributed to the m-m conjugate effect with benzene ring,
double bonds, amino and other functional groups of TC molecule as = electron donator
or acceptor. Considering the graphene-like layered structure of g-MoS, and the four
aromatic rings in TC molecular structure, the mechanism of n-n stacking interaction
between aromatic compound TC and = electron-rich regions of g-MoS,-BC composite
is proposed as a crucial one. Besides, the adsorption peaks at 667 cm ' and around

3384-3450 cm™* designated to S—H and O—H vibration, respegljvely shift to lower

absorbance areas after adsorption experiment, manifesting t\N\gexistgice of hydrogen

bond between TC and g-MoS,-BC, it proves that Iydrogen-bdding interaction is also

one of the mechanisms affecting the TC adsor:t
it shows promoting effect on the hy&go bonding by the large & subunit of condensed

aromatic structure (Zhang &6). Furthermore, the g-MoS,-BC composite is
considered as a tailor-qe)

distribution, since easing mesoporous might decrease the steric hindrance effect

ess. Moreover, owing to the

hydrophobic microenvironment of g-M ce accommodating TC molecules,

bent for TC removal due to the appropriate pore-size

and enhance adsorption (Tang et al., 2018). By comparing the pore-size distribution of
g-MoS,-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
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River water and tap water were used as the medium of TC solution to study the
practical application of g-MoS,-BC in complex aqueous system. It can be observed
from the Fig. 5S, the adsorbed amount of TC by g-MoS,-BC in river water and tap
water are slightly higher than that in lab single system of deionized water. Because of
the relatively low cationic concentration in the sampled water (Table 3S), the inhibitory
effect 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 agggional adsorption by
fine particles.

The recyclability of g-MoS,-BC, an importagt indicatoNJOr assessing economy

and applicability in large-scale application, wrched under three solution

medium including deionized water, tap r aNgger water. It could be seen from Fig.

5S, regardless of the solution medi esult describes a good recycle performance

of g-MoS,-BC with slight Q@te five cycles. After five adsorption/desorption
rb

cycles, the amount of onto the recycled g-MoS,-BC is about 163.07 mg/g

in river water, w icates the adsorbent still remains high adsorption capacity.
Compared with other different adsorbents for TC adsorption (Table 4S), g-MoS,-BC
showed excellent performance in application and recyclability as well as the low-cost
advantages, 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 MoS, can be used to realize the

regeneration of the saturated adsorbent by photo-degradation of loading TC molecules
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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 MoS, nanomaterials were proved to be embedded jgythe biochar, and the
modification did improve the adsorption performance oNN\aterills. The results
indicated that the adsorption of TC onto g-MoS,-BL is a spongieous and endothermic
multilayer formation course that following thr process, and it is strongly

dependent on contact time, pH, temp re nitial concentration. The binding

mechanisms, including electrostatiq ctlon, pore-filling, hydrogen bonding, n-n
interaction, and so on, are i %{he adsorption of TC molecules. Considering the
cost-effective, high effg€iencefcellent reusability and wide applicability, g-MoS,-BC
could be regard & ential absorbent for removal the TC from polluted natural
waters. Assembly of g-MoS; 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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Figure captions
Fig. 1 Schematic illustration of the formation of g-MoS,-BC composite and its

application for removal of TC

Fig. 2 SEM images of pristine biochar (a), pure MoS; (b), g-MoS,-BC (c), and MoS;

sheets on g-MoS,-BC composite (d), and HRTEM images of g-MoS,-BC (e and f)

Fig. 3 (a) The pore-size distribution curve of g-MoS,-BC_an C-Ioaed g-MoS,-BC,
inset shows N adsorption-desorption isotherms gf g-MoS; at 77 K; (b) XRD
patterns of pure MoS;, g-MoS,-BC and TC-Ioadedéz-BC; (c) FT-IR spectrums of

pure MoS;, g-MoS,-BC and TC-loaded @ (d) XPS survey spectra of pristine
biochar and g-MoS,-BC

Fig. 4 The XPS spectyfl Of S,-BC composite: high resolution XPS spectrum of

Mo 3d and S 2s (a b), C 1s (c), and O 1s (d)

Fig. 5 (a) Zeta potentials of g-MoS,-BC at different pH ranging from 2.0-11.0 and the
effect of pH values, (b) effect of ionic strength on adsorption capacity of g-MoS,-BC
for TC. Error bars represent standard error of the mean (n=3). Different letters indicate

significant difference (p<0.05) between each salt concentration.
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Fig. 6 Effect of contact time on the adsorption of TC onto g-MoS,-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-MoS,-BC

Fig. 7 The proposed mechanisms for the removal behavior of TC onto g-MoS,-BC
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752  Table 1 Adsorption Kkinetics

753

parameters

of pseudo-first-order Kkinetic,

pseudo-second-order kinetic and Bangham model for TC on g-MoS,-BC

Concentration Pseudo-first-order Kinetic

Pseudo-second-order kinetic Bangham model

(mg/L)
e,exp kl (1/h) e cal R2 k2 (g/mg-h) Oe,cal RZ kB m R2
(mg/g) (mg/g) (mg/g)
50 103.676 0.002303 31.225 0.9428 0.000465 104.167 0.9994 49.957 9.560 0.9672
100 174.285 0.002763 58.144 0.9448 0.000248 175.438 0.9993 83.714  9.701 0.9876
150 208.583 0.002994 66.911 0.9807 0.000203 209.643 992

113.083 11.936 0.9927
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754 Table 2 The obtained parameters’ value of intra-particle and Boyd's

755  film-diffusion models

Kinetics Parameters Initial concentration (mg/L)
models
50 100 150
Intra-particle Kig (mg/g-min'/?) Kg 4.986 5.403 4.738
diffusion Ko 1.225 2316  2.058
Kag 0.244 0.516 0.484
Ci C, 45,502 87.822 122.691
C, 69.932 %834 146.113
Cs 93. 521  188.554
R’ R, 0.9694 0.9580  0.9831
R22 524 0.9691 0.9854
:@ 0.8063 0.8691 0.9425
Boyd's Ri2 0.9468 0.9724 0.9702
film-diffusion )
R, 0.9947 0.9673 0.9771
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756  Table 3 The obtained results of isotherm models for TC adsorption

Isotherm models Parameters Temperature (K)
298 308 318
Langmuir R’ 0.9927 0.9919 0.9913
K. (L/mg) 0.0553 0.0637 0.0887
Omax (MY/Q) 249.376 423.728 699.301
RL 0.0692 0.0803 0.1017
BET model R® 0.9981 0.9953 0.9928
K 4430.910 787  2782.223
Omax (MQ/Q) 248.561 3 696.492
Freundlich R? 9473 9745 0.9772
Ke (L/mg) 40.988 64.508
1/n @ 0.497 0.529
Temkin R? & 0.9651 0.9358 0.9169
Kr (L/ 73.402 136.687 142.263
30.154 40.119 51.088
T (§mol) 82.246 63.889 57.799
D-R model () 0.8138 0.7713 0.7604
E (kJ/mol) 0.863 0.992 1.107
Qmax (Ma/g) 168.891 243.464 315.977

757

37



758 Fig. 1

-
. SQT/W‘r ‘:vkj s
Straw biomass Biochar cu‘&f-‘ < o i
o &> Sodium °
g 2 ; molybdate
,’/’%' Slow pyrolysis
A D —
oz 2 -

500°C

Hydrothermal ‘iPEG 10000
180°C

: X . ‘/ ‘
75 Adsorption experiment g-Mo0S,-BC %omsheets

QQ’Q

38



760  Fig. 2

761

39



762

763

Fig. 3

dV/dlog(D) (cm'/g)

Transmittance (%)

0.10
@ [—a—(rc)gMos-BC 7 b pure MoS,
0.09 4 ‘& g-MoS,-8C
§ #—gMoS,-8C ;96, (TC) g-MoS,-BC
0.08 4 o i
I § e -~
i 3
0.07 4 \ i" 7 s
| =
- 2 =
0.06 4 , \ L [ e
P %, 8
0.05 - 4 \‘\’ £
-—-\
W——
0044 4 — .
0.03 <= T T T T T T v v T T T r T
0 10 20 30 40 50 10 20 30 40 50 60 70 80
Pore Diameter (nm) 2 theta (degree)
8c Ofs
I (Pure Mas?r #MoS -8C e
11 (9MoS,-BC)
i Mo3p  IMo3d
3
! 8 szp
H
123
1095 c Mo 4p
V\/y 1446 III (TC loaded g-MoS,-6C) 3
i O

T
500

T
1000

T T T T
1500 2000 2500 3000
Wavenumber (cm 1)

G

T
3500

400

40

d
T T T T
120 1000 800 600 400
Binding Energy (eV)

N
N

T
200

T
0



764

765

Fig. 4

Counts/ a.u.

Counts/a.u

a
Mo* 34, (1) {
e » 1 Mo 34, (1T)
” - :
“ 5
Mo’ m‘_(n‘n/ rA‘ g
I Mo* 34, (21) b
/ (i : s
i=3
o
240 238 236 234 232 230 228 226 224 222 187 166 165 164 163 182 161 160 150 158
Binding Energy (eV) Binding Energy (eV)
C.0 (286.45eV)
c i d C-0/H-0(532.90 eV)
5
s
] /
€
3 | co(s3zs1ev)
2 v / 0-Mo (531.30eV)
\ v
~ \
,_//// \%i\

290

289 288 287 286 285 284 283 282
Binding Energy (eV)

QQ’Q

41

53 535 534 533 532 531 50 5

Binding Energy (eV)



766 Fig.5

(a) (b)
. NaCl
180 4 22 aq(mglg) o 23 Ca.
—=— Zeta potential 1 10 a b be b :
3 7 ok c c c
150 0o T 1504 b b be g
T - E d
120 = ]
5 |oEg™
k<) 5 E,
£ 90 4 b 90 4
5 . {20 8=
o % g o
60 o © 60
430N
304 % 30
{-40
0 T u 0 L
1 5 6 7 1 12 0.00 002 004 006 008 0.10
767 pH Salt concentration (mol/L)

42



769

2.0
2104 3 o A a a b o 50mg/L
p Y 154 100 mg/L
a 150 mg/L
150 4 { 104
5 -
S 1201 v
é oo © o o o % 0.5 4
ALk DL 2
(g 0.0 1
s f
30 4 = Fast adsorption 054
o Slow adsorption
04 a
T T T T T T T 1.0 4—y T T T T T T
300 600 900 1200 1500 1800 0 300 600 900 1200 1500 1800
t (min) t (min)
%
210 4
154 C d
180 4
124
_ 1504
L=
] ®
] < 120 4
64 o
90
34
0 60 4
04
T T T T T T T
0 300 600 900 1200 1500 1800
t (min)
254
e
20+
a
1.54 g
-3 o
1.0 4
o o
0.5
0.0

43

T T
1.5 20 25 30
log t



770 Fig. 7

771
Electrostaticinteractions @C
5 {{ | e P Tetracycline @0
o o - $ & o0H
Tt 1 By &
}& s < L\" e &}: . oN
d T
4 ¢ ",L. k) < \*D(epromnanon » ’
< ﬁ\é! it Y &}'
o %/ partition effect
e 9-‘ ;“_\1‘\)”{ .
-t conjugate effect 7“2‘.. ¥ b B Hydrogen bondin;
PARE -
3 Pore-filling
172

QQQ

44



*Graphical Abstract

Graphical abstract

e n s
o\ it

Thiocacetamide&___>  Sodium
| molybdate
-

\

Initial TC concentration: 100 mg/L

QQ’Q



*Highlights (for review : 3 to 5 bullet points (maximum 85 characters including spaces per bullet point)

Highlights

> Hierarchical g-MoS, nanosheets were successfully loaded onto the surface of biochar.

> Pore structures and surface properties of biochar were improved by decorated with
g-MoS;,

> Sustainable efficient removal for TC by novel g-MoS,-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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ABSTRACT

Antibiotic concentrations in surface waters far exceed the pollution limit due to the
abuse of pharmaceuticals, 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 hydrothermal synthesis and was
investigated for its removal potential for tetracycline hydrochloride (TC) from both
artificial and real wastewater. The associative facilitation betwegggbiochar and g-MoS;
nanosheets was proposed, revealing the favorable surfage cturegl and adsorption

properties of the composite. The related adgorption tics, isotherms and

thermodynamics were studied by several models sorption experimental data,

turning out that biochar decorated by ibited optimum TC removal with
adsorption capacity up to 249.45 § at 298 K. The adsorption behavior of TC

molecules on g-MoS,-BC %erreted well by three-step process, and it is
dominated by several Q containing pore-filling, electrostatic force, hydrogen
bond and n-m inte In addition, the cost-effective g-MoS,-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.

Keywords: Biochar-based nanocomposite; ¢g-MoS,; Tetracycline hydrochloride;

Sustainable application; Removal mechanisms
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1. Introduction

Antibiotics, as emerging pollutants, are released into the environment in large
quantities due to abuse of pharmaceuticals, and they have been detected excessively in
surface water, ground water and sediment (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 ecosystem (Ren
et al., 2018; Ye et al., 2017b). There is an increasing demagg, for the removal of
antibiotics from contaminated water to avoid the ecological IN& A gigwing number of
researches have been explored for the remediatiog of antibi®yCs-contaminated water
(Tiwari et al., 2017), containing biotechnology de $ microorganism) (Chen et al.,

2015; Ye et al., 2017a), chemical techno

( ion, photo-catalysis) (Cheng et al.,

2016; Wang et al., 2017) and physiag % ology (separation) (Gong et al., 2009; Wan

et al., 2018; Xu et al., 201 %/

these technologies, forghSta e growth-restricted microorganisms as for biological

er, some deficiencies restrict the application of

processes; high ost 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 & Santos, 2011).
Adsorption is a way that affects the migration-transformation of antibiotics in the

aquatic environment, which is considered as a feasible and economical approach for
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antibiotic removal (Chao et al., 2017; 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; Yang et al., 2017b), clay
minerals (Long et al., 2011; Xu et al., 2012a), metal organic framework (Wang et al.,
2018; Yang et al., 20184, b), carbon nanotubes (Ji et al., 2009; Zhang et al., 2015) and
powder activated carbon (Liu et al. 2017). Among them, bigghar shows excellent
adsorption performance as well as carbon sequestratjon\aased its favorable
physico-chemical surface characteristics, like high hydropricity and aromaticity,

large surface area and developed pore structure al., 2017; Ye et al., 2017a).

Moreover, biochar is more environmenta@an omically viable, since it is derived

from the pyrolysis of waste biomagg ing the resources recovery and utilization
(Liang et al., 2017; Wu et a ; Jeny et al., 2015). However, the effectiveness of
biochar relies heavily e eratures and raw materials of production. In order to
get better removal cy 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 m-n interaction between

aromatic structure of pollutant molecules and graphene sheets on biochar surface,

which was more than 20 times higher than that of the pristine biochar (Zhang et al.,
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2012). Itis still a challenge to develop a cost-effective adsorbent for water treatment on
large scale application, along with the difficulties in separation and regeneration of
used adsorbent.

Molybdenum disulfide with a special layered structure (g-MoS;) is a novel
quasi-two-dimensional lamellar nanomaterial similar to graphene, which had been
proposed as a potential alternative for removal of antibiotics (Chao et al., 2017; Chao
et al., 2014; Han et al., 2017; Theerthagiri et al., 2017). A MoS lecule possesses the
S-Mo-S sandwich structure with the Mo atom sandwiched b&\yeen ggfo S atoms. Due
to the large surface area, surface covalent forces ggd strong effects (Kiran et al.,

2014), the researches of g-MoS; in contammant a pn (Chao et al., 2014; Qiao et

al., 2016), electrochemical performanc I, 2013; Wang et al., 2016), and

catalytic degradation (Vattikuti & ; Zhu et al., 2016), etc. have drawn huge

deal of scientific interest er g-MoS; nanosheets have relatively low
dispersibility and ten a erate, thereby adversely affecting the remediation
efficiency as we ving bad impacts on aquatic organisms. Until now, no

systematic  study concerning the adsorption performance of MoS;
nanomaterial-decorated biochar (biochar is used as substrate and is modified to a
nanocomposite with g-MoS, nanosheets) in antibiotic removal from aquatic
environment has been published yet.

In this work, a novel adsorbent of g-MoS, nanosheet-decorated biochar

(9-Mo0S,-BC) was synthesized firstly using a facile hydrothermal method. Batch

(8]
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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-MoS,-BC;
2) explore the adsorption behavior of TC on surface of g-MoS,-BC, including the
adsorption Kinetics, isotherms, thermodynamics, mechanisms as well as the factors
potentially affecting the adsorbed amount; and 3) investigate the removal efficiency of
g-MoS,-BC applied in real TC wastewater.

2. Materials and methods %

2.1. Materials

S

China. Tetracycline hydrochloride (T@pu 98.5%), sodium molybdate and

Rice straw was obtained from bottomland of I

g Lake, located in Changsha,

thioacetamide were purchased fr nghai Chemical Corp and used without

purification. Besides, deionj at 8.25 MQ/cm) used in the experiment was
produced by an Ulupu 0 T) laboratory water system.
2.2 Preparation of -decorated biochar

As shown in Fig. 1, biochar was produced by slow pyrolysis of agricultural straw
in tube furnace operating at a continuous flow of N, gas and a temperature of 500 °C
for a residence time of 2 h, according to previous research (Zeng et al., 2015). In a
typical synthesis of the MoS, nanosheets, 230 mg of Na,MoO,-2H,0 and 460 mg of
thioacetamide were dissolved in 60 mL deionized water, in which 0.1 g of the prepared

biochar and 0.1 mM PEG10000 were added in sequence with magnetic stirring, and the
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mixture dispersed via ultrasonication for 30 min. Afterwards, the whole solution was
transferred to a 100 mL Teflon-lined autoclave 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-Mo0S,-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.

2.3. Characterization methods
The field emission scanning electron microscope  (SNN{, JSD-G?OOF, Japan)

equipped with an energy dispersive X-ray analyzeg (EDS, A ER, USA) was used

to examine the surface morphology and element positions of the g-MoS,-BC.

The structural details of the composite ufe characterized by the transmission

electron microscopy (TEM). The cific surface area and pore characteristics
were calculated based on t dgprptfon-desorption isotherms at 77.3 K by using
automatic surface an r analyzer (Quantachrome, USA). Fourier transform
infrared spectrum measurements, recorded in the range of 4000-400 cm™, were
performed in KBr pellet by Nicolet 5700 Spectrometer, USA. The X-ray diffraction
(XRD) patterns were showed by Bruker AXS D8 Advance diffractometer equipping
with a Cu-Ka radiation source (A=1.5417 A) 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 Cls at 284.8 eV.
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Thermogravimetric analysis (TGA) was carried out under nitrogen flow with a heating
rate of 10 °C/min (TG209, Netzsch, Shanghai, China). The zeta potentials analysis of
g-MoS,-BC and TC were determined 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-MoS,-BC

The batch experiments were carried out in 100 mL Erlenmeyer flasks containing
the mixture of 20 mg g-MoS,-BC and 50 mL TC aqueous solgon. All flasks were
wrapped with aluminum foils to avoid photodegradatiorN\gnd_tQ®n placed in a
thermostatic water shaking bath at an agitation spged of 15 . The desired pH of
solution were achieved by the adjustment W|th 0. OH or 0.1 M HCI measured
by pH meter (PHSJ-5, China), varyin & 11.0 in initial TC solution (100
mg/L). The effect of salt ionic stre the removal of TC (100 mg/L) was studied
with the sodium chloride (

@ca ium chloride (CaCl,) at concentration range
un

98 K for 24 h, the samples were taken from the flasks,

of 0-0.1 M. After shakj
followed by centr nd filtered using 0.45 um PVDF disposable filters prior to
UV spectrophotometry (UV-2550, SHIMADZU, Japan) at Amax 357 nm.

Adsorption kinetics studies were carried out by mixing 20 mg of as-synthesized
composite and 50 mL TC solution with initial concentration of 50, 100, 150 mg/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

determination of TC residual concentration after filtration. Adsorption isotherm and
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thermodynamic experiments of g-MoS,-BC were performed under three different
temperatures (298, 308, and 318 K). 50 mL TC solutions with different initial
concentrations ranging from 10 to 400 mg/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 Dby above-mentioned ultraviolet spectrophotometry method after
centrifugation and filtration.

The research on practical application of g-MoS,-BC in reglgyvater samples (river
water: obtained from Xiang River located in Changsha forN\RC solgtion preparation
without filtration) was conducted by mixing 20 of g-M0O§2-BC with 50 mL real
wastewater polluted by TC (100 mg/L), and the m as shaken at 298 K for 24 h.

The regeneration of g-MoS,-BC was caf€d adding TC-loaded g-MoS,-BC to

50 mL NaOH (0.2 mol/L) and st4q

agitation speed of 140 r/mb%x

desorption, and the cojfeCte d (regenerated g-MoS,-BC) was dried at 353 K and

he mixture at temperature of 298 K and

he suspension liquid was centrifuged after

applied for next ro dsorption experiment with four-times repetition.
3. Results and discussion
3.1 Characterization of g-MoS,-BC composite

The surface morphologies and micro-structures of the manufactured 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 1-2 um. Upon the modification, the resulting
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g-MoS,-BC composite was found to be relatively uneven surface decorated with MoS;
stacking hierarchical 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, indicating the biochar could be regarded as a
fresh substrate for supporting hierarchical MoS; nanosheets. The interactions between
the oxygen-containing functional groups of biochar and Mo*" precursors might be
responsible for the in situ growth of MoS, nanosheets on bio surface (Chang &
Chen, 2011; Zhao et al., 2017). Compared with the bulk stro\Xyre ofgbure MoS, (Fig.

2b), the MoS, in composite (Fig. 2d) exhibits clygter frame with relatively few

layers stacking, which is conducive to the expo active sites with defect-rich
structure. The TEM images (Fig. S2) Hg (Fig. e and f) further confirm a
hierarchical crumpled and disoreg structure with curved edges onto the
carbon-based materials. H ingnge’ illustrates the discontinued fringes of the
curled edges, indicatingFthe t-rich structure with ample surface sites (Qiao et al.,
2017). The lattice of g-MoS; on composite display interplanar spacing of ~ 0.67
nm, the different interlayer distances should be associated with the intercalation of
MoS; nanosheets and biochar.

In order to examine the porous properties of ¢g-MoS,-BC composite,
Brunauer-Emmett-Teller (BET) gas sorptometry measurement was conducted. The

inset of Fig. 3a describes the N, adsorption/desorption isotherm of the composite,

which can be identified as type IV isotherm with a hysteresis loop, demonstrating the

10
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220

mesoporous characteristic of g-MoS,-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
corresponding 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 diameter is calculated to be 3.509 nm. It is well
established that adsorbent might exhibit the best adsorption perfggnance when its pore

diameter is 1.7-3 times larger than the adsorbate molecular Nge (evgh more than 3-6
times if adsorbent needs to be recycled) (Tang et @l., 2018). ing the TC molecule
dimension (1.41 nm long, 0.46 nm wide and 0.826?0 into account, we conclude
that g-MoS,-BC composite is endowce&n%)rption capacity for efficient TC

molecular removal based on their w& e distribution. On the whole, the prepared

composite exhibits a BETG%'H e area of 176.8 m?/g and a pore volume of
h

0.0839 cm®/g. Both arg™lg an the corresponding value of the pristine biochar, it
should be noted t change could be attributed to the extra mosaic structure of
MoS; nanosheets with plenty of folded edges like wings.

The X-ray powder diffraction (XRD) patterns of the as-prepared MoS, and
g-MoS,-BC composite are shown in Fig. 3b. The three detected diffraction peaks are
indexed to (002), (100) and (110) planes, respectively, indicating a hexagonal phase of

MoS; (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

11
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introduced by crystal defects (Berdinsky et al., 2005). Especially, the (002) diffraction
peak, resulted primarily from the scattering of interlayer Mo—Mo (Yang et al., 2017a),
is feeble in the pattern, suggesting that MoS; is consisted of only a few layers
nanosheets. There is no obvious difference in peak position between pure MoS; and the
g-MoS,-BC composite due to the low XRD intensity of biochar, which also reveals that
the chemical composition of MoS; has not changed after the surface modification.
From the variation in width and strength of (002) plane diffrggjion peak, it can be
observed that the growth of MoS, crystal along the c-axis \\compgsite is inhibited

owing to the presence of biochar, demonstrating feyer stack oNVIoS; layers.

FT-IR analysis was carried out to investigate @ face property of the BC and

g-MoS,-BC composite. It can be seen . 3c, several characteristic FT-IR

peaks of biochar are observed in site, including 3384-3450 cm™* for O-H

stretching, 2860 cm* for &bo yl, 2365 cm* for cumulated double bonds

stretching, 1635 cm™* ration, 1446 cm™" for aromatic benzene ring skeletal

vibration, 1247 c C-O stretching, 1039 and 1095 cm* for C-O—C pyranose
ring skeletal vibration, 858 cm™ for C-H bending vibrations and 667 cm* for S—H
vibration. In addition to the common functional groups above mentioned, a new stretch
at 617 cm* appearing in curve (l1) is assigned to v, Mo-S vibration (Wang et al.,
2016), demonstrating the successful bindidng of MoS, onto the biochar surface.

Moreover, another fresh peak presenting at 916 cm* in curve (11) could be ascribed to

the stretching vibration of Mo=0 (Han et al., 2017), which implies the partial oxidation

12
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of the Mo atom on edge of nanosheet. Curve (Ill) in the Fig. 3c describes the FT-IR
spectrum of TC-loaded g-MoS,-BC, the enhanced and broadened peaks approximately
at 3500 to 3900 cm* are probably originated from the extra functional groups of TC
molecule, especially the peak around 3520 cm™* corresponding to the acylamino of TC.
These observations confirmed that the TC molecules are successfully adsorbed on the
surface of g-MoS,-BC composite.

X-ray photoelectron spectroscopy (XPS) was performed togyrther investigate the
surface chemical composition and valence state of the Wmentgfin g-MoS,-BC
composite. The survey spectrum, presented inFig. 3d, Wveals the g-MoS,-BC
composite is composed of four major elements of Q lo, and S. Compared with the
biochar before and after modification, h@dfies mtroduction of Mo, and S elements

in g-MoS,-BC, the proportion of G \@ in the element composition is observed to

increase, which implies th e §xygen-containing functional groups appear on
composite surface. In I solution XPS spectrum of Mo 3d, shown in Fig. 4a,
two peaks locatin .30 eV and 229.00 eV can be assigned to Mo 3d3, and Mo

3dsp, respectively, characterizing of Mo*" in 1T-MoS,, while the doublet peaks
presenting at about 233.28 and 229.76 eV are attributed to the 3ds, and 3ds;, of Mo** in
2H-MoS; (Qiao et al., 2016). Meanwhile, two weak peaks centering at 236.17 and
232.90 eV are attributed to the oxidation state Mo®*, which might be derived from the
slight oxidation of Mo atoms at the defect or edges of MoS; nanosheets due to the high

oxidation activity (Zhou et al., 2014). The peaks at 163.80 and 162.20 eV (Fig. 4b)

13
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could be indexed to S 2p1/2 and S 2p3/2 orbital of divalent sulfide, respectively,
suggesting the valence state of S element is -2. In combination with another analysis of
peak at 226.66 eV (Fig. 4a) arising from S 2s, the existence of MoS, 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=0, respectively. The
binding energies of O 1s peaks (Fig. 4d) are observed at aboy532.90, 531.30 and
533.51 eV, corresponding to the O—C/O—H, O—Mo and Q=QN\espegvely, which are
consistent with the FT-IR results.

The thermal stability of the prepared materi examined by TGA which is

shown in Fig. S3. The weight percenta& aterials was observed to decrease

with increasing temperature from AQO C. Compared with the pristine biochar,

modified biochar has con@ig

approximate 5% weig SS; ever, the weight percentage of g-MoS,-BC dropped

thermal stability before 450 °C with an

sharply after 500 ich could be attributed to the decomposition of the loaded
MoS; and organic species that adsorbed on material surface 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-MoS,-BC was investigated,

and the corresponding results with the zeta potential of g-MoS,-BC are measured and
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illustrated in Fig. 5a. It could be observed that the adsorption capacity exhibits
increasing 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 >8.0.

The surface charge of g-MoS,-BC, which makes great influences on the adsorption
process of TC, is sensitive to the solution pH value. According to the result obtained by
Fig. 5a, the zero potential point (pHzpc) of g-MoS,-BC is aro 3.21, the adsorbent
surface shows electronegative and decreases gradually with easingl pH value when

pH>pHzpc, owing to the dissociation of carboxylicgroup on thg Surface of g-MoS,-BC.

Besides the charge change of adsorbent surface, Nemical speciation of organic
compound also transforms by the protdftio otonation transition of functional
groups at different pH (Tan et al., Q16 Tetracycline is amphoteric molecule along
with multiple ionizable fungji @up . which exists cations (TCHs": derived from
protonation of the di monium group), zwitterions (TCH,’: derived from
deprotonation of t olic diketone moiety), and anions (TCH™ and TC*": derived
from deprotonation of the tri-carbonyl groups and phenolic diketone moiety) in
accordance with the different dissociation constant (pK;=3.4, 7.6 and 9.7) (Chao et al.,
2017). When the pH value is below 3.21, both surface Zeta potential of TC and
g-MoS,-BC composite are positive and decrease with the increasing pH value of the

solution, demonstrating the weakening effect of the electrostatic repulsion which is

favorable for adsorption. TC is predominantly existed as zwitterion at pH values
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ranging of 4.0-7.0 with almost no net electrical charge, resulting in little electrostatic
interactions (attraction or repulsion) 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, n-r and hydrophobic
interaction (Chao et al., 2017), as will be described below. Nevertheless, when pH
value is >8, the negatively charged surface of g-MoS,-BC is generally decreases and
presents an enhancing electrostatic repulsion to anions TCly and TC*", which
adversely affects the adsorbed amount of TC.

3.3 Effect of ionic strength on the adsorption cagacity

In order to get closer to the actual situation 0 gl water, different amounts of
sodium chloride and calcium chloride ra{hg -0.1 mol/L were added to solution

to explore the influences of ionic % on the adsorption capacity. As can be seen

in generally, while the capacity changes very little with the increasing NaCl
concentration. Th 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-MoS,-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-MoS,-BC. However, the downtrend is evident
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and it represents obvious inhibiting effect of TC adsorption with the increase of CaCl,
concentration. This difference may arise from much higher screening effect by CaCl,
on the electrostatic interaction compared with NaCl, and thus more actives sites are
occupied by Ca®*, which confirms the electrostatic 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-MoS,-Bggs a time-dependent
process, which could be divided into two phases: fast- gn w- ggIsorption stages.
Attributed to the abundant active sites and attracty/e electroS\tic force on composite
)
increasing contact time, and nearly 85%/4f th rption capacity was accomplished
d@-a sorption stages. Then, the adsorption was
adorption rate went down gradually until there was

t.a
t sorbed amount after 24 h, which represents that the

surface for TC molecules, it is found that the d amount increased as the

within the first 4 h, which is define

performed at much lower r

no significant variatio
adsorption equilib been achieved.

In order to further analyze the kinetics of TC adsorption onto g-MoS,-BC, the
experimental data were fitted by pseudo-first-order, pseudo-second-order, intra-particle
diffusion, Boyd's film-diffusion and Bangham channel diffusion models at three
different initial TC concentrations 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 regression are summarized in
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Table 1 and Table 2.

The pseudo-first-order and pseudo-second-order models are two universal model
widely 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 correlation coefficient (Table 1). This is also supported by the
favorable fitting between the equilibrium adsorption cagggity obtained from
experimental data (Qeexp) and the calculated values (qgc.aN\Q Psegtio-second-order

model, suggesting the adsorption behavior is muchg@ffected by\gfiemical mechanism. It

should also be mentioned that the pseudo-second-a@ e constants (k) reduces with

increasing initial TC concentration, whicla€ou ttributed to the low competition of
TC molecules for adsorption sites a initial concentration.

To achieve a better un @ of the diffusion mechanisms and possible rate
controlling adsorptio c@lntra-particle diffusion, Boyd's film-diffusion and
Bangham channel ®n model were further applied. Intra-particle diffusion model,
an empirically functional relationship of adsorbed amount, is used to analyze
experimental data with some crucial parameters (intra-particle diffusion rate constant
kig, and C; related to the thickness of boundary layer). As can be seen from part d of Fig.

6, the plots of g; against t*2

are consisted of three linear sections, indicating that the TC
adsorption processes are associated with multiple steps. High linear correlation

coefficient and all non-zero C;values, presented in Table 2, imply that intra-particle
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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 relatively sharp slope
demonstrates the transport of TC from bulk solution to the external surface of
g-MoS,-BC, which is controlled by the molecule diffusion and film diffusion. The
second section with slow slope describes the gradual adsorption stage, where the
intra-particle diffusion dominates, that is, the diffusion of the TC molecules transfer

into the pores of g-MoS,-BC from its external surface. The Iggf linear section with

tardy slope implies the arrival of adsorption equilibrium. CoRWaringghe rate constant

of three stages, kig is much larger than other tyo values, Wdicating that the film

diffusion of TC molecules transferring through t @ sdary liquid layer is the most
important limiting step of the ad@Qbti he wing-like g-MoS, with a
quasi-two-dimensional few-layered re, embedded in the biochar surface, helps
TC molecules reach the acyj %)f urface more easily, since the TC molecules
only need to divert f I phase through the boundary liquid membrane, but
barely need to tran imited 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 these models, the linearity
of the plots provides the fairly reliable information to define the actual rate-controlling

step as film diffusion or intra-particle diffusion. The plots of calculated B; versus time t

for early stage of first 8 h are the segment-line which do not pass through the origin,
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suggesting that the rate-controlling step is dominated by film diffusion at the initial
stage of adsorption process, subsequently took over by other mechanisms
(intra-particle diffusion). Furthermore, the relatively good linear coefficients of
Bangham channel diffusion model, presented in Table 1, reveal the performance of
channel diffusion behavior in this adsorption process. In general, the adsorption of TC
onto the surface of g-MoS,-BC includes three steps: (1) the TC molecules overcome
the liquid resistance and transfer from the solution phase to exterior surface of
g-MoS,-BC controlled by film diffusion; (2) the TC molecuNR\migrggk on the surface

and enter the pores of particles, as the adsorbent pgrticles areNgaded with TC; and (3)

the TC molecules that arrived at the active site ar¥ Wbed on the interior surface of

g-MoS,-BC and gradually reach the ads@brium.

3.5 Adsorption isotherms

The isotherm plays anc@ro in designing the adsorption system, which
S

shows the distributio molecules in solution phase and solid phase upon
adsorption reachi Wibrium. The relationship between the equilibrium adsorption
capacity (ge) and equilibrium TC concentration (Ce) in solution, presented in Fig. S4a,
shows the adsorption capacity of g-MoS,-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 concentration 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,
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308, and 318 K were fitted by different equilibrium models including Langmuir,
Freundlich, Temkin, BET isotherm and Dubinin-Redushckevich (D-R) isotherm
models. The forms of these isotherm models and their related isotherm parameters are
presented in Table S1 and Table 3, respectively.

The Langmuir model, based on the assumption of monolayer adsorption on
specific homogenous sites without interactions between molecules, is shown in the Fig.
S4b. The linear relation is obtained from C¢/ge against C. Wi highest correlation
coefficients, revealing that the adsorption of TC onjo 0S,4pC probably is

monolayer molecular adsorption associated with thg functions\§f chemical mechanism.

Concerning the different temperature, the ar Qmax and ki increases as
temperature rises up, implying higher e is likely to inspire adsorption

)

through enhancing the bond energ Wen TC molecules and surface sites (Tang et

al., 2018). It is noteworthy al characteristic, the dimensionless constant
separation factor Ry, isgOUn e between 0 and 1, which suggests that the adsorption
process is favorab n improvement of the Langmuir model, the BET adsorption
isotherm model is based on the assumption that the adsorbates are randomly adsorbed
on a homogeneous surface to form a multi-molecular layer without 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-MoS,-BC surface may be multilayer formation (Jahangiri-Rad et al., 2013).

Freundlich model is an empirical formula which assumes that there are multilayers
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of adsorbate on heterogeneous surface. It can fit the experimental data well as indicated
by the good correlation coefficients (R? > 0.948), suggesting that the physical
interaction also takes part in the TC adsorption on g-MoS,-BC surface. The Kg value,
represented the adsorption capacity, was observed to increase with the increasing
temperature. An essential parameter, heterogeneity factor 1/n, is used to describe the
bond distribution, and all 1/n values are less than 1, suggesting the adsorption is facile
and favorable at all tested temperature. On the whole, the adsggggion behavior of TC

molecular onto the g-MoS,-BC surface is determined by theN\mbingll impacts of the

physical and chemical mechanisms.
In contrast to the models mentioned above ékin isotherm model assumes

that the adsorption heat of the adsor @ surface decreases linearly with

increasing coverage, which is closer ctual state of the adsorption experiment. As

shown in Fig. S4d, the Ii&sio plot of ge versus InCe is relatively weak

observed by the corre}ion icients (R?) in range of 0.915-0.965, which reveals
that the chemica nism is not the only controlled interaction for the TC
adsorption behavior. This is consistent with the calculated values of by (related to the
heat of adsorption) in Table 3, since the low by value reflects the comparatively weak
chemical interaction between TC molecules and surface of g-MoS,-BC (Wu et al.,
2014). Finally, the D-R isotherm model was also analyzed in its linearized form

regarding to the TC concentration at equilibrium. The calculated sorption free energy

values (E) shown in Table 3 are lower than 8, confirming the occurrence of physical
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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 from part 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 avera dsorption capacity

increases from 174.701 mg/g at 298 K to 226.653 mg/g af 3 wityabout 30% rises

under initial TC concentration of 100 mg/L, whicQ suggests \at the adsorption is an

endothermic process. High temperature is favorabsorption, due to the swelling

m@%’re volume allow TC molecules to
n

rapidly diffuse through the exter ary layer and within interior pore of

cb@n r different temperature was investigated to

make clear the thermogl/ia

effect on the particle porosity which

g-MoS,-BC. The adsorpti
operty. Related parameters containing the Gibbs free
energy (AG°), en%H"), and entropy (AS°) were determined by Gibbs-Helmholtz
equation. All negative values of AG®, shown in Table S2, confirm that the absorption
process of TC molecules on g-MoS,-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, manifesting that the adsorption is more favorable at higher temperature.
The AG® 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 AH®, we prove
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the endothermic nature of TC adsorption. The positive value of AS° reveals an increase
in randomness at the interface of solid-solution over the process of adsorption, which
implies some extent structural changes of TC molecule and surface of g-MoS,-BC
(Zhao et al., 2011).
3.7 Adsorption mechanisms

Based on the above analysis, we speculate that multiple mechanisms and various
interactions including non-specific and specific binding are invglyed in the whole TC

adsorption process onto g-MoS,-BC, as illustrated i cording to the

discussion in the influences of pH on TC adsorptiog (inhibitin ect in acid and alkali
solution caused by electrostatic repulsion), it is w pd that the electrostatic force

actually do exist. To shed light on mo@ame ms of TC adsorption, the FT-IR

spectrum (Fig. 3c) experiments ci% 0S,-BC and TC-loaded g-MoS,-BC were
conducted and analyzed furt .%xy (—COOH) plays an important role in making
the surface negativelyg€riar hich is ascribed to its ionization. Upon adsorption
treatment, the C— ing vibration peak at 2860 cm ™! and C=0 stretching peak at
1635 cm ™ are observed by slightly shifting to 2863 and 1637 cm*, respectively. These
changes of peak position might be caused by the deprotonation of carboxyl, confirming
the existence of electrostatic interaction between TC and g-MoS,-BC in adsorption
process. Moreover, the stretching vibration peaks at 2368, 1635, 1446, 1095 cm™*

derived from cumulated double bond, C=0, aromatic benzene ring skeleton, and

C-O-C pyranose ring skeletal, respectively in composite occur in varying degrees of
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migration, which can be attributed to the m-m conjugate effect with benzene ring,
double bonds, amino and other functional groups of TC molecule as = electron donator
or acceptor. Considering the graphene-like layered structure of g-MoS, and the four
aromatic rings in TC molecular structure, the mechanism of n-n stacking interaction
between aromatic compound TC and = electron-rich regions of g-MoS,-BC composite
is proposed as a crucial one. Besides, the adsorption peaks at 667 cm ' and around

3384-3450 cm™* designated to S—H and O—H vibration, respegljvely shift to lower

absorbance areas after adsorption experiment, manifesting t\N\gexistgice of hydrogen

bond between TC and g-MoS,-BC, it proves that Iydrogen-bdding interaction is also

one of the mechanisms affecting the TC adsor:t
it shows promoting effect on the hy&go bonding by the large & subunit of condensed

aromatic structure (Zhang &6). Furthermore, the g-MoS,-BC composite is
considered as a tailor-qe)

distribution, since easing mesoporous might decrease the steric hindrance effect

ess. Moreover, owing to the

hydrophobic microenvironment of g-M ce accommodating TC molecules,

bent for TC removal due to the appropriate pore-size

and enhance adsorption (Tang et al., 2018). By comparing the pore-size distribution of
g-MoS,-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
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River water and tap water were used as the medium of TC solution to study the
practical application of g-MoS,-BC in complex aqueous system. It can be observed
from the Fig. 5S, the adsorbed amount of TC by g-MoS,-BC in river water and tap
water are slightly higher than that in lab single system of deionized water. Because of
the relatively low cationic concentration in the sampled water (Table 3S), the inhibitory
effect 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 agggional adsorption by
fine particles.

The recyclability of g-MoS,-BC, an importagt indicatoNJOr assessing economy

and applicability in large-scale application, wrched under three solution

medium including deionized water, tap r aNgger water. It could be seen from Fig.

5S, regardless of the solution medi esult describes a good recycle performance

of g-MoS,-BC with slight Q@te five cycles. After five adsorption/desorption
rb

cycles, the amount of onto the recycled g-MoS,-BC is about 163.07 mg/g

in river water, w icates the adsorbent still remains high adsorption capacity.
Compared with other different adsorbents for TC adsorption (Table 4S), g-MoS,-BC
showed excellent performance in application and recyclability as well as the low-cost
advantages, 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 MoS, can be used to realize the

regeneration of the saturated adsorbent by photo-degradation of loading TC molecules

26



536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

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 MoS, nanomaterials were proved to be embedded jgythe biochar, and the
modification did improve the adsorption performance oNN\aterills. The results
indicated that the adsorption of TC onto g-MoS,-BL is a spongieous and endothermic
multilayer formation course that following thr process, and it is strongly

dependent on contact time, pH, temp re nitial concentration. The binding

mechanisms, including electrostatiq ctlon, pore-filling, hydrogen bonding, n-n
interaction, and so on, are i %{he adsorption of TC molecules. Considering the
cost-effective, high effg€iencefcellent reusability and wide applicability, g-MoS,-BC
could be regard & ential absorbent for removal the TC from polluted natural
waters. Assembly of g-MoS; 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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Figure captions
Fig. 1 Schematic illustration of the formation of g-MoS,-BC composite and its

application for removal of TC

Fig. 2 SEM images of pristine biochar (a), pure MoS; (b), g-MoS,-BC (c), and MoS;

sheets on g-MoS,-BC composite (d), and HRTEM images of g-MoS,-BC (e and f)

Fig. 3 (a) The pore-size distribution curve of g-MoS,-BC_an C-Ioaed g-MoS,-BC,
inset shows N adsorption-desorption isotherms gf g-MoS; at 77 K; (b) XRD
patterns of pure MoS;, g-MoS,-BC and TC-Ioadedéz-BC; (c) FT-IR spectrums of

pure MoS;, g-MoS,-BC and TC-loaded @ (d) XPS survey spectra of pristine
biochar and g-MoS,-BC

Fig. 4 The XPS spectyfl Of S,-BC composite: high resolution XPS spectrum of

Mo 3d and S 2s (a b), C 1s (c), and O 1s (d)

Fig. 5 (a) Zeta potentials of g-MoS,-BC at different pH ranging from 2.0-11.0 and the
effect of pH values, (b) effect of ionic strength on adsorption capacity of g-MoS,-BC
for TC. Error bars represent standard error of the mean (n=3). Different letters indicate

significant difference (p<0.05) between each salt concentration.
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Fig. 6 Effect of contact time on the adsorption of TC onto g-MoS,-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-MoS,-BC

Fig. 7 The proposed mechanisms for the removal behavior of TC onto g-MoS,-BC
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752  Table 1 Adsorption Kkinetics

753

parameters

of pseudo-first-order Kkinetic,

pseudo-second-order kinetic and Bangham model for TC on g-MoS,-BC

Concentration Pseudo-first-order Kinetic

Pseudo-second-order kinetic Bangham model

(mg/L)
e,exp kl (1/h) e cal R2 k2 (g/mg-h) Oe,cal RZ kB m R2
(mg/g) (mg/g) (mg/g)
50 103.676 0.002303 31.225 0.9428 0.000465 104.167 0.9994 49.957 9.560 0.9672
100 174.285 0.002763 58.144 0.9448 0.000248 175.438 0.9993 83.714  9.701 0.9876
150 208.583 0.002994 66.911 0.9807 0.000203 209.643 992

113.083 11.936 0.9927
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754 Table 2 The obtained parameters’ value of intra-particle and Boyd's

755  film-diffusion models

Kinetics Parameters Initial concentration (mg/L)
models
50 100 150
Intra-particle Kig (mg/g-min'/?) Kg 4.986 5.403 4.738
diffusion Ko 1.225 2316  2.058
Kag 0.244 0.516 0.484
Ci C, 45,502 87.822 122.691
C, 69.932 %834 146.113
Cs 93. 521  188.554
R’ R, 0.9694 0.9580  0.9831
R22 524 0.9691 0.9854
:@ 0.8063 0.8691 0.9425
Boyd's Ri2 0.9468 0.9724 0.9702
film-diffusion )
R, 0.9947 0.9673 0.9771
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756  Table 3 The obtained results of isotherm models for TC adsorption

Isotherm models Parameters Temperature (K)
298 308 318
Langmuir R’ 0.9927 0.9919 0.9913
K. (L/mg) 0.0553 0.0637 0.0887
Omax (MY/Q) 249.376 423.728 699.301
RL 0.0692 0.0803 0.1017
BET model R® 0.9981 0.9953 0.9928
K 4430.910 787  2782.223
Omax (MQ/Q) 248.561 3 696.492
Freundlich R? 9473 9745 0.9772
Ke (L/mg) 40.988 64.508
1/n @ 0.497 0.529
Temkin R? & 0.9651 0.9358 0.9169
Kr (L/ 73.402 136.687 142.263
30.154 40.119 51.088
T (§mol) 82.246 63.889 57.799
D-R model () 0.8138 0.7713 0.7604
E (kJ/mol) 0.863 0.992 1.107
Qmax (Ma/g) 168.891 243.464 315.977
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766 Fig.5
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