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a  b  s  t  r  a  c  t

Metal-organic  frameworks  (MOFs)  have  been  attracted  considerable  attention  in the  field  of  energy
generation  and  environmental  remediation.  In this  article,  a novel  core–shell  In2S3@MIL-125(Ti)  (MLS)
photocatalytic  adsorbent  was  successfully  prepared  by  a facile  solvothermal  method.  The  as-obtained
materials  were  characterized  by  scanning  electron  microscopy,  transmission  electron  microscopy,  X-ray
diffraction,  N2 adsorption–desorption  isotherm,  X-ray  photoelectron  spectroscopy,  UV–vis  diffuse  reflec-
tion  spectroscopy  and  zeta  potentials.  It is  indicated  that  the  hybrids  consisted  of  MIL-125(Ti)  as  the  core
and  three-dimensional  In2S3 sheets  network  as the  shell  has  high  surface  area,  mesoporous  structure,
and  improved  electronegativity  and  visible-light  absorption.  The  MLS  exhibited  excellent  adsorption
performance  for  the removal  of  tetracycline  (TC) from  water.  The  adsorption  process  is sensitive  to  the
solution  pH,  ionic  strength  and  initial  TC concentration.  The  Langmuir  isotherm  and  pseudo-second-order
mode  could  well  describe  the  adsorption  process  and  adsorption  kinetics.  The  adsorption  mechanism  is
mainly  responsible  for  surface  complexation,  �–� interactions,  hydrogen  bonding  and  electrostatic  inter-
actions.  Further,  in  TC degradation  experiments  under  visible  light  exposure  in presence  of core–shell
MLS,  the  optimal  additive  content  of  MIL-125(Ti)  in synthesis  process  was  0.1  g,  and  the  corresponding
photodegradation  efficiency  for  TC was  63.3%,  which  was  higher  than  that  of  pure  In2S3 and  pure  MIL-
125(Ti).  The  improved  photocatalytic  performance  was  mainly  ascribed  to  the  opened  porous  structure,
effective  transfer  of  photo-generated  carriers,  Ti3+–Ti4+ intervalence  electron  transfer  and  the  synergistic
effect  between  MIL-125(Ti)  and  In2S3.  The  degradation  by-products  of  TC molecules  were  monitored

by  three-dimensional  excitation-emission  matrix  fluorescence  spectroscopy.  Parts  of  TC  molecules  were
mineralized  into  CO2 and  H2O.  The  core–shell  MLS  composites  also  revealed  good  performance  for  the
removal  of  TC from  real  wastewater  including  medical  wastewater,  municipal  wastewater  and  river
water.  Therefore,  the  novel  hybrids  may  be used  as  promising  photocatalytic  adsorbent  for  wastewater
purification.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction
Persistent organic pollutants from industry or urban regions in
he aquatic ecosystem are serious environmental issues because
f their high toxicity, solubility, persistence and carcinogenicity
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926-3373/© 2015 Elsevier B.V. All rights reserved.
[1,2]. For instance, antibiotics like tetracycline (TC), widely used
in human health, animal husbandry and fish farming against infec-
tious diseases, can induce the development of antibiotic-resistant
pathogens and cause serious problems for human health and
ecosystem balance when they enter into aqueous environments
[3,4]. Antibiotic concentrations in raw domestic wastewater are

usually reported in the range from 100 ng/L to 6 mg/L [5]. There-
fore, an effective and economical technique needs to be urgently
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eveloped to remove antibiotic before releasing wastewater into
he aquatic environment.

Various technologies have been reported to eliminate antibiotic,
uch as adsorption, microbial degradation, electrolysis, photo-
atalysis and membranes separation [6,7]. Among these methods,
ntegrated adsorption and degradation are considered to be one
f the most attractive and potential methods for organic pollution
nd heavy metal ions purification [8]. Semiconductor-based pho-
ocatalysis is considered as an effective technology for solving the
urrent environmental problems with utilization of solar energy.
he technology could degrade and mineralize organic pollutants
nto CO2 and H2O under mild condition. Integrated photocatalytic
dsorbents such as activated carbon supported TiO2 and hydrogen-
itanate nanofibres have high adsorption affinity and photocatalytic
ctivity for organic pollutants removal [9,10]. However, TiO2-based
hotocatalytic process suffers from some main technical barriers
hat limit its commercialization, i.e., the inefficient exploitation of
isible light (� > 420 nm), low adsorption capacity for hydrophobic
ollutants, uniform distribution in aqueous suspension and diffi-
ult post-recovery of the TiO2 particles after water treatment. An
verview on limitations of TiO2-based particles for photocatalytic
egradation of organic pollutants had been reported by our groups
11]. Therefore, in order to enhance the properties of TiO2-based
hotocatalysts for pollutant purification in real application, explor-

ng novel TiO2-based composites with strong absorbance for broad
anged visible lights, high efficiency and relatively large particles
or easily reuse is emergently necessary.

Recently, significant progress about porous materials has been
ade due to their huge porosities, designable pore structures, and

acile modification. Metal–organic frameworks (MOFs), consisting
f organic linkers and metal-oxo clusters, have intriguing crys-
alline structures, tailorable chemistry, large specific surface area
nd well-defined porosity [12,13]. Consequently, much attention
as been paid to potential applications of MOFs in gas capture
nd storage, chemical separation, sensor devices, drug delivery
nd catalysis [14–16]. Nevertheless, MOFs were not only served
s adsorbents for the removal of acid gases and dye, but also con-
idered as excellent photocatalysts in photocatalysis. For example,
aesen et al. had demonstrated that the MIL-125(Ti)-NH2 was a
romising candidate for the capture of acid H2S and CO2 gases due
o the presence of accessible OH and NH2 sites together with the
bsence of Lewis acid sites and high adsorption values [17]. Guo
t al. had also reported that pure MIL-125(Ti) could be an adsor-
ent for the removal of Rhodamine B from aqueous solution [18].
an-Hardi et al. had synthesized a photoactive titanium dicarboxy-

ate (MIL-125(Ti) or Ti8O8(OH)4 (O2C C6H4 CO2)6) and observed
 reversible photochromic behavior induced by alcohol adsorption
nder ultraviolet irradiation [19]. The MIL-125(Ti), a crystalline
itanium dicarboxylate with large surface area and accessible pore
iameters, has thermal stability and excellent photochemical prop-
rties. This material can not only introduce high density of the
mmobilized Ti sites within porous structure, but also tune the
hotocatalytic properties via various modified technologies. Nev-
rtheless, pure MIL-125(Ti) photocatalysts is only efficiency in
ltraviolet light area and instability during photochemical oper-
tions in aqueous solution.

Recently, our groups had previously modified MIL-125(Ti) via
sing the 2-aminoterephthalicacid as organic link or graphitic
arbon nitride as the supporter of MIL-125(Ti) grown [20,21]. It
ad indicated that these photocatalysts exhibited excellent pho-
ocatalytic activity for Cr(VI) reduction and dye mineralization in
astewater under the visible light irradiation. Metal sulfides, a

ajor group of abundant and cheap minerals such as CdS, SnS2,

b2S3 and so on, have been demonstrated as visible photocatalysts
or the removal of pollutants in aqueous solution [22]. Indium(III)
ulfide (In2S3) with various morphologies including nanoplates,
vironmental 186 (2016) 19–29

nanotubes, hollow microspheres and nanorods has attracted great
attention due to its good photosensitivity and photoconductiv-
ity, stable chemical and physical characteristics and low toxicity
[23]. For instance, Wei  et al. synthesized flowerlike �-In2S3 micro-
spheres with relatively high visible-light photocatalytic activity
for the mineralization of methyl orange [24]. Zhou et al. obtained
hierarchical Bi2S3/In2S3 core/shell microspheres with enhanced
photocatalytic activity for the degradation of 2, 4-dichlorophenol
under visible light irradiation [25]. Interestingly, the hierarchical
porous flower-like shell of In2S3 remarkably enhanced the chem-
ical stability of Bi2S3 against oxidation. However, to the best of
our knowledge, there has been no report on the preparation and
applications of core–shell In2S3@MIL-125(Ti) composite as inte-
grated photocatalytic adsorbent for the removal of antibiotics in
wastewater.

The present work quantitatively investigates the adsorption
of antibiotics (e.g., tetracycline) on core–shell In2S3@MIL-125(Ti)
hybrids. Effects of different ratio of MIL-125(Ti) to In2S3, pH, ion
strength and initial concentration on removal of TC were car-
ried out. The adsorption kinetic and isothermal was subsequently
studied. Further, the photocatalytic performance, mechanism and
reutilization of the composite for the removal of TC were also inves-
tigated for potential applications. At last, the IPA for the removal of
various real water samples including medical wastewater, munic-
ipal wastewater and river water via the integrated adsorption and
photocatalytic process were preliminary explored.

2. Experimental

2.1. Materials

Tetrabutyl titanate (TBT; C16H36O4Ti), 1,4-benzenedicarboxylic
acid (BDC; C8H6O4), N’N-dimetylformanide (DMF; (CH3)2NCHO),
methanol (CH3OH), Indium Nitrate (In(NO3)3·xH2O), Carbon Disul-
fide (CS2) and Thioacetamide (CH3CSNH2), were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All
reagents and solvents were of analytical reagent grade and used
as received from commercial suppliers. River water (the value of
chemical oxygen demand is 12.6 mg/L) was taken from Xiangjiang
River located in Changsha, Hunan province, China. Medical wastew-
ater (the value of chemical oxygen demand is 458.6 mg/L) was
obtained from a hospital in Changsha, Hunan province, China.
Municipal wastewater (the value of chemical oxygen demand is
185.5 mg/L) was obtained from Yuelu sewage treatment plant in
Changsha, Hunan province, China.

2.2. Synthesis of core–shell In2S3@MIL-125(Ti) composites

The pure MIL-125(Ti) was fabricated by the same method
described in our previous reports [20]. For the preparation of
In2S3/MIL-125(Ti) composites, a certain amount of MIL-125(Ti)
powder was  dispersed into ethanol absolute with the aid of ultra-
sonication. 1 mmol  In(NO3)3·xH2O and 2 mL  CS2 were dissolved
into the MIL-125(Ti) dispersion. After 30 min, 1 mmol CH3CSNH2
was added and agitated until the CH3CSNH2 was absolutely dis-
solved. The mixture was  subjected to solvothermal conditions in a
Teflon-lined stainless-steel autoclave for 12 h at 150 ◦C. After reac-
tion, the yellow precipitate was separated by centrifugation and
washed with absolute ethanol. After drying in a vacuum at 60 ◦C, the
final products were collected for the following characterization and

experiments. In order to obtain various ratio of MIL-125(Ti) to In2S3,
the additive mass of MIL-125(Ti) during the synthesis process was
0.1 g, 0.3 g, 0.5 g, and 0.7 g. The as-obtained hybrids were denoted
as MLS-1, MLS-3, MLS-5 and MLS-7. For comparison purposes, con-
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Fig. 1. SEM images of (a) pure In2S3, (b) pure MIL-125(Ti) and (c) MLS-5 sample

entional In2S3 was also prepared in the absence of MIL-125(Ti)
nder the same conditions.

.3. Analytical methods

Bruker AXS D8 Advance diffractometer operating with Cu-Ka
ource was used to record the powder X-ray diffraction (XRD).
he morphologies of various samples were observed via scanning
lectron microscopy (SEM) (Hitachi S-4800, Japan) and transmis-
ion electron microscopy (TEM) (Tecnai G2 F20 S-Twin, USA). The
hemical component and electronic state was investigated by X-ray
hotoelectron spectroscopy (Thermo Fisher Scientific, UK) [26]. The
runauer–Emmett–Teller (BET) surface area was  characterized by
eans of nitrogen absorption–desorption (ASAP2020, Micromerit-

cs, USA). UV–vis diffuse-reflectance spectra (UV–vis DRS) were
ecorded in the range of 200–800 nm with a Varian Cary 300
pectrometer. The zeta potentials of as-prepared samples were
etermined as a function of pH (adjusted by 0.1 M HNO3 or NaOH)
sing a Zeta-sizer Nano-ZS (Malvern, UK) [27]. Three-dimensional
xcitation-emission matrix fluorescence spectra (3D EMMs)  were
ollected in the excitation wavelengths range of �ex = 200–450 nm
nd in the emission wavelengths range of �em = 300–550 nm (F-
500 spectrofluorimeter, Hitachi, Japan), and the detailed method
as reported previously [28,29]. The total organic carbon (TOC)

ssays were carried out using a Shimadzu TOC-VCPH analyzer.

.4. Adsorption experiments
Tetracycline (TC) was chosen as a typical antibiotic and the
dsorption process was  investigated by batch sorption experi-
ents. Typically, tetracycline powder was dissolved in deionized
ater to prepare a stock solution of 100 mg/L concentration. All
omparison, higher magnification image (d) of MLS-5 composites is also shown.

experimental TC solutions were prepared from the stock solution
by dilution. The dark adsorption experiments were performed in
250 mL  conical glass Erlenmeyer flasks containing 100 mL  of the
desired TC solution. The flasks were put into a dark room to pre-
vent the illumination of slurries by ambient light. The homogeneity
of suspensions was maintained by magnetic stirring. Samples were
collected at designated time intervals, and analyzed by measuring
absorbance at the maximum absorbance wavelength of TC using a
Shimadzu UV–vis spectrophotometer at the wavelength of 357 nm.

2.4.1. Investigation of different influence factors
Four as-obtained MLS-1, MLS-3, MLS-5 and MLS-7 were selected

to study the adsorption of TC molecules. For comparison, pure MIL-
125(Ti) was  also included. The pH of the solution may affect the
surface charge of the composites, and consequently the adsorption
of TC molecules. The experiment was conducted at the solution pH
values of 3.3, 5.9, 7.2 and 9.5. The ionic strength of the solution
was changed to study the effect on the adsorption process. In these
experiments, sodium chloride (NaCl) was chosen and the concen-
tration was 0.01, 0.05, 0.1 and 0.2 mol/L. Four TC concentrations
(9.4, 28.7, 50.0 and 66.7 mg/L) were selected to study the kinetics
of adsorption.

2.4.2. Adsorption kinetics and equilibrium
The amount of TC adsorbed at equilibrium was calculated from

the following equation:

qe = (Ci − Ce)
V

m

where, Ci and Ce (mg/L) are the initial and equilibrium concentra-
tion of TC in solution, V (L) is the solution volume and m (g) is
the mass of the composites. Adsorption kinetics and equilibrium
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ig. 2. (a) TEM image of MLS-5 sample and TEM mapping of the portion selected: (
he  selected area electron diffraction pattern.

ata were fitted to various models. The related equation has been
isted Table S1 in Supporting Information according to our previous
eports [27,30].

.5. Photocatalytic experiment

Photocatalytic activity of core–shell In2S3@MIL-125(Ti) com-
osites were tested by the photocatalytic decomposition of TC with
isible light illumination (� > 420 nm)  after adsorption process. A
00 W Xenon lamp (CEL-HXF300, Beijing CEL Tech. Co., Ltd.) with a
20 nm cutoff filter was used as the visible light source (14 V, 16 A,
5 cm far away from the photocatalytic reactor). The light intensity
f 300 W Xenon lamp was 300 mW cm−2. For decomposition of TC,

0 mg of photocatalyst was dispersed in 100 mL  of 46 mg  L−1 TC
queous solution. Prior to irradiation, the suspension was magnet-
cally stirred in the dark for 60 min  to get adsorption–desorption
quilibrium between photocatalyst and TC. At certain time inter-
c) O, (d) Ti, (e) In and (f) S; The (g) EDS analysis and (h) HRTEM images; The inset is

vals, samples were collected via filtrating by 0.22 �m PTFE syringe
filters. The TC concentration before and after photo-degradation
were monitored with a UV–vis spectrophotometer (UV-2250, SHI-
MADZU Corporation, Japan). The TC concentration after adsorption
equilibrium is acted as the initial concentration (C0). Additionally,
the recycle experiments were also carried out three consecutive
cycles to test the durability and recyclability. After each cycle, the
photocatalyst was  filtrated and washed for three times to remove
residual impurities, and then dried at 60 ◦C for the next test.

3. Results and discussion

3.1. Characteristics of obtained samples
The surface morphology of pure In2S3, pure MIL-125(Ti) and
MLS-5 measured by SEM is shown in Fig. 1(a–d). It is found that only
irregular microparticles with particle sizes of 400–650 nm forms in
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Table 1
Surface area, pore size and pore volume parameters for various materials.

Samples Surface areaa (m2/g) Pore sizeb (nm) Vt
c (cm3/g)

MLS-1 303.9 3.732 0.464
MLS-3 287.4 3.709 0.440
MLS-5 253.9 3.710 0.393
MLS-7 208.6 3.713 0.659
MIL-125(Ti) 1548.3 3.833 0.758

a

vide an efficient utilization of visible light, thus producing more
Fig. 3. XRD patterns of pure In2S3, pure MIL-125(Ti) and MLS  samples.

he absence of MIL-125(Ti). MIL-125(Ti) has a plate-like form and
mooth surface without secondary nanostructures. After solvother-
al  reaction at 150 ◦C in the presence of sulfur source and indium

ons, the surface of MIL-125(Ti) becomes rough and the products
till remain the original structures. The higher magnification SEM
mage (Fig. 1d) indicates a large number of In2S3 nanosheets grown
nto the surface of MIL-125(Ti) are interconnected with each other,
orming the three-dimensional (3D) nanosheets networks as a sta-
le protective shell. The formation of uniform heterostructures may
riginate from the special characteristics of the MIL-125(Ti), i.e.,
he large surface area and porous structure, which facilitate the
ssembly of In2S3 nanosheets. This unique and ordered core–shell
tructured microparticle with 3D networks provides an abundant
orous surface area for the contact between the materials and pol-

utants, which is of great significance in accelerating the adsorptive
nd photocatalytic reaction.

The typical TEM image of an individual MLS-5 microparticle is
hown in Fig. 2a. The plate-like MIL-125(Ti) with the diameter of
00 nm is coated by a narrow size distribution of In2S3 nanosheets
etwork automatically, indicating the formation of good quality

n2S3@MIL-125(Ti) core–shell microparticle, which is well con-
istent with the SEM micrographs. From the energy dispersive
pectrometer (EDS) mapping of the MLS-5 (Fig. 2e and f), it can
e seen that the blue and yellow dots with bright color assigned
o the In and S element, respectively, is uniformly distributed on
he surface of In2S3@MIL-125(Ti) microparticle. For comparison,
he C,O and Ti element mapping have also been shown in Fig. 2b–d.
DS spectrum (Fig. 2g) also displays the presence of In and S ele-
ent in the core–shell microparticle, and the stoichiometric ratio of

ndium to sulphur is about 0.67, confirming successful fabrication
f In2S3. The HRTEM image (Fig. 2h) of the heterostructures displays

 clear lattice fringes with the nearest distance of 0.189 nm coincid-
ng with the value for the (4 4 0) plane of cubic In2S3. The presence of
he diffraction rings in the selected-area electron diffraction (SAED)
attern (inset of Fig. 2h) indicates that the cubic In2S3 nanosheets
re polycrystalline. The crystalline structure of pure MIL-125(Ti),
n2S3, and MLS  were also examined by XRD, as shown in Fig. 3.

For the MLS  with different weight addition of MIL-125(Ti), the
RD patterns are analogous to bare In2S3. The peaks located at
� = 27.5◦, 33.4◦, and 47.9◦ are distinctly indexed to the (3 1 1),
4 0 0) and (4 4 0) crystal planes of cubic In2S3 phase structure (�-
n2S3) (JCPDS 32-0456) [23]. Meanwhile, compared to the XRD
atterns of pure In2S3, some new peaks at 16.5◦ and 19.3◦ in MLS
ppear. The values of 2� correspond to the characteristic peak of
IL-125(Ti), indicating the presence of MIL-125(Ti).

The chemical composition and valence state of various elements

n the MLS-5 sample have been carried out by XPS measurement.
he survey spectrum in Fig. 4a indicates that elements In, Ti, O, S
Measured using N2 adsorption with the Brunauer–Emmett–Teller (BET) method.
b Pore size in diameter calculated by the desorption data using

Barrett–Joyner–Halenda (BJH) method.
c Total pore volume determined at P/P0 = 0.99.

and C exist in the MLS-5 sample while only the peaks of Ti, O and
C appear in pure MIL-125(Ti). Fig. 4b shows the regional spectrum
of In 3 d with two  symmetrical peaks at the binding energy of In
3d5/2 (444.2 eV) and In 3d3/2 (451.7 eV). For the spectrum of S 2 p
in Fig. 2c, the peaks at 160.7 eV and 161.8 eV are attributed to S
2p3/2 and S 2p1/2 transitions, respectively. The spin–orbit separa-
tions of In and S are found to be 7.5 eV and 1.1 eV, indicating that
the In and S are present as In3+and S2− in the sample, respectively
[25,26,31]. Fig. 4d shows Ti 2 p spectra of pure MIL-125(Ti) in com-
parison with that of the hybrids. The binding energy values of Ti
2p3/2 and Ti 2p1/2 at 459.2 and 464.9 eV, respectively, asserts the
existence of Ti4+ for the titanium-oxo cluster [21]. However, a small
shift toward lower binding energy is observed for MLS-5 as com-
pared to pure MIL-125(Ti). This may  be resulted from the higher
ionization energy of sulfur in comparison with that of titanium
[32]. The binding energy of 529.7 eV and 531.3 eV of O 1 s spectrum
(Fig. 4e) may  be ascribed to oxygen in titanium-oxo cluster and sur-
face hydroxyl/ether groups. Meanwhile, in comparison with pure
MIL-125(Ti), a negative shift of the O 1 s with an order of 0.8 eV is
also observed for the MLS-5 sample. The shift order of O 1 s energy
position is the almost same as that of the Ti 2 p peak position, imply-
ing the incorporation of sulfur in MIL-125(Ti) via S-Ti-O bond. These
results are also the proofs for the formation of In2S3@MIL-125(Ti)
core–shell heterostructures via chemical synthesis.

The N2 adsorption–desorption isotherms and the correspond-
ing calculated parameters have shown in Fig. 5a and Table 1.
The as-obtained samples are of type IV isotherm according to the
IUPAC (International Union of Pure and Applied Chemistry) clas-
sification. Compared with pure MIL-125(Ti), MLS samples attain
a decreased surface area and total pore volume (Vt). The phe-
nomenon can be explained by the fact that a large amount of In2S3
nanosheets, grown on the surface of MIL-125(Ti), block the cav-
ities or pores [21,22]. However, pore size with the diameter of
3.7–3.8 nm shows negligible change after the introduction of In2S3.
Combining with the XRD results, it may  be inferred that the current
approach preserves the structural properties of MIL-125(Ti). The
UV–vis absorption spectra were used to determinate the optical
property of as-obtained samples. In Fig. 5b, pure In2S3 absorbs the
light from the UV to visible-light, and its band gap absorption edge
is around 600 nm,  while no obvious absorption peak in the visible
area is detected for MIL-125(Ti). As for MLS, a notable absorption
extension in the visible-light region can be observed due to the
In2S3 serving as the visible-light sensitizer. The absorption edges
display a gradual blue-shift with increasing the addition amount of
MIL-125(Ti) since the band gap of MIL-125(Ti) is wider than that
of In2S3. According to the calculation of band gap energy in sup-
porting information, the band gap energy (Eg) of In2S3 is 2.05 eV.
As shown in Fig. S1, the band gap for MLS-1 is 2.28 eV, which is
lower than that of pure MIL-125(Ti) (3.68 eV). Therefore, the formed
heterojunction via the combination of In2S3 and MIL-125(Ti) pro-
electron–hole pair. These results imply MLS  are potential photocat-
alyst for the degradation of pollutants in wastewater under visible
light irradiation.
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Fig. 4. The XPS spectra of MLS-5 sample: (a) survey scan, (b) In 3d, (c) S 2p, (d) Ti 2 p and (e) O 1 s; For comparison, the survey scan, Ti 2 p and O 1 s of pure MIL-125(Ti)
sample are also shown.

-1, ML

3

3

r
i
a

Fig. 5. (a) The N2 adsorption-desorption isotherms of MIL-125(Ti), MLS

.2. Effect of various conditions on TC adsorption

.2.1. Different MLS  for TC adsorption
TC adsorption of various MLS  samples is investigated and the
esults are shown in Fig. 6a. Apparently, poor adsorption capac-
ty (14.2 mg/g) has been obtained on the single MIL-125(Ti). An
dsorption quantity of 84.9 mg/g is shown for pure In2S3. The
S-3, MLS-5 and MLS-7; (b) The UV–vis DRS of the as-obtained samples.

MLS  system exhibits enhanced adsorption performance and the
adsorption capacity of TC increases initially with increasing MIL-
125(Ti) mass, and then decreases as the mass further increases.
The MLS-5 sample exhibits the highest adsorption performance

and the adsorption amount of TC could be reach to 119.2 mg/g
after 300 min. The improved performance may  be due to that the
presence of In2S3 enhances the complex interaction between the
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Fig. 6. (a) Adsorption performance of pure In2S3, MIL-125(Ti) and various MLS com-
posites for TC removal. (Experimental conditions: initial TC concentration = 46 mg/L,
pH 5.9, m = 30 mg, V = 100 mL). (b) The schematic illustration of adsorption mecha-
nism.
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concentrations of 9.4, 28.7, 46.0 and 66.7 mg/L. It is evident that
initial TC concentration plays a significant role in adsorption pro-
cess, where 99.9%, 96.4%, 83.5% and 69.9% of TC are removed at
the TC concentration equal to 9.4, 28.7, 46.0 and 66.7 mg/L, respec-

F
c
t

xposed indium ions on In2S3 nanosheets surfaces and the polar
unctional groups of TC molecules [8]. In addition, the introduc-
ion of In2S3 nanosheets improves the electronegativity of MLS-5
ompared to pure MIL-125(Ti) (as shown in Fig. S2), which is help-
ul for the removal of positively charged TC molecules. With the
ncrease mass of MIL-125(Ti), the enhanced adsorption is due to
he increased hydrogen bonding between the �-OH groups (of the

IL-125(Ti)) and nitrogen atom of TC, and the �–� interaction
etween the organic link of MIL-125(Ti) and tetracycline molecules
17,33]. However, MLS-7 shows the lowest adsorption capacity,
hich may  be the smaller specific surface area (Table 1) and the
rominent effect of electrostatic repulsion between the positively
harged MIL-125(Ti) and the positively charged TC molecules. The
echanism of TC adsorption onto MLS  may  be the synergistic effect

f surface complexation, �–� interactions, hydrogen bonding and
lectrostatic interactions, as shown in Fig. 6b.
ig. 7. Effect of (a) solution pH (Experimental conditions: initial TC concentration = 46 mg/
onditions: initial TC concentration = 46 mg/L, m/V  = 0.3 g/L, pH = 3.3), and (c) initial TC 

ion  = 0 mol/L) on the adsorption of TC onto MLS-5.
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3.2.2. Effect of solution pH and ion strength
In practical applications, different water systems such as

wastewater and surface water have various pH values. Tetracycline
molecule is sensitive to the solution pH value because of its pro-
tonation state. In aqueous solutions, the groups of TC molecule,
undergoing protonation–deprotonation reaction, can form three
molecule species including cationic species (pH < 3.3), zwitterionic
species(3.3 < pH < 7.68) or anionic species (pH > 7.68) [34,35]. For
MLS, different pH has various physiochemical properties like sur-
face charge, thus influencing the adsorptive interactions between
the TC and the surface of MLS. Fig. 7a shows the effects of pH on the
adsorption kinetics of TC on MLS-5. All curves have similar charac-
teristics, showing an important and fast adsorption between t = 0
and 10 min, and a slower adsorption at longer time. Meanwhile, TC
adsorption on the MLS-5 is strongly dependent on the solution pH
values. The adsorption is relatively high at pH 3.3 and decreases
significantly as the increased pH value from 5.9 to 9.5, indicating
that the affinity of TC for the surface of MLS-5 is higher at low pH.
As shown in Fig. S2, MLS-5 has an overall negative surface charge
at pH 2.3–10.0. As the pH value increases, the zeta potentials are
more negatively. At solution pH 9.5, both MLS-5 and anionic TC
are negatively charged, and electrostatic repulsion may become a
dominant interaction force, resulting in low adsorption. With the
decrease of pH values in solution, an enhanced adsorption capac-
ity can be explained by the predominant electrostatic attraction
between opposite positively charged TC molecules and negatively
charged MLS-5.

Different salts concentration involved in industrial wastewater
may  affect the TC removal. The effects of NaCl concentration on the
TC adsorption onto MLS-5 at pH 3.3 are shown in Fig. 7b. Appar-
ently, the adsorption depends on the ionic strength. It decreases
significantly as the NaCl concentration increases from 0 to 0.1 mol/L
and reach equilibrium from 0.1 to 0.2 mol/L. This phenomenon may
be explained by the fact that the electrostatic protection, emerged
after adding NaCl, restrains the immediate electrostatic interaction
between positively charged TC (as TCH3

+) and MLS-5. In addition,
the competitive adsorption between TC molecules and Na+ on the
adsorptive sites of MLS-5 is enhanced with the increase of ionic
strength [36].

3.3. Effect of initial TC concentration and kinetics studies

Fig. 8 shows the adsorption of TC onto MLS-5 using initial TC
L, m/V  = 0.3 g/L, NaCl concentration = 0 mol/L), (b) NaCl concentration (Experimental
concentrations (Experimental conditions: m/V = 0.3 g/L, pH = 3.3, NaCl concentra-
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Fig. 8. Effect of different initial TC concentrations (Experimental conditions:
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molecules in the liquid phase. The opened mesoporous channels
/V  = 0.3 g/L, pH = 3.3, NaCl concentration = 0 mol/L) on the adsorption of TC onto
LS-5.

ively. The MLS-5 removes almost all the TC at relatively low
nitial concentration. In industrial application, high TC removal at
ow concentrations is considered to be of a great importance. The
mount of TC adsorbed increases with the increase of time until the
quilibrium is attained at 60 min  for high TC concentrations (28.7,
6.0 and 66.7 mg/L), while almost all TC molecules are adsorbed
ithin 10 min  at 9.4 mg/L of TC. The initial uptake amount (first few
inutes) for TC is relatively high since a large number of adsorption

ites are available for adsorption. Later on, the adsorption decreases
s the repulsive forces between the adsorbed TC molecules (on
LS-5) and the TC molecules in solution increases.
In order to analyze the process of TC adsorption onto MLS-5,

he pseudo-first-order, pseudo-second-order, intra-particle diffu-
ion and Boyd’s film-diffusion model are examined at four different
nitial TC concentrations. Linear regressions of the kinetic plots are
hown in Fig. S3. The kinetic parameters and calculated adsorption
ate are listed in Table S2. Based on the correlation coefficients (R2),
he experimental data are best described by the pseudo-second-
rder model, which gives higher correlation coefficient values
R2 > 0.999). What’s more, the calculated q values (qe,cal) calculated
rom the pseudo-second-order model are closer to the experimen-
al qe values (qe,exp) than that calculated pseudo-first-order model.
hese results imply that the adsorption rate is probably controlled
y chemisorption [37].

Further, the diffusion of TC molecules into the pores of MLS-5
as been determined via the intra-particle diffusion model. As can
e seen from Fig. S3c, all plots are distributed in three linear seg-
ents presenting three different stages. The first stage is ascribed

o external mass transfer diffusion of TC across the liquid film to
he external surface of MLS-5, which is also called boundary layer
iffusion of adsorbate molecules. The second stage describes the
radual adsorption, where the intra-particle diffusion is the rate-
imiting step due to the pores or capillaries of the MLS-5 internal
tructure. The third stage is assigned to TC molecules adsorption
nto the actives sites on the inner and outer surface of the MLS-
. The intra-particle diffusion starts to slow down because of the

ow concentration of TC remaining in solution and the insufficient
ctives sites. Furthermore, the second and third stages do not pass
hrough the origin, indicating that intra-particle diffusion is not
overned by the sole rate-limiting step [36]. Therefore, the overall
dsorption process of TC onto MLS-5 may  be resulted from both
ntra-particle diffusion and outer diffusion. To gain insights into
he actual rate-controlling step, Boyd’s model has been applied for
istinguishing between outer diffusion and intra-particle diffusion

ontrol mechanisms. The linearity of the plot has been shown in
ig. S3d. Apparently, the regression lines do not pass through the
rigin, demonstrating the involvement of outer diffusion. There-
vironmental 186 (2016) 19–29

fore, the overall adsorption process is jointly controlled by outer
diffusion and intra-particle diffusion.

3.4. Adsorption equilibrium

The adsorption isotherm is crucial in providing useful infor-
mation to understand the adsorption process and to design the
adsorption system. Therefore, the experiment about the amount of
TC adsorbed at equilibrium to MLS-5 at various TC concentrations
has been carried out and the results have been depicted in Fig. S4a.
Three typical adsorption models (Langmuir, Freundlich and Temkin
models) are used to fit the experimental equilibrium adsorption
data. The fitting results are shown in Fig. S4(b–d), and the calculated
parameters are listed in Table S3. Experimental data fits Langmuir
model much better than Freundlich and Temkin model, suggesting
that the uptake of TC onto MLS-5 should be monolayer molecu-
lar adsorption process. Based on Langmuir model, the maximum
adsorption capacity of TC on MLS-5 is calculated as 157.2 mg/g.
Another essential characteristic of Langmuir isotherm, a dimen-
sionless constant separation factor (RL), can be expressed by the
following equation:

RL = 1
1 + kLC1

where C1 is the highest initial TC concentration (mg/L). This
parameter indicates that the isotherm is unfavorable (RL > 1), favor-
able (RL < 1), linear (RL = 1), or irreversible (RL = 0) [38]. Calculated
parameter (RL) for TC adsorption on MLS-5 is 0.01, indicating that
adsorption process is favorable at operation condition. The low RL
value (<0.04) demonstrates that the interaction between TC and
MLS-5 is relatively strong [10].

3.5. Photocatalytic removal of TC

To prove the photocatalytic activity of obtained MLS  as inte-
grated photocatalytic adsorbent, photodegradation experiments
of TC have been carried out under visible light illumination
(� > 420 nm)  after adsorption process. According to the above
batch adsorption experiments, suspension solution has been
magnetically stirred in the dark for 60 min  to establish adsorp-
tion/desorption equilibrium of TC onto MLS. The C/C0 is applied
to describe the degradation process (C and C0 are the TC concen-
tration at time t and 0, respectively). As shown in Fig. 9a , the TC
could hardly be degraded without any photocatalyst, while MLS
show much higher activity than that of pure In2S3 and MIL-125(Ti)
under the visible light exposure. It is clearly indicated that the
synergistic effect between MIL-125(Ti) and In2S3 as obtained by
chemical synthesis. The highest photocatalytic activity is shown by
MLS-1 with 63.3% of TC removal after 60 min  of visible light irra-
diation. What’s more, the photocatalytic activity of MLS  decreases
with the increase of the content of MIL-125(Ti). Increasing the con-
tent of MIL-125(Ti) will not only reduce the visible light absorption
due to its large band gap, but also decrease the efficient heteroin-
terfaces area between MIL-125(Ti) and In2S3. Moreover, when the
amount of In2S3 is relatively low, the increased recombination of
excited holes and electrons occurs, resulting in low photocatalytic
efficiency [25].

Considering the fact that the amount of In2S3 in MLS  is much
smaller than pure In2S3 during the photocatalytic experiments, the
heterostructure of MLS  is the crucial influence in photocatalytic
system process. On the one hand, the introduction of MIL-125(Ti)
can provide extra surface area to improve the adsorption of TC
will not only make the active surface highly accessible to the TC
molecules, but also improve the mass transfer within the hybrid
structure during photocatalytic process. On the other hand, the
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Fig. 9. (a) Photocatalytic performance of In2S3, MIL-125(Ti) and MLS  for TC degrada-
tion. (Experimental conditions: initial TC concentration = 46 mg/L, pH 5.9, m = 30 mg,
V
g
t

h
a
p
e

3

e
h
t
h
O
f
O
T
t
t
[
t
s
m
t
p
t
t
d
e
f
o
c
h
(
h

 = 100 mL)  For comparison, photocatalytic performance for no photocatalyst is also
iven. (b) Schematic illustration of photo-generated charge carrier’s separation and
ransfer in core–shell MLS  sample.

eterostructures formation of MLS  via the S Ti O bond leads to
n effective transfer of the photo-generated carriers during the
hotocatalytic reaction. High surface-to-volume ratios facilitate the
fficient transfer of electrons and holes to the surface of MLS.

.6. Photocatalytic mechanism

Under visible light illumination, In2S3 with narrow band gap
nergy can be easily excited for the generation of electrons (e−) and
oles (h+). The photo-generated electrons originated from In2S3
ransfer to the Ti4+ in the titanium-oxo cluster of MIL-125(Ti) via the
eterojunction structure, resulting in the reduction of Ti4+ to Ti3+.
xygen molecules in solution adsorbed onto porous MIL-125(Ti)

orm superoxide radicals (•O2
−) via electron transfer from Ti3+ to

2 due to the strong reducing ability of Ti3+ (−1.37 V vs SHE). The
i3+ ions are oxidized and further convert to Ti4+ ions. The electrons
ransportation via the presence of Ti3+–Ti4+ intervalence electron
ransfer had been demonstrated by Fu et al. [39]. and Wang et al.
20]. The relationship between the valence band (VB) and conduc-
ion band (VB) of MIL-125(Ti) and In2S3 in composite has been
hown in Fig. 9b. For MIL-125(Ti), the CB above Fermi energy are
ostly made up of Ti 3d, while the VB is mainly contributed from

he O 2 p states mixed with a small amount of C 2 p states [40]. The
hotogenerated electrons transfer from the CB of In2S3 nanosheets
o the CB of MIL-125(Ti) while the corresponding holes are left in
he VB of In2S3 nanosheets to oxidize water into O2(VB). Then, the
issolved O2 in solution as well as the O2(VB) capture the photogen-
rated electrons to yield •O2

− and subsequently produce •OH. The
ormed reactive species (•OH and •O2

−) efficiently degrade TC into
ther products. The main oxidative species produced in the photo-

atalytic process have also been demonstrated through radical and
ole trapping experiments (as shown in Fig. S5) using EDTA-2Na
h+ scavenger), p-benzoquinone (•O2

− scavenger), isopropyl alco-
ol (•OH scavengers) or N2 flow (excluding O2) [41]. The results
vironmental 186 (2016) 19–29 27

could also well support the proposed photocatalytic mechanism in
Fig. 9b.

3D EMMs  has been applied to characterize the residue solu-
tion after adsorption and photodegradation process. Four samples
(M1–M4) were collected: M1,  which was  collected without adsorp-
tion and irradiation. M2  was taken after 60 min adsorption in the
dark. M3  was taken after an irradiation time of 10 min. M4  was
taken after a longer irradiation time of 60 min. Fig. 10 shows the 3D
EEMs contour plots of samples M1–M4. Fluorescence quenching
effect in the presence of TC has been manifested broadly through-
out the 3D EEMs [28,42]. Thus, no fluorescence signal is observed
for the initial TC solution and the residue TC solution after 60 min
adsorption, as shown in Fig. 10(a and b). It is also demonstrated
that TC molecule has not been broken or degraded into other
products during the adsorption process. Upon the visible light illu-
mination, the general characteristics of the 3D EEM plots for M3
(Fig. 10c) and M4  (Fig. 10d) include two maxima peaks in the
wavelength range under investigation. According to the previous
research reported by Coble et al. [43]. and Valencia et al. [29], the
peak A at �ex/�em = (305–330 nm)/(430–450 nm)  and the peak B
at �ex/�em = (240–250 nm)/(435–450 nm)  may  be ascribe to humic
acids-like fluorescence region and fulvic acids-like fluorescence
region, respectively. The peak A and B is mainly due to the degra-
dation of TC molecules by MLS-1 under visible light irradiation.
However, the formation mechanisms of humic acids-like or fulvic
acids-like substances in the TC degradation process is still unclear
and will be deeply studied in the future research.

Further, fluorescence parameters (including peak location, max-
imum intensity, and peak intensity) of the residue solution after
10 min  and 60 min  irradiation have been extracted from 3D EEMs,
and are listed in Table S4. Apparently, the intensity of peak B is
higher than that of peak A, indicating a higher content of fulvic
acids-like organic matter. For peak A, the peak intensity increases
from 731.9 to 844.1, suggesting the increased content of humic
acids-like organic matter with the increase of irradiation. However,
the decreased peak intensity for peak B has been obtained, implying
that fulvic acids-like matter reduce and may  even be mineralized
into CO2 and H2O. Total organic carbon test has been carried out to
detect the carbon element in solution at 10 min and 60 min  irradi-
ation over MLS-1. The result shows that after 60 min  of irradiation,
a mineralization rate of 16.9%TOC removal is obtained, which is
higher than that of 10 min  irradiation (9.2% TOC removal).

3.7. Photocatalyst recyclability

To investigate the recyclability of photocatalyst, the MLS-1 sam-
ple after photocatalytic reaction is gathered by centrifugation and
reused in the next photocatalytic reaction for three times under the
same conditions. As shown in Fig. 11, the MLS-1 sample displays
good recyclability in terms of photocatalytic TC degradation dur-
ing three reaction cycles. As a result, MLS-1 is stable and recyclable
for the photocatalytic degradation of TC, which is important for its
practical application.

3.8. Preliminary experiment about the application of real
wastewater treatment

From a practical point of view, the composition of wastewater
is extremely complex. There is a need to investigate the effect of
various wastewater for the removal of TC using MLS-1 as the IPA.
Thus, the water including medical wastewater (pH 7.03), municipal
wastewater (pH 6.96) and river water (pH 7.26) were used as the

solution for the preparation of 40 mg/L TC-obtained wastewater.
After the adsorption and photocatalytic process, more than 81%,
83% and 85% of TC is removed by MLS-1 for TC-obtained medical
wastewater, municipal wastewater and river water, respectively.
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Fig. 10. 3D EEMs of (a) M1,  (b
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ig. 11. Recycling tests of MLS-1 photocatalytic adsorbent under visible light irra-
iation.

t is suggested that MLS-1 displaying high adsorption capac-
ty combined with efficient visible photocatalytic degradation, is
avourable for the purification of TC-contaminated wastewater.

. Conclusion

A novel core–shell In2S3@MIL-125(Ti) photocatalytic adsorbent
ith large surface area and mesoporous structure was success-

ully synthesized by a facile solvothermal method. The integrated
hotocatalytic adsorbent exhibited high adsorption affinity com-
ined with superior photocatalytic activity for the removal of TC.
he TC adsorption onto MLS  was mainly ascribed to surface com-
lexation, �–� interactions, hydrogen bonding and electrostatic

nteractions. It was also strongly dependent on solution pH, initial

C concentration and ion strength. The adsorption processes can be
escribed via Langmuir isotherms and pseudo-second-order mode.
urther, the TC degradation experiments under visible light irra-
iation showed that the additive content of optimal MIL-125(Ti)
) M2,  (c) M3  and (d) M4.

in synthesis process was determined to be 0.1 g, and the corre-
sponding photodegradation efficiency for TC was 63.3%, which was
higher than that of pure In2S3 and pure MIL-125(Ti), respectively.
The opened porous structure, effective transfer of photo-generated
carriers, Ti3+–Ti4+ intervalence electron transfer and the synergis-
tic effect between MIL-125(Ti) and In2S3 were the main reasons
for improved photo-degradation performance. Most importantly,
MLS-1 can efficiently remove TC from medical wastewater, munic-
ipal wastewater and river water. Therefore, it could be concluded
that the novel core–shell structured materials could be used as
promising integrated photocatalytic adsorbent for the purification
of antibiotics from wastewater. However, since the performance
of MOFs can be readily tuned by changing the constituent metal
ions and bridging organic linkers, more MOFs-based photocatalytic
adsorbent with various morphology and structure will be expected
for the applications of environmental remediation.
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