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ARTICLE INFO ABSTRACT

Keywords: Recently, metal-organic frameworks with high porosity have drawn extensive attention in environment re-
MIL-53(Fe) mediation. Herein, a variety of porous metal-organic frameworks were synthesized, including MIL-53(Fe), NH,-
Functionalized MIL-53(Fe), NO,-MIL-53(Fe) and Br-MIL-53(Fe), to adsorb tetracycline (TCN) from aqueous solution. Results
?S:r(;rcl;tciﬁze showed that the functionalized MIL-53(Fe) exhibited higher adsorption performance than the pristine MIL-

1

53(Fe). Among MIL-53(Fe) series, Br-MIL-53(Fe) had the highest maximum adsorption capacity of 309.6 mgg™ .
Effects of initial pH values, co-existed ions and humic acid on the adsorption performance of functionalized MIL-
53(Fe) were investigated. The adsorption kinetics fitted well with pseudo-second order model and the adsorption
isotherms matched Langmuir model, which suggested that the adsorption process was dominant by chemi-
sorption and the adsorption surface was homogenous. Additionally, adsorption thermodynamics showed that the
adsorption process of TCN on MIL-53(Fe) series were spontaneous and endothermic. More importantly, the
functionalized MIL-53(Fe) demonstrated excellent recyclability and the detailed adsorption mechanism was
discussed. Therefore, this work provided a strategy for fabrication of efficient MOFs-based adsorbent for anti-

biotic-containing wastewater treatment.

1. Introduction

Antibiotics, especially tetracycline antibiotics, are widely utilized in
healthcare, animal husbandry and fish farming, due to their low cost,
obvious effect and wide antimicrobial spectrum [1]. However, the
abuse of antibiotics has caused serious environmental issues for their
persistence, biological accumulation and long-distance migration,
which have posed a latent threat to human health [2,3]. It was reported
that the concentration of antibiotics in raw domestic sewage was in the
range of 100ng L™ '-6 mg L. ™', while the antibiotics concentration was
even detected in the range of 100-500 mgL ™' in pharmaceutical and
hospital wastewater [4]. As a consequence, an economical and effective
method was needed for the remediation of antibiotic pollutants in water
environments.

To date, various methods have been intensively investigated to
eliminate antibiotics in aquatic environment, including electrochemical
method [5], advanced oxidation processes (AOPs) [6], biological
method [7], anaerobic digestion [8] and membranes separation [9].
However, these strategies have some deficiencies, which severely

restricts their extensive utilization in practical applications. For in-
stance, electrochemical method and AOPs may releases by-products
which can cause secondary pollution. Some antibiotic residues are
unable to be effectively removed by traditional biological methods
owing to their antibacterial properties [10]. Additionally, membrane
separation process suffers from membrane fouling because of the ac-
cumulation of contaminants on membrane surface [11]. Fortunately,
adsorption shows superiority in wastewater treatment for its low op-
eration cost, none secondary pollution and high removal efficiency
[12]. Recently, various porous materials have been reported as pro-
mising adsorbents, such as activated carbons [13], multiwall carbon
nanotubes [14] and graphene oxide [15]. However, few of these ma-
terials show high efficiency, selectivity and stability for antibiotics
adsorption. Therefore, it is imperative to develop adsorbents with ex-
cellent properties [16].

Metal-organic frameworks (MOFs) are a relatively emerging kind of
porous materials, have caused widespread concerns and achieved en-
ormous development in the last decade. MOFs are constructed by self-
assemble of metal cations/clusters and organic ligands [17,18]. MOFs
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with high specific surface area, high porosity and structural diversity as
well as adjustable pore size/shape, have demonstrated diverse potential
applications in pollutants removal, chemical sensing, catalysis and gas
storage [19,20]. Recently, adsorption using MOFs is not only one of the
most widely investigated applications but also becoming one of the
most prospective applications. So far, MOFs have been reported much
for adsorptive removal hazardous substances from aqueous solutions.
For example, Yang et al. utilized Ce(IlI)-doped UiO-66 to adsorbed
organic dyes from aqueous solution. The adsorption capacity of Ce
(IlD)-doped UIO-66 for methylene blue was 490% higher than the
pristine UiO-66 because of the increased specific surface area [21]. And
Yue et al. obtained hierarchical porous Zn-MOF-74 with a specific
surface area of 759 m? g~ ' by a template-free strategy which showed
excellent adsorption potential [22]. Abazari et al. reported various
nanostructured MOF with high amoxicillin antibiotics adsorption ca-
pacity of 486.4mgg~' [23]. The other reports of antibiotics removal
from aqueous solution including tetracycline on MIL-101(Cr) [24], ci-
profloxacin on ZIF-8 [25], sulfonamide antibiotics on HKUST-1 [26]
and so on. Therefore, it is necessary to synthesis MOF-based materials
with excellent adsorption performance. The MIL-53(M) series is a ty-
pical class of MOFs with the advantages of flexible structure, stable
chemical properties and breathing feature stability [27]. Furthermore,
the high-valence metal ion center of Fe** with the most commonly
used carboxylate-type ligands can be easily applied to synthesized
water stable MOFs [28].

In general, regulating the properties of MOFs by grafting with spe-
cific functional groups is an effective strategy to improve the adsorption
performance of adsorbents. Besides, the strategy of grafting can be
simply achieved by importing functional groups on organic ligands
[29]. Hence, in this work, the -NH,, -NO, and -Br groups were in-
troduced in MIL-53(Fe) by one-step solvothermal method. Scanning
electron microscope (SEM), X-ray power diffractometer (XRD), Fourier
transform infrared spectrum (FTIR) and Brunauer-Emmett-Teller (BET)
were utilized to characterized the physical and chemical properties of
as-obtained MIL-53(Fe)-based adsorbents. The adsorption performance
of functionalized MIL-53(Fe) for TCN adsorption was investigated and
the possible adsorption mechanisms were proposed. The effects of in-
itial pH values, co-existed ions and humic acid on adsorptive removal of
TCN were analyzed. Moreover, the reusability of adsorbents was stu-
died. Excellent adsorption performance of functionalized MIL-53(Fe)
provided a new sight on tetracycline removal.

2. Experimental section
2.1. Chemicals

Reagents used in this experiment included N, N-dimethylformamide
(DMF, 99.5%), Iron(Il) chloride hexahydrate (FeCl36H,0, 99%), tet-
racycline (TCN), ethanol (99.5%), terephthalic acid (H,BDC, 99%), 2-
aminoterephthalic acid (2-NH,-H,BDC, 99%), nitro-terephthalic acid
(2-NO,-H,BDC, 99%) and 2-bronoterephthalic acid (2-Br-H,BDC, 99%)
which were all purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). All of the above chemicals were analytical reagent
grade and used without purification.

2.2. Synthesis of adsorbents

MIL-53(Fe) was prepared according to our previously reported lit-
erature [14]. In a typical solvothermal method, FeCl;6H,0 (0.674 g)
and 1, 4-H,BDC (0.415 g) were added into a beaker which containing
56 mL DMF solution. Subsequently, stirring for 1 h at room temperature
and then poured the as-prepared solution into a 100 mL Teflon-lined
stainless-steel autoclave and kept at 170 °C for 24 h. After cooling down
to room temperature, the solids were washed with DMF and ethanol
and collected by centrifugation. Finally, the yellow products were va-
cuum dried under 100 °C for several hours.
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NH,-MIL-53(Fe) was obtained by one-step solvothermal method
according to the literature with some modifications [30]. Typically,
FeCl36H,0 (0.674 g), 2-NH,-H,BDC (0.452 g) and 56 mL DMF were
mixed in a beaker with continuous stirring for 1 h at room temperature.
Next, poured the clarified solution into a 100 mL Teflon-lined stainless-
steel autoclave and heated at 170°C for 24h. Subsequently, after
cooling the obtained NH,-MIL-53(Fe) solids were washed with DMF
and ethanol for several times and separated by centrifugation. At last,
the brown products were dried in vacuum at 100 °C for several hours.
As the same methods, the NO,-MIL-53(Fe) was synthesized by 0.674 g
of FeCl36H,0 and 0.525g of 2-NO»-H,BDC, the Br-MIL-53(Fe) was
synthesized by 0.674 g of FeCl3:-6H,0 and 0.610 g of 2-Br-H,BDC.

2.3. Characterization methods

Scanning electron microscope (SEM) was performed on a Carl Zeiss
(EVO-MA10, Germany) system. X-ray power diffraction (XRD) patterns
were measured by a D8 Bruker diffractometer with Cu Ka X-ray source.
Fourier transform infrared spectroscopy (FTIR) measurements were
recorded on a Nicolet 5700 Spectrometer (Nicolet, USA). The N, ad-
sorption-desorption isotherms were performed on a Quantachrome
(USA) analyzer and the adsorption parameters of samples were ob-
tained by Brunauer-Emmett-Teller method. The zeta potentials of ad-
sorbents at different initial pH values were measured by Zeta-sizer
Nano-ZS (Malvern, UK).

2.4. Adsorption experiments

The whole adsorption experiments were performed in the form of
batch adsorption. The 1000 mg L~ stock solution of TCN was obtained
by dissolving 1 g of TCN powders into ultra-pure water. The different
concentration of TCN solution used in adsorption experiments were
prepared by diluting the stock solution. The initial pH value was 7.0
which was adjusted by adding NaOH or H,SO,4 (0.01-0.1 M). All ad-
sorption experiments were performed in a constant temperature water
bath shaking table with a constant vibration speed of 300 rpm stirring
for 24 h. Ultraviolet visible spectrophotometer was used to measure-
ment TCN concentrations at 357 nm. The calibration curves of TCN
were measured at a concentration of 5-60 mg L~ '. The adsorption ca-
pacity of adsorbents were calculated according to the following for-
mula:

_ (G -C)V
qe - m (1)

In equation (1), Cp (mg L™ 1 is the initial concentrations of TCN and
C. (mg L™1) is the equilibrium concentrations. m (g) is the mass of
adsorbents and V (L) is the volume of TCN solutions.

The adsorption kinetics experiments were studied by adding 10 mg
adsorbents to 50 mL of 20mgL~* TCN solutions. Residual TCN con-
centrations were measured at a predetermined time interval
(5 min-24 h). The adsorption isotherms of were performed at a condi-
tion of TCN concentrations 5-200 mgL~' with an initial pH 7.0 at
298 K. The thermodynamic properties of MIL-53(Fe) series were per-
formed at 298, 308 and 318 K, respectively. The effect of initial pH was
studied at 298 K. The initial pH values were in the range of 3-10 which
was obtained by adding negligible volume of 0.01-0.1 M NaOH or
H,SO, solution. Subsequently, the experiment influencing factors of co-
existed ions were investigated. This involved adding NaCl or CaCl, to
20 mg L~ TCN solutions which contained 10 mg adsorbents and the
concentrations of NaCl or CaCl, were in the range of 0-9gL™!.
Furthermore, the effect of HA concentration on adsorption were stu-
died. In this adsorption experiment, TCN concentration was confirmed
at 20mgL~' and the concentration of HA were between 0 and
40 mg L™ 1. Finally, the regeneration experiments after adsorption were
explored using ethyl alcohol as the eluent of TCN.
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Fig. 1. The SEM images of MIL-53(Fe) (a) NH,-MIL-53(Fe) (b) NO,-MIL-53(Fe) (c¢) and Br-MIL-53(Fe) (d).

3. Results and discussion
3.1. Characterization of the MIL-53(Fe) series

The surface morphology of the as-prepared samples was char-
acterized by SEM (Fig. 1). Fig. 1a showed that the MIL-53(Fe) particles
exhibited a rod-like crystallites with an average width of 10 um.
However, the surface morphology of functionalized MIL-53(Fe) was
changed obviously. As shown in Fig. 1b and ¢, NH,-MIL-53(Fe) and
NO,-MIL-53(Fe) displayed a typical bipyramidal hexagonal prism
structure with sharp edges and had a smooth surface. And Br-MIL-
53(Fe) showed a cubic octahedron structure which surface was smooth.
The introduction of diverse branched groups on the organic ligands had
effect on the morphology of MIL-53(Fe). Besides, the SEM images
showed that the MIL-53(Fe) samples grafting with various group had
different size. NH,-MIL-53(Fe) and NO,-MIL-53(Fe) revealed a more
regular shape and uniform size. While Br-MIL-53(Fe) had a smaller
average diameter of 10 um than NH,-MIL-53(Fe) and NO,-MIL-53(Fe).

The FTIR spectra measurements were investigated to revealed the
connection of characteristic functional groups between functionalized
MIL-53(Fe) and MIL-53(Fe). As shown in Fig. 2, there were character-
istic peaks at 538cm™!, 750cm™!, 1390cm™!, 1540cm™! and
1650 cm ™! in the MIL-53 (Fe) infrared spectrogram, which were cor-
responded to the Fe-O stretching vibration, C-H, C-O, C-O and C=0,
respectively [31]. For NH,-MIL-53(Fe), the characteristic peak at
3794 cm ™! was attributed to the asymmetrical vibrations of amine
moieties [32]. Besides, the characteristic peaks of NH,-MIL-53(Fe) at
1246 cm ™! and 1689 cm ™!, which were characteristic C-N stretching
vibration and N-H bending vibration of aromatic amines in the lower
frequency region. As displayed in NO,-MIL-53(Fe), the spectrum of the
NO,-MIL-53(Fe) exhibited a band at 1556 cm ™! which corresponded to
a asymmetric vibrations of -NO, [33]. The FTIR spectrum of Br-MIL-
53(Fe) was quite similar to the MIL-53(Fe). In the FTIR curve of Br-MIL-
53(Fe), there was no typical C-Br stretching vibration bands around
550 cm ™!, which was partially covered by the stretching vibration of
Fe-O [34].

The crystalline phase of MIL-53-(Fe), NH,-MIL-53(Fe), NO5-MIL-
53(Fe) and Br-MIL-53(Fe) were obtained by X-ray diffraction (XRD)
analysis (Fig. 3). The XRD pattern of pristine MIL-53(Fe) was in perfect
fitted with the previous reported which indicated the successful
synthesis of MIL-53(Fe) [35]. After modification by grafting different

Br-MIL-53(Fe)
NO,-MIL-53(Fe)

NH,-MIL-53(Fe)

MIL-53(Fe)

Transmittance %

4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (cm ')

Fig. 2. The FTIR spectra of MIL-53(Fe) series.

functional groups, all diffraction peaks of functionalized MIL-53(Fe)
were in accordance with the MIL-53(Fe) pattern, which suggested that
the introduction of ligand substituents had no effect on the framework
structure of MIL-53(Fe).

The adsorption parameters of the as-prepared adsorbents were ob-
tained by BET method and the result was illustrated in Fig. 4 and
Table 1. Fig. 4 indicated that all the MIL-53(Fe) series had a type H3
hysteresis and all the curves corresponded to the typical type IV iso-
therms. The result could be due to the volume filling theory of meso-
porous [36]. As shown in Table 1 showed, after grafting with functional
groups, the pore size of functionalized MIL-53(Fe) was smaller than
pristine MIL-53(Fe). Additionally, the BET surface area increased in the
order of NO,-MIL-53(Fe) < Br-MIL-53(Fe) < MIL-53(Fe) < NH,-
MIL-53(Fe). This conditions probably because of the additional volume
of introduced functional group and the partial destruction of the MIL-
53(Fe) series structures during the modifications under harsh condi-
tions [37].
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Fig. 4. N, adsorption-desorption isotherms of MIL-53(Fe) series.

3.2. Adsorption kinetics and adsorption isotherms

The effect of different initial contact time and different initial con-
centrations were investigated and the result was illustrated in Fig. S1
and Fig. S2. Details of the results and discussions were contained in the
Supplementary Information. The adsorption data of MIL-53(Fe) series
were fitted well with pseudo-second order model (Fig. 5). It suggested
that the rate limiting step in the adsorption process might be the che-
misorption [38]. The adsorption of TCN onto MIL-53(Fe) series fitted
well with Langmuir isotherm models (Fig. S2 and Table 2), which
confirmed that the surface adsorption sites on adsorbents were homo-
geneous distribution and the adsorption of TCN on MIL-53(Fe) series

Table 1
Surface area, pore size and pore volume parameters of MIL-53(Fe) series.
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might occurred in the monolayer mode [24].

3.3. Adsorption thermodynamics

The effect of different temperature was assessed for adsorption ex-
periments. As shown in Fig. S4, with the increase of temperature, the
adsorption rate of MIL-53(Fe) series increased obviously but the tem-
perature had a slight effect on the equilibrium adsorption capacity of
MIL-53(Fe) series. To better evaluated the effect of temperature, the
thermodynamic parameters of enthalpy change (AH), Gibbs free energy
(AG) and entropy change (AS) could be calculated according to the
following equations [39].

AH

InC,==— +K
Be= Rr @
A G= —RTInk, 3)
K, = 10°K; ()]
AH — AG
AS ="
T 5)

In equations (2)—(5), R is the gas constant (8.314Jmol 'K~ !); T
(K) is thermodynamic temperature; K, is the thermodynamic equili-
brium constant and K;, (L. mg~!) is Langmuir equilibrium constant.

The slope of fitted curves (Fig. S5) contrasted with AH/R and the
thermodynamics parameters were obtained in Table 3. As shown in
Table 3, the AG values of all adsorbents were negative which illustrated
the TCN adsorption over MIL-53(Fe) series were spontaneous and
thermodynamically favorable. Furthermore, with the increased of
temperature, the values of AG decreased which confirmed that the
adsorption process at higher temperature might promoted TCN ad-
sorption onto adsorbents. The AH values of MIL-53(Fe), NH,-MIL-
53(Fe), NO,-MIL-53(Fe) and Br-MIL-53(Fe) were 49.6, 11.6, 3.7,
9.4kJ mol ™!, respectively. It could be due to the TCN adsorption over
MIL-53(Fe) series were a physicochemical adsorption process [40].
Moreover, the positive AH values implied TCN adsorption were a ty-
pical endothermic process, which were consistent with adsorption
thermodynamics experiments. The positive AS values demonstrated
that an increased randomness occurred at the solid-liquid interface. In a
word, the adsorption process was an endothermic and spontaneous
process.

3.4. Effect of pH and co-existed ions

The effect of pH values on TCN adsorption of functionalized MIL-
53(Fe) were shown in Fig. 6a. All of the functionalized MIL-53(Fe) re-
vealed a decent adsorption performance for TCN. The maximum ad-
sorption capacity of NH,-MIL-53(Fe) and NO,-MIL-53(Fe) at pH 7.0
were 73.2mgL~" and 87.4 mgL ™", respectively, while the maximum
adsorption capacity of Br-MIL-53(Fe) at pH 9.0 was 95.1mgL~". In
addition, the zeta potential of functionalized MIL-53(Fe) were mea-
sured to further analyzed the trend of observed results. As shown in
Fig. 6b, the neutral charge of NH,-MIL-53(Fe), NO,-MIL-53(Fe) and Br-
MIL-53(Fe) were at pH 8.1, 7.5 and 6.5, respectively. The dissociation
constants (pK,) of TCN were 3.32, 7.78 and 9.58, illustrating TCN at

Samples MIL-53(Fe) NH,-MIL-53(Fe) NO,-MIL-53(Fe) Br-MIL-53(Fe)
Surface area® (m* g~ ') 52.18 65.64 30.01 39.75

Pore size”(nm) 8.81 3.80 4.85 4.07

Ve (em® g™ 1) 0.115 0.314 0.243 0.107

& Measured using N, adsorption with the Brunauer-Emmett-Teller (BET) method.

> Pore size in diameter calculated by the desorption data using Barrett-Joyner-Halenda (BJH) method.

¢ Total pore volume determined at P/P, = 0.99.
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Fig. 5. The pseudo-first order model (a) pseudo-second order model (b) and intra-particle diffusion model for TCN adsorption.

pH < 3.32 was positive charge, at 3.32 < pH < 7.78 was neutral
charge and at pH > 7.78 was negative charge. Therefore, there would
be no electrostatic interaction at 3.32 < pH < 7.78, repulsive inter-
actions would be observed at pH > 8.1 for TCN adsorption over NH»-
MIL-53(Fe) and NO,-MIL-53(Fe), attractive interaction would be ob-
served at pH > 8.1 for TCN adsorption over Br-MIL-53(Fe). However,
the tendencies shown in Fig. 6 were quite different from that expected.
Besides, the removal process still had a certain amount of adsorption for
TCN at pH 3.0-10.0, which indicated that the mechanism of TCN ad-
sorption process was not dominated by electrostatic interaction. It
could be attributed that TCN adsorption process was mainly occurred
by the 5t-it interaction, because of the presence of benzene rings on TCN
and MIL-53(Fe) series [41].

Actually, the composition of domestic and industrial effluents are
complex, the inorganic ions usually coexist with the organic pollutants
and salts. The effect of co-existed ions on functionalized MIL-53(Fe)
adsorption performance were shown in Fig. 7. When NaCl or CaCl, was
added in the TCN solution, the adsorption of TCN on functionalized
MIL-53(Fe) were obviously inhibited. On one hand, the overall trend of
adding NaCl or CaCl, to the solution were similar, with the increased of
ionic strength, the adsorption capacity decreased. This phenomenon
might be caused by the addition ions could compete the adsorptive sites
of functionalized MIL-53(Fe) with TCN molecules. On the other hand,
the inhibitory effect of CaCl, adsorption in TCN was greater than NaCl,
which could be interpreted as that Ca®>* had more charge at the same
concentration than Na™, resulting in a stronger competitive adsorption
and TCN.

3.5. Effect of humic acid

Humic acid (HA) is ubiquitous in natural water environment sys-
tems and is mainly obtained by the microbial decomposition and
transformation of the dead plant matters [42]. Fig. 8 showed the TCN
adsorption capacity of functionalized MIL-53(Fe) with different HA

Table 3
The thermodynamic parameters of TCN adsorption on MIL-53(Fe) series.

Samples T(K) AH(KJmol™) AS(KJmol 'K AG (KJmol™!)
MIL-53(Fe) 208 49.6 0.245 -23.6
308 —-24.4
318 -25.1
NH,-MIL-53(Fe) 298  11.6 0.116 -23.0
308 -23.8
318 -24.6
NO,-MIL-53(Fe) 298 3.7 0.0902 -23.1
308 -23.9
318 -24.7
Br-MIL-53(Fe) 208 9.4 0.107 -22.5
308 -23.2
318 —-24.0

adding. When HA was added, the adsorption capacity of functionalized
MIL-53(Fe) decreased. It illustrated that the presence of HA inhibited
TCN adsorption onto MOFs. In general, the interactions between HA
and MOFs surface were complicated because the existence of sp2 and
sp3 components in MIL-53(Fe) series [43]. There were abundant
functional groups in HA molecules, such as phenolic hydroxyls and
carboxylates. Those functional groups caused the zeta potential of HA
at pH > 1.5 was negative. For this reason, HA could interact with TCN
molecules. Accordingly, the competitive adsorption between TCN-HA
compounds and HA-MOFs in aqueous solution inhibited TCN adsorp-
tion onto MOFs [44]. Furthermore, the inhibitory effect could be due to
that HA occupied some of the surface adsorption sites through strong -
7 interactions [45].

3.6. The possible adsorption mechanism

To obtain deeper understanding of TCN adsorption over MIL-53(Fe)
series, the possible mechanisms of adsorption were investigated. The

Table 2
Langmuir, Freundlich and Temkin isotherms parameters for TCN adsorption on MOFs.
Isotherm models Parameters Samples
MIL-53(Fe) NH,-MIL-53(Fe) NO,-MIL-53(Fe) Br-MIL-53(Fe)
Langmuir Qm,exp (Mg g h 248.3 265.3 269.8 307.4
Qm,cal (Mg g~ b 247.7 2719 272.6 309.6
K.(Lg™hH 0.0135 0.0109 0.00868 0.0113
R? 0.995 0.999 0.994 0.995
Freundlich Kr [(Lmg™ )" mg g~'] 11.6 15.8 18.5 18.2
1/n 0.594 0.544 0.519 0.549
R? 0.936 0.945 0.926 0.870
Temkin Kr (L mg_l) 0.174 0.207 0.199 0.192
b mol 'gmg™hH 37.8 37.2 35.2 30.5
R? 0.923 0.935 0.967 0.957
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Fig. 6. The effect of pH for TCN adsorption (a) and zeta potential of functionalized MIL-53(Fe). Adsorption conditions: adsorbent loading = 0.2 gL~ !; initial TCN
concentration = 20 mg L~ ; temperature = 298 K. Error bars represent the standard deviation of triplicate samples.

size of tetracycline molecular was 0.5 X 2nm or so. The pore size of
MIL-53(Fe), NH,-MIL-53(Fe), NO,-MIL-53(Fe), Br-MIL-53(Fe) were
8.81, 3.80, 4.85, 4.07 nm, respectively. The pore size of MOFs particles
was larger than TCN molecules which was conducive to the effective
entry of TCN into MOFs. Since the adsorption could happened inside
the MOFs. In addition, the pore size of functionalized MOF particles
were larger than TCN molecules marginally, which was helpful for
suppress the shedding of TCN that had been adsorbed on MOFs [46]. As
discussed in BET analysis, the surface area and pore size/volume of
MIL-53(Fe) were 52.18 m?g~ !, 8.81nm and 0.115cm®g™?!, respec-
tively. However, compared with the pristine MIL-53(Fe), the surface
area and pore size/volume of functionalized MIL-53(Fe) inconsistent
with the increase of adsorption capacity. Therefore, the TCN adsorption
process was not concerned with the physical properties of adsorbents
which indirectly indicated that the TCN adsorption process was not
dominated by physisorption. The TCN adsorption onto MIL-53(Fe)

series were fitted well with pseudo-second order model, proving the
adsorption reaction was dominated by chemisorption. Besides, the TCN
adsorption TCN adsorption onto MIL-53(Fe) series could be regarded as
a monolayer adsorption because the adsorption isotherm obeyed
Langmuir isotherms. The TCN adsorption onto MIL-53(Fe) series were
mainly occurred by z-n interaction. In addition, the H-receptors func-
tional groups (-NH,) on NH,-MIL-53(Fe) and the existence of H-donors
groups (-OH) on TCN, which indicated hydrogen bonding interactions
might occurred at TCN adsorption onto NH,-MIL-53(Fe). On the basis
of the same m-w interaction, the extra hydrogen bonding interaction
caused NH,-MIL-53(Fe) had higher adsorption capacity than MIL-
53(Fe). Besides, the metal centers and Fe-O clusters in MIL-53(Fe) series
had Lewis acid properties [47] and TCN molecule was alkalescent be-
cause of the existence of amine groups. Moreover, the existence of
electron-withdrawing groups (-NO,, -Br) could provide more strong
Lewis acidity. The acid-base interaction between NO,/Br-MIL-53(Fe)

100 100 100
a b C 3
4 804
80 [ZZINH,-MIL-53(Fe) 801 N0, MIL53(Fe) [ZZ1Br-MIL-53(Fe)
. 60- ~ 601 60
()] 60 TU) o
()] o o
£ 4] £ 40+ £ 40
(e F o
20+ 20+ 204
0 T T T T T Y y T T T 0 T T T T T T T T T T O v T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 012304 ?__16789 012304346789
C, (L") nar(9L) N9 L)
d 100 e 100 f 100
80+ 804 = sod |
[ZINH,-MIL-53(Fe) z [1Br-MIL-53(Fe)
s, 7] ZINO,-MIL-53(Fe)
% 604 < 604 < 601
(o] fe)) B o
> o ‘ o - -
< 40- E 401 £ 401
o o og
20 20+ 20
0 T T T T T T T T T 0 T T T T T T T T T T 0 v v v g M M T M M T
01 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 456 7 89
g -
C.-aL") C.9gL") C.(gL?)

Fig. 7. The effect of NaCl on the adsorption performance of NH2-MIL-53(Fe) (a) NO2-MIL-53(Fe) (b) Br-MIL-53(Fe) (c); the effect of CaCl2 on the adsorption
performance of NH2-MIL-53(Fe) (d) NO2-MIL-53(Fe) (e) Br-MIL-53(Fe) (f). Adsorption conditions: adsorbent loading = 0.2 gL—1; initial TCN concentra-
tion = 20 mg L-1; temperature = 298 K; initial pH = 7. Error bars represent the standard deviation of triplicate samples.
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Fig. 8. The effects of humic acid on the adsorption performance of NH,-MIL-53(Fe) (a) NO,-MIL-53(Fe) (b) Br-MIL-53(Fe) (c). Adsorption conditions: adsorbent
loading = 0.2 g L™ *; initial TCN concentration = 20 mg L™ '; temperature = 298 K; initial pH = 7. Error bars represent the standard deviation of triplicate samples.

and amine groups of TCN molecules might be a possible mechanism for
the chemisorption. Thus, NO,-MIL-53(Fe) and Br-MIL-53(Fe) had better
adsorption performance than MIL-53(Fe). Furthermore, Br-MIL-53(Fe)
had more obvious breathing features. The pore of Br-MIL-53(Fe) could
change from narrow pore to large pore. With the increasing adsorption
amount of Br-MIL-53(Fe) to TCN, the pore size and pore volume of Br-
MIL-53(Fe) became higher [48]. The increased pore size and pore vo-
lume enables more TCN molecules could be adsorbed into Br-MIL-
53(Fe). Therefore, among MOFs series, Br-MIL-53(Fe) had the max-
imum adsorption capacity. In short, the adsorption of TCN onto the
MIL-53(Fe) series was a complicated process. The reason for TCN ad-
sorption on MIL-53(Fe) series should be further investigation.

3.7. Reusability of adsorbents

For practical application, an excellent adsorbent should be re-
producible. Therefore, the regeneration experiments of functionalized
MIL-53(Fe) were performed by using ethyl alcohol as the eluent of TCN.
As shown in Fig. S6, the adsorption capacity of functionalized MIL-
53(Fe) could still reach nearly 80% after four adsorption recycles,
which indicated excellent reusability of functionalized MIL-53(Fe).

4. Conclusion

In summary, a series of functionalized MIL-53(Fe) were synthesized
successfully by a facile solvothermal approach and applied for ad-
sorptive removal of tetracycline antibiotics from aqueous solution. All
functionalized MIL-53(Fe) showed a higher adsorption capacity than
the pristine MIL-53(Fe). The maximum adsorption capacities of NH,-
MIL-53(Fe), NO,-MIL-53(Fe) and Br-MIL-53(Fe) for removal TCN can
reach 271.8mgg™!, 272.6mgg~! and 309.6mgg~?!, respectively.
Furthermore, the adsorption kinetic studies indicated that the TCN
adsorption process was chemisorption and the results of adsorption
isotherms suggested that the adsorbents had a homogenous surface.
Besides, the dates of adsorption thermodynamic revealed that the ad-
sorption process were spontaneous and endothermic. More importantly,
initial pH, co-existed ion and humic acid had obviously influence on the
adsorption properties of functionalized MIL-53(Fe). The adsorption
mechanism revealed that the TCN adsorption process was dominated by
q-;t interaction. Moreover, the presence of NH,- group provided an
extra hydrogen bonding interaction for TCN adsorption on NH,-MIL-
53(Fe). Additional acid-base interaction was occurred between NO,/Br-
MIL-53(Fe) and TCN. Owing to the breathing features of Br-MIL-53(Fe),
Br-MIL-53(Fe) had the best adsorption properties among MIL-53(Fe)
series. Besides, the functionalized MIL-53(Fe) adsorbents showed ex-
cellent reusability which could be reused for four cycles. This study is
expected to provide a feasible strategy for the removal of tetracycline
antibiotics and broaden the application range of MOFs as adsorbents.
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