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Abstract

MOF-818, a mesoporous cage metal-organic framework, was investigated for the removal of tetracycline hydrochloride
(TC) from aqueous environment. The product was characterized by XRD, BET, FESEM, FT-IR, XPS and TGA. The influence
of different parameters such as solution pH, contact time, temperature, adsorption dosage, initial TC concentration on
the adsorption capacity was investigated. The as-prepared MOF-818 showed rapid removal of TC and with maximum
saturated adsorption capacity calculated to be 442.5 mg g™ at pH 3.32, 323 K. The adsorption isotherms were fitted by
Langmuir, and Freundlich models. The kinetic data was analyzed by pseudo-first-order, pseudo-second-order, and intra-
particle diffusion models. The TC adsorption process followed pseudo-second-order kinetics and best fitted the Langmuir
adsorption model. The thermodynamic data showed that the adsorption was a spontaneous and endothermic reaction.
A mechanism for TC adsorption was proposed and the chemisorption and m—m interaction was believed to direct the

interaction between MOF-818 and TC molecules.
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1 Introduction

Nowadays, pollution in aquatic environments caused by
discharge of toxic pollutants is a severe problem faced
by numerous countries all around the world. Among the
industrial pollutants, heavy metal ions such as Cr(VI),
As(V), Pb?" and Hg?* [1-7] and organic pollutants includ-
ing dyes [8-12] and antibiotics [13-15] are particularly
prominent because all of them create a serious hazard to
the aquatic system and human health even at low con-
centration. Therefore, from an environmental and safety
perception, the removal of these types of toxic pollutants
from wastewater is an important research topic. Several
treatment methods such as adsorption [1-6, 8-10], ion-
exchange [7], photocatalytic degradation [12, 16, 17], and
biodegradation [18] have been developed for the removal

of pollutants from wastewater. Among them, adsorption
is highly regarded as a feasible, economical, and environ-
mentally friendly approach for pollutants removal. Sorb-
ents based on diverse materials such as nanocomposite,
activated carbon, waste biomass, clay minerals etc. have
been proved to be efficient for the removal of heavy metal
ions, dyes and antibiotics.

Here, we focus on the removal of antibiotic Tetracy-
cline hydrochloride (TC) from water environment by
adsorption strategy. Antibiotic residues in aquatic eco-
system have always been serious environmental issues.
TC is one of the most frequently used antibiotics which
has been used to treat bacterial infections in humans and
feed animals as a growth promoter. However, the lower
utilization rate causes that more than 70% of tetracycline
would be excreted in urine and feces of humans and

>4 Guoe Cheng, chengge@cug.edu.cn | 'Faculty of Materials Science and Chemistry, China University of Geosciences (Wuhan), 388
Lumo Road, Wuhan 430074, China. 2Engineering Research Center of Nano-Geo Materials of Ministry of Education, China University

of Geosciences (Wuhan), 388 Lumo Road, Wuhan 430074, China.

®

Check for
updates

SN Applied Sciences (2020) 2:669 | https://doi.org/10.1007/542452-020-2514-9

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-2514-9&domain=pdf
http://orcid.org/0000-0002-5166-0581

Research Article

SN Applied Sciences (2020) 2:669 | https://doi.org/10.1007/s42452-020-2514-9

animals and released into the environment [15]. As far as
we know, various adsorption materials have been devel-
oped to remove TC from aqueous solution, such as clay
minerals [19-21], zeolites composites [22, 23], graphene
oxide (GO) [24], multi-walled carbon nanotubes (MWC-
NTs) [25], biochar [26-30], covalent-organic frameworks
(COFs) [31], metal-organic frameworks (MOFs) [32-36]
and their composites [37-41]. Among these adsorbent
materials, MOFs, composed of organic linkers and metal-
lic clusters, are a new class of porous materials. In com-
parison, MOFs have chemical and thermal stability, ease
of structural functionalization, large specific surface area,
and high porosity. More importantly, the pore sizes can be
controlled and affinities toward pollute molecules includ-
ing coordination bond, m-m interactions, hydrogen bond-
ing and electrostatic interactions can also be designed on
purpose [42-45]. Therefore, MOFs have been identified as
one of the most efficient adsorbents. For instance, accord-
ing to the previous reports [46-48], the pore diameter of
adsorbents should be 1.7 times larger than the adsorbate
molecule’s second-widest dimension, which would ensure
that the target molecules could be effectively adsorbed
because of size exclusion effect. Therefore, the design of
MOFs with both special pore feature matching with the
size of pollutant molecule and adsorption sites should be
important to increase the adsorption capacity of organic
pollutants. Tetracycline shows a basic structure composed
of a tetracyclic naphthacene carboxamide ring system
(Fig. 1). The ring structure of tetracycline is surrounded
by various chemical functional groups and substituents,
including ~OH, -CO-, CONH,, -CH3, -N(CH,),. The TC mol-
ecules show the simulated size of 14.8x9.00x7.47 A and
the pore sizes smaller than 15 A would be inaccessible for
TC molecules [49]. Chen et al. [35] successfully synthe-
sized hierarchical porous ZIF-8 with larger pores (>2 nm)
in microporous MOFs and found it showed larger adsorp-
tion capacity. The expansion of pore size would help the
diffusion of TC molecules in the pores and the exposure of
more active sites. However, the synthesis of MOF materials
with large-size mesoporous channels is still a challenge.

N(CHz),

Fig. 1 The chemical structure of tetracycline hydrochloride (TC)
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MOF-818, a new kind of MOF structure with
mesoporous cages of unprecedented polyhedra, was
reported by H. Deng group in 2018 [50]. The mesoporous
cage with the diameter of 3.8 nm is big enough for inclu-
sion of the large size dimensions biomolecules vitamin-
B,, and insulin. Furthermore, it exhibits excellent chem-
ical stabilities in air and in water with a wide pH range
(pH=2-12). However, the research on its application has
not been expanded yet. In this work, we systematically
studied the adsorption of tetracycline on MOF-818.The as-
prepared MOF-818 shows rapid removal with the adsorp-
tion capacity of 442.5 mg g~', which is larger than those
by other unmodified MOFs reported previously.

2 Materials and methods
2.1 Materials and chemicals

Copper(ll) nitrate trihydrate (Cu(NO;),-3H,0), Zirconyl(IV)
chloride octahydrate (ZrOCl,-8H,0), 1H-pyrazole-4-carbox-
ylic acid (H,PyC), trifluoroacetic acid (TFA), N,N-dimethyl-
formamide (DMF), Tetracycline hydrochloride (TC) were
purchased from Sinopharm Chemical Reagent Co., Ltd. All
chemicals were used without further purifications.

2.2 Synthesis of MOF-818.

MOF-818 was synthesized according to the literature [50]
with modification. ZrOCl,-8H,0 (212.5 mg, 0.659 mmol),
Cu(NO;),:3H,0 (620.0 mg, 2.57 mmol), trifluoroacetic acid
(600 pL) and H,PyC (162.5 mg, 1.45 mmol) were dissolved
in 50 mL of DMF by ultrasonic in a 100 mL beaker. The mix-
ture was then transferred to a 100 mL teflon-lined stainless
steel reactor and heated at 100 °C for 10 h. The as-syn-
thesized blue crystal was immersed into DMF for 3 days,
during which the DMF solvent was exchanged for five
times. The solvent exchange with acetone was performed
through Soxhlet extraction for 2 days. The obtained MOF-
818 sample was dried in vacuum at 150 °C for 12 h and
filled with N, for storage.

2.3 Batch experiments

The adsorption of TC from aqueous solutions was per-
formed by batch experiments. The effects of solution
pH, contact time, temperature, adsorption dosage, and
initial TC concentration on adsorption were investigated,
respectively. All adsorption experiments were carried
out in 50 mL glass flask with 20 mL TC solution contain-
ing MOF-818.The initial pH of solution was adjusted with
0.1 mol L™ NaOH solution. The suspension was magneti-
cally stirred at 500 rpm at certain temperature. The mixed
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solution was filtered through a 0.22 um membrane filter at
predetermined time intervals and the residual TC concen-
tration was determined spectrophotometically at 256 nm.
The adsorption amount of TC onto adsorbent at a pre-
determined time was calculated according to Eq. 1:

q: = (Co - Ct)V/m (m
The removal efficiency (r) is calculated via Eq. 2:
r=(C-C)/G (2)

where g, (mg g7") is the adsorption amount of MOF-818
attime t (min), C,(mgL™") and C, (mg L™") are respectively
the concentration of TC at initial and time t (min), V (L) is
the solution volume and m (g) is the mass of adsorbent
MOF-818.

2.4 Characterization

Powder X-ray diffraction (PXRD) patterns were taken on
a Bruker D8 Advance diffractometer from 26=1° to 10°
operated at 45 kV, 200 mA for Cu Ka (A\=1.5406 A) with
a scan speed of 1° per second and a step size of 0.01°.
Scanning electron microscope (SEM) was carried out on
a SU8010 model Hitachi microscope. FT-IR spectra were
measured from 400 to 4000 cm™' by Nicolet iS50 FT-IR
spectrometer. Thermogravimetric analysis (TGA) was per-
formed on a NETZSCH STA 409 PC thermogravimeter from
30 to 800 °C at the heating rate of 10 °C-min~' under N,
atmosphere. Nitrogen adsorption/desorption isotherms
were measured at 77 K with Micromeritics ASAP2460.The
UV-Vis absorption spectra were recorded on Shimadzu
UV-2501PC UV-Vis spectrophotometer. Specific elemen-
tal surface contents and their valence state were meas-
ured with X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250XI, USA).

3 Results and discussion
3.1 Characterizations

The PXRD measurements were employed to examine the
crystalline phase of the MOF-818. As shown in Fig. 2a, the
data showed an intense peak at 3.09° and five other peaks
at 4.96°, 5.80°, 6.05°, 7.00° and 7.60°, which were indexed
tothe (111),(220), (311), (222), (400) and (331) diffractions,
respectively. The diffraction peaks of MOF-818 matched
well with the simulated one in the literature [50]. No peaks
corresponding to CuO or ZrO, were found. Therefore, the
XRD results confirmed the formation of pure MOF-818
crystal.

The N, adsorption/desorption isotherm of MOF-818 was
estimated at 77 Kand the results are presented in Fig. 2b.
It can be seen that the obtained MOF-818 samples dem-
onstrated a good nitrogen uptake at the relative pressure
P/P,<0.3 and the nitrogen isotherms were corresponded
to type IV, which proves the existence of mesopores in
the samples. The mesopore diameter calculated by den-
sity functional theory (DFT) method was mostly concen-
trated at 2.95 nm, which was slightly lower than the theo-
retical value of 3.1 nm calculated by the analysis of crystal
structure [50]. A small part of the pore size distributed
at 1.59 nm was also found. The Brunauer-Emmett-Teller
(BET) specific surface area was calculated to be 1408
m2.g~" (Langmuir surface area was 1940 m? g™"). These
results further conformed the mesoporous structures of
MOF-818 crystals with desired surface area.

Thermogravimetric study is useful in determining the
thermal stability of MOF-818 sample. The TGA curve of
MOF-818is also presented in Fig. 2c. The weight loss about
4% below 200 °C could be attributed to the elimination
of free water and guest molecules. The sharp weight loss
about 29.3% occurred from 280 to 375 °C. It should be
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Fig.2 a XRD patterns of as-synthesized MOF-818 and simulated MOF-818; b nitrogen adsorption—-desorption isotherms at 77 K and pore

size distribution (in set) of MOF-818. ¢ TGA trace of MOF-818
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derived from the decomposition of H,PyC concerning the
collapse of the MOF-818 framework. Therefore, it can be
concluded that the MOF-818 showed good thermal sta-
bility below 280 °C, which is consistent with the previous
reports [50].

The crystal morphologies of samples before (MOF-818
Fig. 3 a, b) and after TC absorption (TC-MOF-818, Fig. 3 ¢,
d) were described using SEM images, respectively. It can
be seen that the SEM images of MOF-818 before adsorp-
tion exhibited large-scale typical octahedral crystals with
average particle size of about 250 nm. More importantly,
the typical octahedral crystal morphology of MOF-818 was
well remained after adsorption.

3.2 Batch experiments
3.2.1 Effect of pH

The change of pH value would affect the physiochemical
properties of TC, thus influence the adsorptive interac-
tions between TC and MOF-818. As we know, TC mole-
cules can form three species under variation of pH values

Fig.3 SEM images of MOF-818 (a, b) and TC-MOF-818 (c, d)
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including cationic species (pH < 3.3), zwitterionic species
(3.3<pH<7.69) or anionic species (pH>7.69) [43]. In
the pH range from 3.3 to 7.69, TC molecules predomi-
nantly exists as neutral species with a small proportion
of cationic species. With the solution alkalinity increased,
composition of TC molecule would change and a mono-
valent anion or a divalent anion will prevail. Consider-
ing the different charges on different site depending on
solution pH, the adsorption kinetic of TC onto MOF-818
was investigated by varying the pH of 3.32 (TC original
solution), 4, 5 and 6 at 303 K, a dosage of 0.5 g-L‘1and
initial TC concentration of 300 mg L™'. The removal effi-
ciency of TC as a function of pH was shown in Fig. 4a.
It can be seen that samples showed almost the same
removal efficiency all the time at various pH values. The
curves showed a very fast TC adsorption rate within the
initial 25 min. After around 60 min, the curves reached
a plateau, suggesting the adsorption reaction reached
equilibrium. Overall, the removal efficiency of TC showed
very low sensitivity to the pH variation in the range of
3.32-6.This result implied that the electrostatic interac-
tion hadn’t been involved in the process of TC uptake.
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Fig. 4 Influence of various parameters on the TC adsorption at different a pH. b Adsorbent dosage and c initial TC concentration

3.2.2 Effect of adsorption dosage

The effect of MOF-818 dosages was studied for the adsorp-
tion of TC at 303 K, pH 3.32 and initial TC concentration of
300 mg L™". As shown in Fig. 4b, the increased MOF-818
dosage resulted in a tremendous improvement in adsorp-
tion capacities. It can be ascribed to the more adsorption
sites and pore volumes provided by MOF-818. When the
amount of adsorbent was used to be 1 g L™, the removal
rate of TC reached as high as 96.27% at the initial TC con-
centration of 300 mg L™".

3.2.3 Effect of initial TC concentration

The effect of initial TC concentration on the adsorption was
investigated over a range of 200-300 mg L' at 303 K, pH
3.32 and a dosage of 0.5 g L™' (Fig. 4c). It was observed
that the TC removal efficiency was decreased with the rise
of initial TC concentration. With the initial TC concentra-
tions of 200, 250 and 300 mg L™, the removal efficiencies
at equilibrium were 89.91%, 79.09% and 70.39%, respec-
tively. The results suggested that MOF-818 didn’t provide
sufficient active sites for adsorption of the TC with the
increased concentration. On the other hand, it showed
efficient removal at lower initial concentration.

3.3 Adsorption isotherms

The adsorption isotherm is of great importance in
assessing the maximum adsorption capacity and pro-
viding insight into the reaction mechanism. The adsorp-
tion isotherms of TC onto MOF-818 were studied at the
temperatures of 293 K, 303 K, 313 Kand 323 K. As can
be seen from Fig. 5a that the equilibrium adsorption
amount g, was improved with the increase of initial con-
centration of TC solution. Meanwhile, temperature had
a significant effect on TC adsorption behavior. The g,-c,

curve ascended as temperature increased, revealing that
the adsorption of TC was an endothermic process. High
temperature was favorable for the adsorption.

Langmuir and Freundlich isotherm models were
employed to evaluate adsorption isotherm according
to Egs. 3 and 4, respectively.

9e quL Am
1
InqezlnkF+EInCe (4)

where g, (mg g7') is the equilibrium adsorption capac-
ity, C, (mg L™ is the equilibrium concentration of TC, g,,
(mg g7") is the theoretical maximum adsorption capacity,
k, is the Langmuir equilibrium adsorption constant, k; and
n are Freundlich constants related to the sorption capacity
and sorption intensity, respectively.

The isotherm parameters and the linear regression
coefficients extracted from the experimental data are
presented in Table 1. It can be seen that the theoretical
saturated adsorption amount increased with tempera-
ture raised, which was consistent with the experimental
data. The maximum theoretical saturated adsorption
capacity at 323 K was 442.5 mg-g~', which is better than
ZIF-8 [33] and biochar materials reported in the litera-
tures [26, 27, 30].

At different temperatures, the correlation coefficient
R? values for the Langmuir model were much higher than
that for Freundlich model. Moreover, the fitting curve of
the Langmuir isotherm model exhibited better linearity
than Freundlich isotherm model as shown in Fig. 5b, c.
These results suggested that the Langmuir model could
better represent the TC adsorption process. The adsorp-
tion of TC onto MOF-818 was dominated by monolayer
adsorption and chemical adsorption might play the main
role in the process of TC adsorption [44].
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Fig. 5 Adsorption isotherms and Kinetics. a Adsorption isothermal curves, b Langmuir isotherm model and ¢ Freundlich isotherm model. d,
e The fitting curves for the pseudo-first-order kinetic (d) and the pseudo-second-order kinetic (e). f Intra-particle diffusion model

Table 1 Linear fitting

. Langmuir model
parameters for TC adsorption

Freundlich model

onto MOF-818 by the K, Gm(mgg™ R 1/n K. R

Langmuir and Freundlich

models 293 0.2201 404.9 0.9876 0.1602 189.0 0.8360
303 0.2403 4184 0.9996 0.2571 151.9 0.8412
313 02.603 436.7 0.9972 0.1880 184.7 0.9303
323 0.2821 4425 0.9959 0.1912 191.5 0.8049

3.4 Kinetics analysis

In order to further explore the adsorption behavior of TC
on MOF-818, the pseudo-first-order and pseudo-second-
order kinetic models were used to study the adsorption
kinetics of TC according to Egs. 5 and 6, respectively.

pseudo-first-order kinetic model:
In(g, — g;) =Ing, — k;t
pseudo-second-order kinetic model:

t t

q:

.1

d.  kyq? ©)

where g, (mg g™') is the adsorption capacity at equi-
librium; g, (mg g™") is the adsorption capacity at time ¢
(min); k, (min~" is the rate constant of pseudo-first-order
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adsorption; k, (g mg™' min™") is the rate constant of

pseudo-second-order adsorption.

Figure 5d, e shows the non-linear fitting kinetic curves
of TC adsorption onto MOF-818. The kinetic parameters
are summarized in Table 2. As can be seen from Fig. 5d, e
and Table 2, the pseudo-second-order kinetic model was
more suitable for the experimental data with R? closer to
1 when compared with pseudo-first-order kinetic model.
The adsorption capacities calculated by the pseudo-sec-
ond-order kinetic model were much closer to experiment
results. All these suggested that the adsorption process
was much closely matched to the pseudo-second-order
kinetic model, and the chemisorption might occur
between adsorbates and adsorbents [51].

In order to explore the possible rate controlling adsorp-
tion process and the molecular diffusion mechanism, the
intra-particle diffusion model was further applied to illus-
trate the experimental data (Fig. 5f). As shown in Fig. 5f, the
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T.able‘2 Nonlinear fitting T (K) Pseudo-first-order kinetic model Pseudo-second-order kinetic model
kinetic parameters of TC
adsorption on MOF-818 k; (min™") G.(mgg™ R? k, g.(@mg ' min™") R*(mgg™
293 0.12672 368.5 0.956 0.0004608 393.46 0.988
303 0.16865 398.9 0.983 0.0006633 418.05 0.999
313 0.14679 412.0 0.989 0.0005378 433.69 0.999
323 0.1514 4241 0.9934 0.0005388 446.07 0.998

plots of g, against t/2 were composed of three linear sec-
tions, indicating that the TC adsorption processes were asso-
ciated with three different stages. The first section was attrib-
uted to the transfer diffusion of TC molecules from solution
to the surface of MOF-818 crystals. This stage was controlled
by the molecule diffusion and film diffusion. The second sec-
tion was ascribed to the diffusion of the TC molecules from
the outer surface into the internal pores of MOF-818. At this
stage, the intra-particle diffusion was the rate limiting step,
the steric effect had a significant influence on the adsorp-
tion rate. The third section implied the arrival of adsorption
equilibrium. At the adsorption equilibrium stage, the TC mol-
ecules were adsorbed onto the active sites on the inner and
outer surface of MOF-818. We also noted from Fig. 5f that
the regression lines of three stages didn't pass through the
origin, conforming the involvement of outer diffusion. As a
result, the overall adsorption process of TC onto MOF-818
involved outer diffusion and intra-partical diffusion [40, 52].

3.5 Thermodynamic studies
The thermodynamic parameters of adsorption are obtained

according to the adsorption isotherm parameter K, of Lang-
muir. The specific formulas are as follows.

AG = —RT InK; (7)
AS  AH

Ink, =22 _ AH

=R TR (8)

where R (8.314 J mol™" K™), T (K) and K, (L mol™) rep-
resent the gas constant, adsorption temperature and the
experimental Langmuir equilibrium constant, respectively.

The specific parameters of thermodynamics at different
temperatures (293-323 K) were shown in Table 3. At different
temperatures, the AG values were inversely linearly related
to temperature, suggesting that increasing the tempera-
ture have a positive effect on adsorption throughout the

adsorption system. At the same time, the AG values were all
negative, which implied the adsorption was a spontaneous
process in the standard state. It was also worth noting that
all AG values were below —20 kJ-mol™, so the chemical inter-
action between molecules in the adsorption process was
not excluded [38]. A positive value of AH indicates that the
adsorption was an endothermic reaction, and the conclusion
was consistent with the experimental results. Finally, the AS
values can judge the degree of chaos in a system, according
to the experimental calculation, the AS value was greater
than 0, suggesting that the system chaos increased after
adsorption. This conclusion may be attributed to a certain
degree of change in the surface structure of MOF-818 after
binding to TC molecules [53].

3.6 Proposed adsorption mechanism

Based on the above analysis, we speculated various inter-
actions would involve in the whole TC adsorption pro-
cess. According to the influences of pH on TC adsorption,
it was confirmed that the electrostatic force actually didn’t
exist over the range of pH=3.32-6. However, the stud-
ies on adsorption kinetics, isotherms and thermodynam-
ics revealed that the chemisorption might occur between
adsorbates and adsorbents. To better understand the
adsorption mechanism of TC by MOF-818, FT-IR spectrum
and XPS analysis were employed to further illustrate the
interactions between MOF-818 and TC molecules. As shown
in Fig. 6, the distribution of characteristic FT-IR absorption
peaks for MOF-818 and TC were in good agreement with the
previous studies [20, 50]. The infrared spectra in the range
of 1200-1700 cm™" more clearly illustrated the changes
of functional group of MOF-818 before and after absorp-
tion. For the MOF-818 infrared spectroscopy, the band at
1675 cm™' could be attributed to the C=0 stretching vibra-
tion of -COOH, and the band at 1553 cm™" to C=N stretch-
ing vibration of pyrazole ring, respectively. The peaks at 1450
and 1294 cm™' could be assigned to skeleton vibration of

Table 3 Thermodynamic

. Antibiotic AG (kJ mol™) AH (kJ mol™) AS (kJ mol™)
parameter for the adsorption
of TC on MOF-818 298 K 303K 313K 323K
TC —28.18 —29.57 —-30.54 -31.74 6.313 0.118
SN Applied Sciences
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Fig.6 FT-IR spectra: MOF-818, TC and TC-MOF-818

pyrazole ring and the C-N/C-O stretching vibration. On the
other hand, for the TC infrared spectroscopy, the vibration
band at 1672 cm™, 1616 cm™', and 1582 cm™' could be
assigned to amide | (the C=0O group of the -CONH,), the C=0
stretching at ring A and C=0 group of ring C, respectively.
The band at 1281 and 1228 cm™' to the N-H of amino and
amide Il (C-N bond of -CONH,) [54]. Compared with the
FT-IR spectrum of MOF-818, the major infrared absorption
peaks after adsorption (TC-MOF-818) were similar to that of
MOF-818, with varying degrees of migration in wavenum-
ber. Upon adsorption treatment, the peaks at 1616 cm™' and
1228 cm™' belong to TC molecules appeared on the FT-IR
spectrum of TC-MOF-818, indicating that TC was adsorbed
on the surface of MOF-818. However, the C=0 stretching
peak at 1675 cm™" was obviously weakened, and the C=N
stretching band at 1553 cm™' was shifted to 1563 cm™,
which demonstrated the strong interaction between the
functional groups of TC and MOF-818. Moreover, the skel-
eton vibration of pyrazole ring at 1450 cm™' was migrated
to 1448 cm™'. These changes could be ascribed to the m-m

(b)
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conjugate effect caused by benzene ring, double bonds,
amino and other functional groups which acted as m elec-
tron donator or acceptor.

The chemical composition and electronic structure
of various elements (C, N, O, Cu and Zr) on the surface of
MOF-818 and TC-MOF-818 were analyzed by XPS, respec-
tively (Fig. 7). Both of MOF-818 and TC-MOF-818 showed
the same spectrum with five main peaks, Cu 2p, O 1s, N
1s,C 1s and Zr 3d (Fig. 7a). The electron binding energy of
N and Zr before and after absorption remained basically
unchanged. However, electron binding energy of Cand Cu
were varied. As shown in Fig. 7b, the C 1s peaks of MOF-
818 at 284.5, 285.1, 285.9 and 290.4 eV were assigned to
C=C, C-C, C-N (pyrazole ring) and C=0 (carboxyl), respec-
tively. The peaks of TC-MOF-818 at 284.4, 285.0, 285.6 and
286.6 eV were attributed to C=C, C-C, C-N and C=0 (A, C
ring from TC). Comparatively, the peak for C=0 (carboxyl)
was weakened after adsorption, while the peak for C=0
(A, Cring from TC) appeared, revealing the strong interac-
tion between carboxyl of MOF-818 and TC molecules. In

Intensity (a.u.)
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Fig.7 XPS spectra: MOF-818 and TC-MOF-818
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addition, it is observed that the peak of C-N was shifted
from 285.9 to 285.6 eV after TC adsorbed onto MOF-818,
suggesting that some chemical reaction occurred. These
results were well consistent with FT-IR analysis. On the
other hand, Cu?* was a coordination metal with N on
H,PyCin MOF-818 structure. Whereas the Cu 2p spectrum
exhibited two contributions 2p5,, and 2p,,,, and the char-
acteristic peak 2p;,, was shifted from 933.5 to 932.9 eV
after adsorption (Fig. 7c), indicating that Cu?* was involved
in chemisorption. The new coordinate bond between Cu?*
and O, N from TC might be formed.

Based on the above analysis, we speculated that mul-
tiple mechanisms and various interactions would be
involved in the whole TC adsorption process. At first, the
pore-filling by partition effect is one of the mechanisms
that influencing the adsorption process. The MOF-818
would be considered as a tailor-made adsorbent for TC
removal, since its ultra-high porosity and mesoporous
might benefit the mass transfer process of the adsorbate
and enhance adsorption. On the other hand, the capture
of organic-based toxins relies primarily on noncovalent
interactions including m-m interactions, van der Waals
interactions, hydrophobic interactions. We believed these
interactions were also existed between TC and MOF-818.
Moreover, Cu** was involved in chemisorption and the
new coordinate bond between Cu?* and O, N from TC
might be formed. However, because of the strong inter-
action between TC molecules and MOF-818, we found
that the absorbed TC molecules were not easy to desorb
from MOF-818 by soaking with ethanol, DMF, THF, acetone,
sodium hydroxide solution, hydrochloric acid solution,
and so on. Further research for its recovery and recycling
performance is still being explored. Even so, this research
provides the underlying insights to guide the design of
promising adsorbent for antibiotics removal.

4 Conclusions

In the present study, mesoporous cage MOF-818 was syn-
thesized successfully and confirmed by XRD, BET, SEM,
TGA, FT-IR and XPS. The synthesized samples were success-
fully utilized for the removal of tetracycline hydrochloride
(TC) from aqueous environment. Batch experiments were
systematically conducted to reveal the adsorption process
by varying solution pH, contact time, temperature, adsorp-
tion dosage, initial TC concentration. The adsorption pro-
cess accorded well with the Langmuir model, indicating
that the antibiotic adsorption occurred on MOF-818 as an
adsorbent monolayer. The kinetics data was found to be
fitted by the pseudo-second-order kinetic model. Thermo-
dynamic studies showed that adsorption was endother-
mic and spontaneous. The intra-particle diffusion model

proved that the overall adsorption process of TC onto
MOF-818 was controlled by outer diffusion and intra-par-
tical diffusion. The maximum saturated adsorption capac-
ity of TC on MOF-818 was calculated to be 442.5 mg g™,
showing highly efficient adsorption. It was observed that
enhanced adsorption property of MOF-818 was ascribed
to the m-minteraction and the chemisorption between TC
and MOF-818.
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