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ZrV metal-organic framework based on terephthalic
acid and 1,10-phenanthroline has been prepared by
solvothermal method. The product represents an
effective adsorbent for solid phase extraction of
tetracycline antibiotics from aqueous media.
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Zirconium-based metal-organic frameworks (Zr-MOFs) have
drawn a lot of attention in analytical chemistry due to their
promising adsorption properties, namely good selectivity, high
productivity, low cost, regeneration ability and strong interaction
of Zr-OH groups with the functionalities of pollutants.’-
Disadvantages of Zr-MOFs comprise low adsorption capacity
and long equilibrium time. For an increase in the adsorption
capacity, the mixed-ligand strategy is employed in the design of
MOFs® including two organic ligands with similar or completely
different types, e.g., carboxyl group with its flexible coordination
mode satisfying the coordinated configuration of a metal ion and
a polypyridine organic ligand with its termination or chelation
ability. Various ligands of the polypyridine type such as
2,2'-bipyridine or 1,10-phenanthroline are used together with
carboxylate ions in the mixed-ligand approach to Zr-MOFs.8-12

In this work, we obtained a Zr-MOF based on terephthalic
acid and 1,10-phenanthroline as well as used it for solid phase
extraction (SPE) of tetracycline. Tetracycline antibiotics
represent the broad spectrum ones active against both gram-
positive and gram-negative bacteria. They are employed as food
additives to prevent or treat mastitis and metritis in cows.
However, the bioavailability of tetracycline in dairy cows is
estimated to be 25-75%, so its significant amount passes into
cow’s milk and then affects human health.

The Zr-MOF sorbent was synthesized by solvothermal
method using reaction of ZrCl,, terephthalic acid and
1,10-phenanthroline in DMFT as well as characterized by IR
spectroscopy, X-ray diffraction (XRD), scanning electron

T ZrCl, (2.33 g, 10 mmol) was dissolved in DMF (20 ml), then terephthalic
acid (3.3g,20mmol) dissolved in hot DMF (30 ml) and 1,10-phenanthroline
(1.8 g, 10 mmol) in DMF (10 ml) were added. The resulting mixture was
sealed in a glass ampoule, which was completely immersed in a vessel
with fine calcined sand and heated at 132 °C for 72 h. After that the
ampoule was opened, the resulting compound was filtered off, dried at
60 °C in air and activated by heating in vacuo at 150 °C for 8 h. Yield
3.52 g (83.2%). Found (%): C, 52.11; H, 2.65; N, 4.83; Zr, 22.1. Calc. for
Zr,Cs6016H3N,4 (%): C, 52.1; H, 2.5; N, 4.3; Zr, 21.18.
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microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX) and elemental analysis.* IR spectrum of the product after
drying in vacuo at 60 °C [Figure 1(a)] reveals an intense and
wide band at ~3400 cm~! as an evidence of the presence of both
crystallization and physically sorbed water inside the cavities of
the compound. Drying the sample in vacuo at 150 °C resulted in
a sharp decrease in the intensity of this band, so we considered
these conditions as an activation mode. An intense doublet at
1589 and 1395 cm~1 is attributed to symmetric and antisymmetric
vibrations of carboxylate ion. The main IR peaks are in good
agreement with the coordination architecture of analogous
compounds.®12 In the XRD profile [Figure 1(b)], the following
peaks are distinguished: doublet 7.40 and 7.77, 9.38, 10.4, 13.14,
15.77,17.44, 22.80, 23.45, 45.52 and 50.08°, which satisfactorily
coincide with the ones calculated using Match-3 and PowderCell
software. According to SEM image [Figure 1(c)], the substance
is formed by the crystals of cubic shape having 4 pm edges with
a background of immature and partially destroyed crystals, EDX
data being in good agreement with elemental analysis.$
Considering the UV-VIS absorption spectrum of tetracycline
in the range of 200-800 nm, the maximum at ~320 nm was set
off and its intensity naturally decreased with the time of contact
with the adsorbent. Therefore, to explore the adsorption
dynamics of the synthesized complex we used this maximum.
For a 100 mgdm= tetracycline solution, an adsorption
equilibrium was quickly achieved after immersing the sorbent in
the solution for < 1 h [Figure 2(a)]. The adsorption activity for the
sorbent at 10 °C was relatively low, while the adsorption at 20 and
35 °C proceeded with almost coinciding curves. Effect of ions
such as Na*, K*, Ca?*, AI**, Fe3*, Cl-, SO,%~, CO4> and PO,%-
coexisting in real wastewater on the tetracycline removal was also

* SEM and EDX data were obtained using a LEO SUPRA 25 scanning
electron microscope (Carl Zeiss). FT-IR spectra were recorded on a
Varian 3100 Excalibur spectrometer using KBr pellets and the data
analysis software from Spectra Soft Technologies. XRD analysis was
carried out on an XR 4.0 diffractometer (PHYWE).

§ Found using EDX (%): C, 52.35; O, 19.68; N, 4.87; Zr, 21.27.
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Figure 1 (a) IR spectrum, (b) XRD pattern and (c) SEM image of the sorbent synthesized.

investigated. As seen in Figure 2(b), the sorbent still retained high
adsorption characteristics for tetracycline in an environment with
multiple ions up to concentrations of 0.2 mol dm3, i.e, kept
60-90% efficiency. With an increase in ionic strength of the
solution, the sorption first decreases smoothly and then drops
significantly. The elevated ionic strength leads to reduction of
electrostatic attraction between the sorbent and the sorbate due
to increased surface charge, which in turn lowers the adsorption.
In addition, an elevated concentration of NaCl results in
competition between Na* ions and tetracycline for the adsorption
sites of MOF, while an increase in the amount of CI- ions
contributes to the compression of pore size, which ultimately
decreases sharply the sorption activity of the complex with
respect to tetracycline.

Industrial wastewater containing tetracycline has different pH
values, so it is important to explore the effect of pH on the
adsorption. As reported,’® tetracycline is unstable in a strong
acid (pH < 2) or a strong base (pH > 10) medium. The adsorption
capacity of MOF changed insignificantly with pH and had a

The reason is unique skeletal stability of the Zr-based MOF
material and the presence of active adsorption sites, which is
important for the tetracycline removal.

Small concentrations of the sorbent have a relatively low
efficiency, however, upon reaching 78 mg dm= an abrupt
increase in adsorption activity occurs [Figure 3(a)]. The limiting
value of adsorption is ~139.4 mg g%, which is quite a good
indicator in comparison with published values of 24-36 mg g~
Thus, the new complex exhibits good adsorption activity for
tetracycline in aqueous solution, even if the solution has a
significant ionic strength. To understand the adsorption process,
kinetics of the tetracycline adsorption was explored. Fitting the
experimental data for the sorbent, we found that the pseudo-first
kinetic model was highly consistent, indicating that the chemical
adsorption played a significant role. The adsorption kinetic

Table 1 Thermodynamic parameters of tetracycline adsorption from
aqueous solution.
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Figure 2 Tetracycline removal from aqueous solution as a function of (a) time, (b) concentration of NaCl and (c) pH.
@ oo, () 55, (©) 100
881 —10°C — sample 1 1
9 53 ---20°C S 80 || —sample 2 >
= 86 hS --35°C <
«© A45' N ©
é 841 = A . é 60
g 82 = N 2 4
5 &0 3.59 *\ S
& 78] 3 QL g 2
76 T 25 A GABARARDARARSARSSEs naRsanaR R asE 0
20 30 40 50 60 70 80 90 100 5 10 15 20 25 30 35 40 45 0 20 40 60 80 100

Csorbem/mg dm=

t/min t/min

Figure 3 (a) Effect of sorbent concentration on the tetracycline removal from an aqueous solution, (b) tetracycline adsorption kinetic model and

(c) efficiency of tetracycline removal from milk serum.
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Table 2 Tetracycline removal from milk samples using SPE.

Milk sample Tetracycline content before SPE/mg dm=  Tetracycline content after SPE/mg dm~3 SPE efficiency (%)
From a private manufacturer, not -

heat-treated <0.001 Not determined -

From a point of sale, pasteurized

[Figure 3(c), sample 1] 0.005 0.00077 84.6

From a point of sale, sterilized 0.007 0.00124 823

[Figure 3(c), sample 2]

curves at 20 and 35 °C are actually the same, while at 10 °C the
velocity has significantly lower values [Figure 3(b)].

All the experimental data were fit using the Langmuir (L) and
Freundlich (F) models, the following parameters of the
approximating isotherms were obtained: K, = 0.0357, R = 0.9565
and Kg = 0.173, R2 = 0.8961. The Langmuir model fits the
adsorption isotherms better than the Freundlich one, indicating
that tetracycline is adsorbed uniformly onto the MOF material
and monolayer adsorption is the main interaction mechanism.
The determined values of AG, AH and ASare given in Table 1,
the enthalpy change of the adsorption process is negative, which
indicates an exothermic process. The adsorption capacity
decreases with an increase in temperature.

Then we attempted to analyze tetracycline in milk purchased
from a retail outlet and in the market from a random seller, using
the SPE with spectrophotometric detection. The calibration
curve was linear for the concentration range 1.0-9.0 mg dm=3
with a correlation coefficient R2 > 0.9995. The rate of tetracycline
removal from a milk sample at initial antibiotic concentrations of
0.5, 1.0 and 2.0 mg dm=3 was determined, the average percent
removal was found to be appropriate [Figure 3(c) and Table 2].
The limit of detection (LOD) and limit of quantification (LOQ)
values for tetracycline were 0.03 and 0.1 mg dm=3, respectively.
The effectiveness of SPE of tetracycline from aqueous solution
was slightly higher than from milk.

In summary, a new mixed-ligand Zr¥' MOF based on
terephthalic acid and 1,10-phenanthroline was obtained by
solvothermal method. The product purification avoids
complicated and expensive washing as well as prolonged drying.
The synthesized MOF represents an effective adsorbent for the
removal of tetracycline from aqueous media and a real object like
milk. The limiting value of adsorption is ~139.4 mg g%, which is
quite a good indicator compared with the published values.
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