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Zirconium-iron metal-organic frameworks (Zr/Fe-MOFs) and Zr/Fe-MOF/graphene oxide (GO)
composites were prepared via solvothermal synthesis using ferrous sulfate heptahydrate, zirconium
acetate, and 1,3,5-benzenetricarboxylic acid. The MOFs and composites were measured using scanning
electron microscopy (SEM), infrared spectrometry (IR), and thermogravimetric analysis (TGA). In this
study, we explored the ability of Zr/Fe-MOFs and Zr/Fe-MOF/GO composites to adsorb tetracycline
hydrochloride from an aqueous solution. Additionally, we optimized the adsorption performance by
varying the ratio of MOFs and MOF composites to tetracycline hydrochloride solution, the concentration
of tetracycline hydrochloride solution, and the pH of the solution. The results were investigated and fit to
both pseudo-first-order and pseudo-second-order kinetic models. The results of the Freundlich and
Langmuir isotherm models that Zr/Fe-MOFs and Zr/Fe-MOF/GO composites
heterogeneous adsorption surfaces and that tetracycline hydrochloride is adsorbed over Zr/Fe-MOFs
and Zr/Fe-MOF/GO by multilayer adsorption. Overall, our findings indicate that Zr/Fe-MOFs and Zr/Fe-
MOF/GO composites can effectively treat wastewater, providing an inexpensive alternative to other
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1. Introduction

Antibiotics have been widely used for the treatment and
prevention of bacterial infection in veterinary and human
medicine, as well as in agriculture. Their abundant use as well
as the ineffectiveness of traditional sewage handling methods
have resulted in the accumulation of a number of antibiotics in
water supplies and aquatic environments." A research group at
Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences Research Institute showed that the total usage of antibi-
otics in China in 2013 was about 162 000 tons, 48% of which were
for human use, and the remainder were for animal use. British
research suggests that failure to find a way to combat drug-
resistant bacteria could lead to an extra 10 million deaths a year
by 2050 with loss of $100 trillion. The UK's Antimicrobial Resis-
tance Assessment Committee estimates that if the current situa-
tion is not improved, one million people will die as a result of this
in China by 2050. Current methods for treating wastewater include
photocatalytic degradation, biological treatment, advanced oxida-
tion processes, and membrane separation.”

Since the 1990s, MOFs have been under intense focus in
materials science research, as a result of their varying and
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unique structures which provide useful properties for a range of
applications,>* including those in energy storage,®® gas
storage,”” catalysis,"*'* drug delivery,"”™" carbon dioxide
capture,**"® magnetic properties,’*” and ion exchange.'®" A
tool for the construction of lengthened porous materials has
been supplied by the combination of organic linkers and metal
ions.>*** The production of MOFs has demonstrated high
sensitivity to reaction conditions. This has important ramifica-
tions for MOF synthesis since the same reagents can be used to
produce different structures by varying the reaction conditions
and/or methods used to prepare the compound. High-quality MOF
crystals can be obtained using solvent heat or wet solution
chemistry methods.”> New approaches in preparation including
microwave,>2¢ electrochemical,”*® and mechanochemical
synthesis,®*® can greatly reduce synthesis time and increase
production capabilities. Compared to traditional synthesis
methods, constructing MOFs using the acoustic chemistry method
is more concise, controllable, and convenient.**

Since graphite oxide (GO) is hydrophilic and easily dispersed
in water and other polar solvents,* graphite oxide can also be
used as an adsorbent or as a component in adsorbed compos-
ites,*® Bandosz group®~*° found that MOFs/GO composites have
a high adsorption capacity. This is mainly due to the special
dual functions of the epoxy and hydroxyl functional groups on
both sides of the GO flakes, which enable them to interact with
metal ions in MOFs. Therefore, MOFs/GO composites are ex-
pected to be good adsorbents for wastewater treatment.
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For most mono-metal MOFs materials, the activity of metal
sites in the structure may be masked by organic ligands or
solvent molecules, leading to the failure of MOFs materials to
have a good effect. Due to the good synergistic effect of
bimetals, Zr and Fe were selected as metal ions and 1,3,5-ben-
zenetricarboxylic acid as organic chains in this paper. Zr/Fe-
MOFs and Zr/Fe-MOF/GO composites were synthesized with
zirconium acetate and ferrous sulfate heptahydrate via the
hydrothermal approach. Our research concluded that Zr/Fe-
MOFs and Zr/Fe-MOF/GO composites can be used to success-
fully remove aqueous tetracycline hydrochloride.

2. Experimental
2.1 Experimental materials and instruments

The chemicals 1,3,5-benzenetricarboxylic acid (trimesic acid,
CoHOg, H3BTC, 98%), ferrous sulfate heptahydrate, zirconium
acetate, and tetracycline hydrochloride were purchased from
Aladdin Biological Technology Co., Ltd, Shanghai, China. Gra-
phene Oxide (GO) was purchased from Beike New Material
Technology Co. Ltd, Beijing, China.

We performed structural and morphological characteriza-
tions using Fourier transform infrared spectroscopy (FTIR,
IRTracer-100, SHIMADZU) and field emission scanning electron
microscopy (JSM-6700F, Tokyo, Japan). The thermogravimetric
curves were obtained by heating the MOFs and MOF composites
to 800 °C at a rate of 5 °C min~ ' in an argon atmosphere using
a NETZSCH STA 449C thermal analyzer (Selb, Germany).

2.2 Preparation of Zr/Fe-MOFs and Zr/Fe-MOFs/GO

The Zr/Fe-MOF was synthesized by combining 4.2108 g of 1,3,5-
benzenetricarboxylic acid dissolved in 10 mL of ethanol, with
2.8046 g of Ferrous sulfate heptahydrate and 2.6 mL of zirco-
nium acetate dissolved in distilled water, and stirring the
solution for 30 min. Next, the prepared solution was transferred
to a 50 mL reactor and reacted at 120 °C for 10 h. Once the
reaction was complete, the resulting MOF was filtered and
washed thoroughly with ethanol and distilled water before
drying at 80 °C for 12 h in an oven. The preparation of the Zr/Fe-
MOF/GO composite followed a similar method to Zr/Fe-MOFs.

2.3 Removal of tetracycline hydrochloride

Tetracycline hydrochloride was chosen as a model contaminant
to evaluate the adsorption ability of the Zr/Fe-MOFs and Zr/Fe-
MOF/GO composites. The adsorption of tetracycline hydro-
chloride was optimized by varying three variables: the concen-
tration of tetracycline hydrochloride, the ratio of adsorbent to
tetracycline hydrochloride, and the pH of tetracycline hydro-
chloride solution. Each experiment was conducted by adding
a pre-selected quantity of adsorbent to a pre-selected concen-
tration of tetracycline hydrochloride and stirring under ambient
light. The pH was increased or decreased by adding either 0.1 M
NaOH or 0.1 M HCI, respectively. The concentrations of tetra-
cycline hydrochloride studied were 10 ppm, 20 ppm, 30 ppm,
40 ppm, and 50 ppm with 50 mg Zr/Fe-MOFs and Zr/Fe-MOF/GO
composites. The ratios of adsorbent studied were 20 mg,
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100 mg, and 200 mg of MOF or composite in 50 mg L~ " of
tetracycline hydrochloride solution. Lastly, the pH was varied
from 1-14 for the Zr/Fe-MOF and Zr/Fe-MOF/GO composites. To
test the removal rate of tetracycline hydrochloride, each solu-
tion was monitored every hour with UV-Vis spectrophotometry
to measure the absorbance at 360 nm.* From this, the amount
of adsorbed tetracycline hydrochloride was calculated accord-
ing to the following equation:

(Co—C)V

qe = m (1)

where Cy, Ce, V, and m are the initial concentrations of the
solution (ppm), equilibrium concentrations of the solution
(ppm), the volume of the solution (L), and the mass of the
adsorbent (g), respectively.

3. Results and discussion

As shown in Fig. 1, the Fourier transform infrared spectroscopy
spectrum showed characteristic peaks of the Zr/Fe-MOFs at
1569 cm™ ' and 1380 cm™ " and Zr/Fe-MOF/GO at 1572 cm™ " and
1382 ecm™ ', respectively. Because of the existence of carboxyl, no
peak appeared at 1710 cm™ ' where a strong carbonyl peak would
be expected.** This is primarily due to the extended conjugate 7t-
bonds of the carboxylate which form from the carboxyl anion to
make the two oxygen atom equivalents. Hence, the density of the
electron cloud between atoms is distributed symmetrically.

The morphology of the MOFs was observed using SEM, as
exhibited in Fig. 2. The result showed the unusual morphology
and high dispersibility of the MOFs crystals. The molecular
interaction of the organic ligand was weakened or even van-
ished, and the deprotonation of the organic ligand was
enhanced, which promoted the growth of crystallite in aqueous
solution. The irregular morphology observed in Fig. 2(a) was
mainly caused by the inconsistent coordination ability between
the two metal ions and the organic chain. As shown in Fig. 2(b),
the MOF's irregular morphology could not be displayed due to
the presence of GO in the composite material, which pasted
MOFs together to form.
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Fig.1 IR of MOFs.
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Fig. 2 (a and b) SEM of MOFs.
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The thermogravimetric analysis (TGA) curves for the Zr/Fe-
MOF and Zr/Fe-MOF/GO composites exhibit three steps, as
shown in Fig. 3. The first step occurs between 20 °C and 134 °C
for the plain MOF and 20 °C and 140 °C for the composite and
indicates mass loss of 12.9% and 10.9%, respectively. This is
likely attributed to the evaporation of water molecules from the
sample. The second step occurs between 134 °C and 384 °C for
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the plain MOF and 140 °C and 346 °C for the composite,
accounting for 10.9% and 7.9% loss, respectively, which can be
attributed to the oxidation of Fe**.*> The third step occurs between
384 °C and 587 °C for the plain MOF and 346 °C and 572 °C for the
composite and indicates the temperature at which the structure
and organic linker of MOFs are destroyed. From this, it can be
concluded that the thermal stability of the MOF and composite is
384 °C and 346 °C, respectively. The final residue of each was
43.6% and 45.9% of the original, respectively.

In order to study the impact of the concentration of tetra-
cycline hydrochloride on its removal, we tested the removal at
concentrations of 20 mg L™, 30 mg L™ ", 40 mg L™, and 50 mg L™
tetracycline hydrochloride solution, while consistently using 50 mg
of Zr/Fe-MOFs or Zr/Fe-MOF/GO composites. First, Zr/Fe-MOFs
and Zr/Fe-MOF/GO precipitate and accumulate under the addi-
tion of a large number of MOFs, thus reducing the production of
active substances in the removal process.”® Second, there is
competition among tetracycline hydrochloride molecules for
active sites on the MOFs and MOF composites, which is especially
important because tetracycline hydrochloride molecules can
produce other intermediates in the adsorption process.**

Fig. 4 shows that the removal efficiencies of tetracycline
hydrochloride by the Zr/Fe-MOFs reached 56.1%, 60.8%, 62.8%,
69.6%, and 84.9% at 50 mg L', 40 mg L', 30 mg L,
20 mg L', and 10 mg L', respectively and Zr/Fe-MOF/GO
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Fig. 4 Removal rates of tetracycline hydrochloride (a Zr/Fe-MOFs; b Zr/Fe-MOFs/GO).
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Fig. 5 The removal efficiencies of different doses of MOFs on tetracycline hydrochloride.

composites reached 73.5%, 83.1%, 76.4%, 97.8%, and 95.9% at
60mgL™', 50 mg L™", 40 mg L™, 30 mg L', and 20 mg L™,
respectively. With the increase of adsorption time, the adsorp-
tion active sites of Zr/Fe-MOFs and Zr/Fe-MOF/GO materials
reached saturation, the linearity became flat, and the removal
rate might be in the intersection position. The results revealed
the superior performance of the composites over the MOFs.
They also revealed that as concentration decreases, the effi-
ciencies increase. The results clearly show that Zr/Fe-MOFs and
Zr/Fe-MOF/GO have great potential for tetracycline hydrochlo-
ride adsorption at relatively low concentrations.

In addition to the concentration of the pollutant, the ratio of
adsorbent to pollutant affects the efficiency of treatment. To
study this effect, Fig. 5 shows the removal efficiencies of tetra-
cycline hydrochloride of Zr/Fe-MOFs and Zr/Fe-MOFs/GO
composites in 50 mg L™ of tetracycline hydrochloride. The
removal rates were 21.2%, 56.5%, and 83.7% and 21.6%, 64.2%,
and 95.3%, respectively. The positive correlation between dosage
and removal rate can be attributed to an increase in active sites
available. Whereas the 20 mg study did not produce significant
differences between the two adsorbent materials, the 100 mg and
200 mg studies did show superior performance of the composite
material over the plain MOF material. A control study was con-
ducted to test the effectiveness of GO without a MOF, in which the
same quantities of GO were tested with 50 mg L™ tetracycline
hydrochloride for 12 h. The removal rate for all three was found to
be 5.3%, indicating that the combination of GO and MOFs was
superior for removing tetracycline hydrochloride.

A major contributor to the adsorption of tetracycline
hydrochloride by Zr/Fe-MOF/GO is the m-m interactions and
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hydrogen bonding.*>*” Additionally, since the amine group of
the tetracycline hydrochloride molecule is basic, the chemi-
sorption mechanism relies heavily on acid-base interactions.
Therefore, this study tested the effect of pH on the adsorption
performance. The results, shown in Fig. 6, indicate that pH
greatly affects the adsorption performance; the adsorption
capacity initially increased with increasing pH, with a peak at
pH = 7 before decreasing as the pH of the solution continued to
rise. This phenomenon can be attributed to the presence of
electric charges in three forms of tetracycline hydrochloride
molecules and electrostatic interactions that dominate in the
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Fig. 6 Effect of pH on the adsorption amount of tetracycline
hydrochloride.
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Fig. 8 Kinetic model analysis of Zr/Fe-MOFs/GO (a the pseudo-first order model; b the pseudo-second order model).

adsorption process.*® In addition, the adsorption capacity of Zr/
Fe-MOF/GO and Zr/Fe-MOFs composites in the pH range of 5-9
had no significant effect, suggesting that the effect of interac-
tion was responsible for the tetracycline hydrochloride
adsorption process.

To decrease the expense of this technique, the MOFs and
MOF composites should ideally be reusable. The Zr/Fe-MOFs
and Zr/Fe-MOF/GO composites were used for multiple cycles
to determine their reusability. Between each cycle, the MOFs
and composites were rinsed and stirred in distilled water for 5 h
before being filtered and dried. The results showed that after
three cycles, the decrease of Zr/Fe-MOFs and Zr/Fe-MOF/GO
activity was only 25% and 31%, respectively and that after 5
cycles, the activity was decreased by 59% and 67%, respectively,
indicating reasonable reusability.

Lastly, the results of tetracycline hydrochloride removal by
Zr/Fe-MOFs and Zr/Fe-MOF/GO composites were compared to
that of Fe;0,@Si0O,-chitosan/GO,* NH,-MIL-101(Cr),** MIL-
101(HCI),*® ZIF-8,°* GBCM350 activated carbon,”* and Uio-66
(ref. 53) adsorbents, as shown in Fig. 7. The Zr/Fe-MOFs and

© 2021 The Author(s). Published by the Royal Society of Chemistry

Zr/Fe-MOF/GO clearly show superior performance to other
adsorbents.

To fully understand and study the kinetics of Zr/Fe-MOF/GO
composite adsorption of tetracycline hydrochloride, the
optimum conditions of each test were analyzed. In accordance
with reports in the literature, the removal of contaminants was
described by the following kinetic models.>*>®

The Pseudo-first-order kinetic model:

Table 1 Parameters of the process of tetracycline adsorption by Zr/
Fe-MOFs/GO

Pseudo-first order Pseudo-second order

Concentration K R? K R?

10 mg Lt 0.01500 0.9973 —0.004450 0.9977
20 mg L 0.006000 0.9911 0.008330 0.9936
30 mg Lt 0.004100 0.9970 0.01575 0.9818
40 mg | 0.01198 0.9997 0.01753 0.9985
50 mg L 0.007330 0.9977 0.04677 0.9991

RSC Adv, 2021, 11, 9977-9984 | 9981
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Fig. 9 Kinetic model analysis of Zr/Fe-MOFs (a the pseudo-first order model; b the pseudo-second order model).

of tetracycline hydrochloride, the kinetics reaction rate constant
(min~"), and the reaction time (min), respectively. The variables
g: and g. represent the amounts (mg g~ ') of the adsorbents at
time ¢ and equilibrium, respectively. The results of Zr/Fe-MOF/
GO composite calculations are presented in Fig. 8 and Table 1.
For each test, the correlation coefficient R”> was greater than
0.99, except for the pseudo-second-order model with tetracy-
cline hydrochloride at 30 mg L', which had an R* value of 0.98.
The results indicate that both the pseudo-first-order model and
pseudo-second-order model are appropriate for describing the
removal of tetracycline hydrochloride. The first kinetic model is
more suitable to describe the adsorption of Zr/Fe-MOFs/GO for
tetracycline hydrochloride.

The test results are compared and fit to a kinetic model, as
shown in Fig. 9 and Table 2. The correlation coefficient R> of the
pseudo-first-order model was larger than that of the pseudo-
second-order model, indicating that the first kinetic model is
more suitable for describing the adsorption of tetracycline
hydrochloride by the MOF composites. It can be seen from
Fig. 8, 9, Tables 1 and 2 that kinetics is more suitable for
describing the adsorption of tetracycline hydrochloride by MOF
composites than by plain MOFs.

b "
08+ ® ZiFe-MOFs/GO e
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Fig. 10 Adsorption isotherms for tetracycline hydrochloride over Zr/Fe-MOFs and Zr/Fe-MOFs/GO (a Freundlich plots of the isotherms;

b Langmuir of the isotherms).
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Table 3 Langmuir and Freundlich isotherms parameters for CR adsorption over GO/MOFs

Langmuir adsorption isotherm

Freundlich adsorption isotherm

K (Lmg™) Qo (mgg™) R K (mg g~ (Lmg )" n R
Zr/Fe-MOFs/GO 9.270 760 0.9913 5.305 1.624 0.9988
Zr/Fe-MOFs 4.910 681 0.9759 3.027 1.216 0.9974

To describe the adsorption isotherm more scientifically, the
Freundlich and Langmuir isotherm model was used to analyze
the relationship between the equilibrium concentration of
tetracycline hydrochloride and its adsorption quantity in an
aqueous solution.”” The equations are:

1
In kf =1n g — zln C. (4)
C G 1
= =4 5
qc Qm kLQm ( )

where n and k¢ (mg g~ ") are the Freundlich constants related to
intensity and the adsorption capacity, respectively.

The adsorption isotherms were obtained after adsorption for
5 h and are shown in Fig. 10 and Table 3. The adsorption of
tetracycline hydrochloride onto Zr/Fe-MOFs and Zr/Fe-MOF/GO
composites could be accurately described by the Freundlich and
Langmuir model with R*>values of 0.9974 and 0.9988, respec-
tively. Additionally, both 1/n values were less than 1, at 0.8221
and 0.6157, respectively, indicating that Zr/Fe-MOFs and Zr/Fe-
MOF/GO composites have heterogeneous adsorption surfaces
and that Zr/Fe-MOFs and Zr/Fe-MOF/GO composites conduct
multilayer adsorption of tetracycline hydrochloride.

4. Conclusions

Zr/Fe-MOFs and Zr/Fe-MOF/GO composites were prepared by
hydrothermal methods to test their effectiveness in tetracycline
hydrochloride cleanup. The study tested the impact of the
concentration of tetracycline hydrochloride, the ratio of adsor-
bent to tetracycline hydrochloride, and the pH of tetracycline
hydrochloride solution on the effectiveness of adsorption. The
adsorption of tetracycline hydrochloride was analyzed with the
pseudo-first-order model and the pseudo-second-order model.
It can be seen from the results that both the pseudo-first-order
model and the pseudo-second-order model are suitable for
describing the removal of tetracycline hydrochloride by Zr/Fe-
MOFs and ZR/Fe-MOF/GO, but the pseudo-first-order model is
better than the pseudo-second-order model. Adsorption
isotherms for tetracycline hydrochloride over Zr/Fe-MOFs and
Zr/Fe-MOFs/GO were analyzed with the Freundlich and Lang-
muir model, respectively. The results indicated that Zr/Fe-MOFs
and Zr/Fe-MOF/GO composites have heterogeneous adsorption
surfaces and multilayer adsorption of tetracycline hydrochlo-
ride. The results showed that Zr/Fe-MOFs and Zr/Fe-MOF/GO
composites could effectively remove tetracycline hydrochlo-
ride, indicating the application potential of MOF and MOF
composite.
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