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Abstract: Nowadays, water pollution due to heavy metal ions is a great concern in all human
communities. In this project, a metal-organic frameworks (MOFs), which were named Znz(oba)2bpy,
(1, H20ba = 4,4-oxybisbenzoic acid and bpy = 4,4-bipyridine) linkers, were successfully synthesized.
The properties of these MOFs were investigated using different techniques, such as FT-IR, XRD, and
SEM analysis. The frameworks have special characteristics, like the rapid, efficient, and selective
removal of metal ions from contaminated water. The use of an ultrasonic device plays an important
role in shortening the absorption time of mercury (II) ions by increasing absorbent dispersion in the
solution. The adsorption capacity was affected by variables such as the pH of the solution, Hg?*
initial concentration, adsorbent dosage, and contact time. For Hg(II) metal ions, the sorption
capacity of 338 mgg? was effectively obtained by Znz(oba):bpy structures. The experimental
adsorption data for the Znz(oba):bpy MOF is well-suited to the pseudo-second-order kinetic model
(R2 = 0.99), and the adsorption isotherms of Hg? metal ions are in good agreement with the
Langmuir model. This work displays the effective removal of Hg? ions from pollutant water in
under 30 min. The antibacterial activities of Znz(oba):bpy (1) were tested against gram-positive and
gram-negative species. The as-synthesized 1 exhibited excellent antibacterial effectiveness against
Escherichia coli and Staphylococcus aureus.
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Highlights

=  Sonochemically microporous metal-organic framework (Znz(oba)2(bpy)) (1) was synthesized;

= Zm(oba)2(bpy) (1) MOF showed the maximum absorption of Hg? ions at pH = 5;

= The absorption kinetics was followed by the pseudo-second-order model;

= The adsorption isotherm was followed by the Langmuir model;

*  The maximum absorption capacity for this framework was 338 mgg™ for Znz(oba)(bpy) (1),
which was achieved in less than 30 min;

=  The antibacterial activity study of Znz(oba)2(bpy) (1).
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1. Introduction

Among various heavy metal ions, mercury (II) is known to cause acute and chronic poisoning,
and also has the ability to target almost all organs of the body, especially the central nervous system
[1-3]. Because of these reasons, the adsorption of mercury (II) from contaminated water systems is
very important [4]. Over the past two decades, different types of methods, including membrane
filtration, ion exchange, chemical precipitation, electrochemical treatment technologies, and
adsorption, have been used to remove metal ions [5]. Recently, the absorption method has been
shown to be an effective solution for the removal of heavy metals. The absorption method is a simple,
low-cost, and high-performance method that can be used on a large scale [6]. These properties of the
absorption method depend on various factors, such as the solution pH, adsorbent dosage, contact
time, ionic strength, background electrolyte, temperature, and nature of the adsorbent [7,8]. Different
adsorbents have been used to absorb metal ions from water [9-11]. Conventional adsorbents have
deficiencies, such as high operating and maintenance costs, the emission of secondary pollutants and,
most importantly, a poor performance at very low concentrations. The preparation of metal-organic
frameworks (MOFs) is an effective method for the absorption and selective separation of metal ions
from water [12-15]. An MOF is a solid absorbent material made of secondary building units (SBUs),
which includes metal clusters and organic linkers that create three-dimensional grids [16,17]. The
selection of metals and linkers has a great influence on the structure and properties of MOFs [18].
These MOFs are characterized by large-sized cavities, high surface areas, the selectable absorption of
small molecules, controllable particle dimensions and morphology, etc., which have attracted the
attention of researchers [19]. These features have promising results in applications such as sensing
[20-22], gas storage [23], separation [24], drug delivery [25], and catalysis [26]. The use of MOFs is a
growing approach for removing pollutants from water. The ultrasonic technique has been used to
increase and improve mass transfer [27]. The ultrasound power can accelerate the absorption process
[28,29]. Cavitation (nucleus, growth, and collapse of small gas bubbles) and the high-pressure
variation caused by ultrasound can cause this phenomenon [30]. In addition, by developing effective
in-particle interaction using physical phenomena such as micro-turbulences, microstreaming,
acoustic waves, and microjets, the chemical reactivity of particles in the solution can be improved
[31]. Ultrasound has been proven to be a very useful tool for accelerating the absorption of metal ions
and paint on adsorbents by enhancing the dependence between an adsorbate and adsorbent [32-36].
In this study, a Znz(oba)2bpy (1) MOF with Hzoba = 4,4-oxybisbenzoic acid and bpy = 4,4-bipyridine
linkers was synthesized to remove mercury (II) ions from water. We evaluated the contact time, pH
parameters, adsorbent dosage, and concentrations of mercury (II) metal ions. In this paper, we show
that nanoporous materials can play an effective role in the selective and effective removal of heavy
metal ions from water.

2. Experimental Section

2.1. Materials and Measurements

All materials used during synthesis were purchased from a commercial provider. The infrared
spectra were collected with a Nicolet 100 Fourier transform infrared (FTIR) spectrometer in the range
of 400-4000 cm™. Powder X-ray diffraction (PXRD) measurements were done by using a Philips
X'Pert diffractometer with monochromated Cu Ka radiation (A = 1.54056 A). Inductively coupled
plasma atomic emission spectrometry (ICP-AES) on a Varian Vista-PRO instrument, equipped with
a charge-coupled detector, was used to determine the remaining concentration of metal ions.

2.2. Solvothermal Synthesis of Zn2(oba)2(bpy) (1)

Zn(NOs)2.6H20 (0.116 g, 0.5 mmol), 4,4-oxybisbenzoicacid (0.129 g, 0.5 mmol), and 4,4-
bipyridine (0.074 g, 0.25 mmol) were dissolved in 10 mL N,N-dimethylformamide (DMF) in a 20 mL
glass vial. The mixture was stirred under sonication for 10 min to obtain a clear solution. The sealed
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vial was then placed in an oven and heated at 100 °C for 48 h. Next, the solid product was filtered
and washed with DMF.

2.3. Sonochemical Synthesis of Znz(oba)2bpy (1)

To prepare nano-sized Znz(oba)2(bpy) (1), 25 mL solution of zinc (II) acetate dihydrate (0.5 mmol,
0.116 g; 0.02 M) in DMF was positioned in a high-density ultrasonic probe at ambient temperature
and atmospheric pressure. Then, 0.5 mmol (0.129 g) and 0.25 mmol (0.074 g) of the ligands H2oba and
bpy, respectively, were added to this solution, which was sonicated for 1 h. Moreover, the MOF was
prepared in different concentrations of initial reagents of 0.01, 0.02, and 0.04 M using a constant US
generator power of 50 W for a 1 h irradiation time. The resulting powders were isolated by
centrifugation, washed with DMF three times, and dried in air for characterization.

2.4. Ultrasonic-Assisted Adsorption Experiments

In the batch absorption test, the effect of different parameters on the absorption performance of
(1) was studied. In this way, 50 mL of mercury solution was added to 10 mg of adsorbent, at room
temperature and in ultrasonic baths. Hg(NOs)2 was applied as the source of Hg(Il). The solution pH
was adjusted by adding 0.1 mL of 0.1 M NaOH or 0.1 M HCI. The mixture was centrifuged for 5 min
after removing the ultrasonic bath. In the next step, sampling from the solution was performed. The
total amount of adsorbed heavy-metal ions on Zn2(oba)2(bpy) (1) and the removal efficiency were
calculated from Equations (1) and (2), respectively:

(Cy — COV
Q: = OTt 1)
(Co—Ce)
%R = ECx100. @

In these equations, Co and C. point to the initial and equilibrium concentrations of Hg(II) ions
(mg L), respectively; V refers to the volume (L) of samples; and m refers to the adsorbent mass (g).
The kinetics of the adsorption process on Znz(oba):(bpy) were evaluated by sampling a solution
containing mercury and adsorbent ions at intervals of 5-30 min. Additionally, absorbent isotherms
of Znz(oba)2(bpy) were evaluated by adding 10 mg of adsorbent to various concentrations (5 to 120
mg L) of mercury ions.

3. Results and Discussion

3.1. Characterization of Zn2(oba)2(bpy) (1)

The compound Znz(oba)2(bpy) (1) was sonochemically synthesized by mixing zinc acetate, 4,4-
oxybis(benzoic acid) (Hzoba), 4,4-bipyridine (bpy), and DMF for 1 h. Compound 1 possesses a porous
3D network built from a Zn2(oba)s paddle-wheel secondary building unit. Each SBU is linked by oba
to form a distorted 4* 2D network. Two identical 4* nets interpenetrate to form a layered structure.
The bpy acts as a linker between the paddle-wheel units from two adjacent layers to yield a highly
sTable 3D framework (Figure 1a). The structure contains 1D open channels running along both the a
and b axes. For 1, the strong vibrations at 1600 and 1590 cm™! correspond to the asymmetric stretching
vibration of the carboxylate group coordinated to the cation, whereas it's symmetric stretching
vibrations appear at 1415 and 1371 cm™! (Figure 1b). The difference in frequency between asymmetric
and symmetric stretching vibration is more than 200 cm, indicating the bidentate-bridging
coordination mode of the carboxylate group [37]. The powder XRD pattern of the resulting
ultrasound synthesized product (Figure 1c) agrees well with the literature value [38]. Moreover, the
sonochemically as-prepared 1 was also monitored by TG analysis (Figure 1d). The weight loss of the
guest molecule (DMF) started at 250 °C and the framework was stable up to 400 °C, before it
collapsed, implying the good thermal stability of this MOF [39]. The morphology and sizes of
nanostructures prepared using ultrasonic techniques (US techniques) are dependent on various
parameters, such as the concentration of initial reagents [40]. In order to investigate the role of this
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parameter in the morphology and size of the MOF, 1 samples prepared by the US method using a
different concentration of initial reagents were characterized by scanning electron microscopy (SEM).
Figure 2 shows the SEM of the MOF prepared in different concentrations of initial reagents of 0.01,
0.02, and 0.04 M using a constant US generator power of 50 W for a 1 h irradiation time. The
comparison of the samples with different concentrations shows that high concentrations of initial
reagents decreased the particle size (Figure 2c,d). Interestingly, the size of 1 particle formed without
US irradiation is much larger than that with US irradiation (Figure 2e,f). In addition, no formation of
nanostructures was confirmed. From these results, it is suggested that US cavitation affects the
formation of small and uniform 1 nanostructures [41]. Such a size difference is commonly observed
in sonochemistry [42]. One explanation for this is that the fast kinetics does not permit the growth of
the nuclei, and in each collapsing bubble, a few nucleation centers are formed, whose growth is

limited by the short collapse [18].
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Figure 1. (a) Crystal structure of the 3D framework Zn:(oba)2(bpy) (1), showing the 1D channels
running along the a axis (the disordered guest molecules are omitted for clarity). (b) FT-IR spectra of
sonochemical (red) and solvothermal (blue) synthesized 1. (¢) Powder X-ray diffraction (PXRD) of as-
synthesized (blue) and simulated (red) Znz(oba)2(bpy) (1). (d) TGA of activated Znz(oba)2(bpy) (1).

3.2. Hg(1I) Adsorption Studies

The ultrasonic-assisted adsorption of Hg(Il) ions from aqueous solutions using 1 MOF was
studied to find the optimal initial concentration of ions, adsorbent dosage, pH, and contact time. All
experiments were carried out at room temperature at various conditions, according to the designed
experiments. Moreover, our MOF displayed a significantly high adsorption capacity for Hg?* ions.
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Figure 2. SEM images of Znz(oba)2(bpy) (1) nanostructures prepared by a US generator power of 50
W at a 1 h irradiation time in different concentrations of initial reagents: (a) 0.01 M, (b) 0.02 M, and
(c,d) 0.04 M. (e,f) SEM image of 1 bulk powder formed via a solvothermal reaction without ultrasonic
irradiation.

3.3. Effect of pH

The absorption process strongly depends on the pH. First, 50 ppm of mercury (II) was prepared
to investigate the absorption property with 1. A total of 0.01 g of absorbent was added to 50 mL of
mercury (II)-containing solution in separate containers. At a low pH, competition between mercury
(IT) and hydrogen ions for placement on adsorbent sites decreases the absorption rate. By increasing
the pH of the solution, the effect of the competition of Hg?* and H* is reduced and, as a result, more
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mercury (II) is absorbed. At a higher pH, the amount of H* ions decreased and at pH = 5, the
maximum amount of mercury (II) adsorption was reached (Figure 3a).

a b 250
) w0 )
200
w
g - 150
s -
é 40 ,_E 100
E E
20 - ©
o
0 0
2 3 4 § & ] 5 10 15 0 5 1] 35
pH Time (min)
€) m d)
o 100
a0 -
i ]
F -
E o TE. =] H B Adeorption
= a0 = WOesarption
- @
g 0 b
o ia
; 0 n = A .
PhE AR Ca¥ CrY N As™ Co¥ Fe Mal
Heawvy metal Number of eycles

Figure 3. (a) pH solution effect on the Hg(II) adsorption efficiency, (b) effect of various contact times
on Hg(Il) sorption, (c) comparative adsorption of different heavy-metal ions, and (d) adsorption-
desorption cycles of Znz(oba)2(bpy) (1). (The percentage of desorption was calculated based on the
amount of adsorption).

3.4. Study of Sorption Kinetics

To study the sorption mechanism, which governs the sorption procedure, and to estimate
whether the sorption mechanism can be considered a physical or chemical mechanism, various
adsorption models, such as intraparticle diffusion, pseudo-first-order, and pseudo-second-order
models, were applied to investigate the adsorption data. A high correlation coefficient of the pseudo-
second-order model was achieved for Hg(II) ions (R?=0.99 for 1), which indicated that this adsorption
model is more fitted with the sorption data than the pseudo-first-order model (Figure 4). These results
demonstrate that the pseudo-second-order model displays a more satisfactory correlation in
comparison with the pseudo-first-order model for the sorption of Hg? metal ions, suggesting that
the sorption process was predominantly controlled by chemical reactions between the metal ions and
the adsorption sites of the MOF [43-45]. The kinetic parameters of 1 were evaluated by exploring the
impact of various contact times on Hg(II) sorption. As shown in Figure 3b, fast kinetics was obtained
in less than 30 min. The Weber-Morris intraparticle diffusion model was then used to better identify
the diffusion mechanism. This model can be ascribed to the mass transfer steps in the Hg?" ion
adsorption onto adsorbents. The plots of Qt versus t'2in the range of the calculated adsorption give
a nonlinear curve, which did not pass through the origin (C # 0), and shows that the intraparticle
diffusion mechanism is not the only rate-determining step (Figure 3b). The initial portion can be
assigned to boundary layer diffusion, and the second portion with a lower slope indicated the slow
adsorption step, where intraparticle diffusion is involved in the sorption process, but is not the only
rate-determining step. The initial portion with a larger slope has a faster rate than the second portion.
Additionally, the second part represents the equilibrium level.
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Figure 4. (a) Pseudo-second-order and (b) pseudo-first-order kinetics model of Hg?" adsorption on
Znz(oba)2(bpy) (1), (c) linear curve fitting with the Langmuir model, and (d) linear curve fitting with
the Freundlich model for Hg? for Zn2(oba)2(bpy) (1).

3.5. Adsorption Isotherm

To achieve significant data for the judicious design of a favorable sorption system, the
adsorption tests were performed in seven different initial concentrations (between 5 and 120 ppm)
with 10 mg of adsorbent and then stirred for 30 min at ambient temperature. To evaluate the efficacy
of the sorption process, sorption models, namely, Freundlich and Langmuir models, were employed
(Figure 4c,d). Monolayer adsorption is defined by the Langmuir model upon the homogeneous
surface of the adsorbent and represented as:

1 1 1 1

% am | bam lCe ®)

where multilayer adsorption is described by the Freundlich model upon the heterogeneous surface
of sorbent material and illustrated as:

(e = KrCe 1/n, (4)

where Ce (mg L) is the ion concentration at equilibrium, b (L mg™) is devoted to the energy of the
sorption process, qm (mgg™) points to the maximum sorption capacity obtained for monolayer
sorption, and Kr is the Freundlich constant. The Langmuir model is a better model for explaining the
adsorption isotherm based on R? values. As shown in Figure 4c,d the maximum sorption capacity of
1 for Hg(II) ions was 338 mgg'. The 1 reveals an outstanding adsorption performance due to its large
adsorption capacity.

3.6. Effect of Adsorbent Dosage

Adsorbent dosage had an inverse effect on the adsorption capacity. This is because, at a higher
adsorbent dosage, the ratio of the adsorbing concentration to adsorbent sites is lower, which causes
a decreasing adsorption capacity.
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3.7. Investigation of Comparative Adsorption

Ligands display very fast adsorption and a highly efficient capacity for Hg(II) removal. In
addition, the comparative sorption tests were performed for various metal ions. Cd?, CO?, Hg?, Cr*,
As¥, Ni*, Fe¥, Cu*, and Al’* metal ions were used to study the adsorption performance of this MOF.
As illustrated in Figure 3¢, the compound Hg(Il) was adsorbed more efficiently in comparison to
other metal ions.

3.8. Reusability Study

To investigate the reusability of this MOF, three adsorption-desorption cycles were
accomplished. Satisfactory results were obtained, as illustrated in Figure 3d. The desorption process
was performed by adding 2 mL of deionized water to the adsorbent, and the solution was stirred for
20 min at ambient temperature. The amounts of total Hg(II) metal ions were then determined by ICP-
AES. The percentage of adsorption obtained after three cycles shows that MOF 1 is reusable for
absorbing metal ions.

3.9. Antibacterial Activity

The antibacterial activity is measured from the inhibition zone. In the present work, Escherichia
coli (a gram-negative bacteria) and Staphylococcus aureus (a gram-positive bacteria) were used as the
biological agents. This is shown in Figure 5a,b. The results demonstrated a relationship between the
Znz(oba)2(bpy) (1) concentration and antibacterial activity. The Kirby-Bauer disk diffusion
susceptibility test was used to measure the antibacterial activity of 1. Colonies of each strain of E. coli
and S. aureus were cultured overnight on trypticase soy agar medium and transferred through a loop
in a sterilized test tube containing 5 mL of sterilized normal saline solution. The mixture was
completely mixed. Then, uniform suspensions of bacteria with 0.5 McFarland turbidity standards
were cultured by a swab on Muller Hinton agar. To prepare the disks, 50 mg mL- synthesized
material was added to sterilized blank disks and left for 2 days. The disks were then seeded onto the
plate at appropriate time intervals and incubation was carried out, at 37 °C for 18 h. Next, the zones
of bacterial inhibition were measured. Zn?* was readily released from the 1 structure in water and
interacted with the bacterial membrane. 1, therefore, acted as a Zn ion reservoir. Moreover, the
structure underwent gradual degradation, providing sustained ion release. However, the
antibacterial test for both bacteria showed an excellent effect against E. coli and S. aureus [46—48].

Figure 5. The antibacterial activity zone of inhibition with Znz(oba)2(bpy) (1) powders, for different
bacterial strains: (a) Escherichia coli and (b) Staphylococcus aureus.
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4. Conclusions

In summary, a Znz(oba):bpy (1) metal-organic framework was synthesized using an organic
linker of Hxoba = 4,4-oxybisbenzoic acid and bpy = 4,4-bipyridine, with the target of absorbing
mercury(Il) ions from water. The results of the absorption experiments showed that the framework
has a similar function in absorbing and separating mercury (II) ions. Additionally, the maximum
absorption capacity for this framework was 338 mgg-! for 1, which was achieved in less than 30 min.
Moreover, in comparison with the previous report, 1 displayed a higher adsorption capacity for the
Hg?* removal performance. Due to the inability of most adsorbents to absorb metal ions at low initial
concentrations, framework 1 provided an acceptable performance. These results indicate that the
H:oba = 4,4-oxybisbenzoic acid and bpy = 4,4-bipyridine ligand-based framework can be considered
an adsorbent for the treatment of sewage to recover environmental health. This work effectively
removed Hg?" ions from pollutant water in under 30 min. The antibacterial activities of Zna(oba):bpy
(1) were tested against gram-positive and gram-negative species. The as-prepared 1 exhibited an
excellent antibacterial effectiveness against E. coli and S. aureus.
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