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ABSTRACT. Complexes of Co(IT) and Ni(IT) with 2,6-pyridine dicarboxylic acid (PydcH,) have been synthesized
in the NaX (zeolite-X) nanopores. The formation of zeolite X encapsulated Co(II) and Ni(Il) complexes
([M(pydcH),]-NaX, [M = Co(II) and Ni(II])] were confirmed using spectroscopic methods of FT-IR, elemental
analysis, XRD, FE-SEM, and TEM. It was affirmed that the encapsulation of complexes in NaX pores was formed
without changes in the structure and shape of the zeolite. The oxidative degradation reaction of atenolol with
hydrogen peroxide as an oxidant was performed in the presence of synthesized [M(pydcH),]-NaX nanocomposites
to study their catalytic activity. Therefore, oxidation of atenolol was performed under different conditions of
catalyst, temperature, and time. Under optimal conditions, catalysts [Co(pydcH),]-NaX and [Ni(pydcH),]-NaX
showed 82.3% and 71.1% activity of atenolol oxidation, respectively. These catalysts were stable after recovery and
were used three more times. The results showed that these catalysts were reusable and had a reduction in the catalytic
activity of less than ten percent.
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INTRODUCTION

Today, the pharmaceutical and health industries have caused the entry of various pollutants into
the environment and water resources, and as a result, threaten the health of the people. Therefore,
removing them from the environment becomes more important [1-4]. Typically, drugs either
absorb activated sludge and enter the sludge digesters and can play a role in inhibiting the
biodegradation activity of anaerobic bacteria, or by entering conventional wastewater treatment
processes with effluent, entering soil or surface water, groundwater and then drinking water [5-
7].
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Scheme 1. Structure of the atenolol.
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Medicinal compounds, including cardiovascular drugs, are substances that are very useful and
despite their side effects, they are widely used in medicine [8-11]. Among these drugs is one of
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the most widely used cardiovascular drugs called atenolol (Scheme 1), which is one of the most
widely used drugs due to the prevalence of cardiovascular disease and hypertension. Atenolol is
a beta-blocker and is used to treat chronic angina, high blood pressure (alone or with other
antihypertensive drugs) and to prevent myocardial infarction [12]. About 50 to 60% of the drug
is absorbed from the gastrointestinal tract. Many drugs are low protein-bonded in plasma, so they
are metabolized in small amounts in the liver, the biological half-life of the drug is 6-7 h. and the
time required to reach the peak effect is 2-4 h, 85 to 100% of the drug is unchanged by the kidney.

Pharmaceutic compounds mainly have high endurance and low biodegradability. These
pharmacokinetic factors are considered beneficial parameters to extend the half-life of the drug in
the human body. Accordingly, these pharmaceutical residues also contribute to their increased
persistence in the environment. However, the continuous release in large quantities, and a slower
rate of auto-degradation of these pharmaceutical residues, build up the contamination from ng/L
to pg/L. This poses adverse impacts on human health, life under water, and facilitates the
development of antimicrobial resistant microbes [13-15]. Therefore, it is necessary to provide a
simple, sensitive, and fast method to remove drugs from aqueous sources [16-18]. Many methods
are used to remove these compounds, including membrane processes such as nanofiltration,
ultrafiltration, reverse osmosis, etc., that their disadvantages are high pressure, high cost of the
membrane, and most importantly chemical or microbial clogging of the membrane that prevents
water from passing through the filter and reducing the flow [19]. Conventional oxidation
treatment is another method of removing contaminants by adding an oxidizing agent to a solution
containing contaminants. With this oxidation, some of the contaminants are removed and
decomposed. In wastewater treatment, oxidizers such as chlorine and other chlorine-containing
compounds (such as hypochlorous acid), oxygen, ozone, and hydrogen peroxide are used for
oxidation. Chlorine and its derivatives can be used in the role of chemical oxidant in wastewater
treatment. However, due to its high oxidation strength, it reacts with aromatic rings and double
bond substances, which result in halogenated organic matter, and some of them have the potential
for carcinogenic risk. Therefore, the use of chlorine in the decomposition of wastewater organic
matter is not appropriate [20, 21]. So, catalytic oxidation with H.O, in the presence of an
appropriate catalyst is considered.

Transition metal complexes of transfer elements are good catalysts and some of them have
high solubility in solution, so they are considered homogeneous catalysts [22, 23]. Although
homogeneous catalysts have high activity and selectivity, but the difficulty of separating them
from the product limits their industrial applications. This problem can be solved by
heterogeneizing them [24-26]. Homogeneous catalysts can be converted to heterogeneous
catalysts by bonding or encapsulation [27, 28].

Zeolites are crystalline aluminosilicates with cavities and channels of the specified size and
unique properties such as ion exchange, adsorption, and catalytic activity which are very suitable
in industrial applications. [29]. The general oxide formula for NaX zeolite is Na,0.A1,03.5Si0,
and for its unit cell is (NagsAlgsSii0403s4.172.1H,0). The NaX zeolite is of the Fujasite family and
the sodalite cages are connected by the secondary prismatic units with a hexagonal base. The size
of the cavity and its channels is about 0.74 nm (relatively large), and it is used as a stable size in
the production of catalysts [30].

To increase the catalytic activity of the complexes, they can be encapsulated in the pores and
cavities of the inorganic polymer structure [31-35]. Zeolites are unique among all types of
compounds with porous and porous structures, because they have a regular crystal structure with
high chemical and thermal stability. The proper structure of zeolites has made them a suitable
environment for trapping active metal complexes and metal clusters, which use these modified
systems as catalysts [36]. There are three methods for encapsulating coordination compounds in
the pores and channels of zeolite, including the method and synthesis of zeolite complexation, the
template synthesis method and the synthesis method, and the flexible ligand method,
simultaneously [37, 38].
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In this research work, the flexible ligand method has been used. First, the appropriate metal
enters the zeolite structure by ion exchange method, and then the appropriate ligand in terms of
size and flexibility is spread in the zeolite structure, in this method. The ligand used in this method
must have sufficient flexibility to be stable and not be degraded during adsorption and binding to
the exchanged metal in the zeolite pores. The amount of complex produced in the zeolite pores is
proportional to the amount of cation exchanged with the sodium cations in the zeolite structure.
The excess amount of ligand and metal complex on the outer surface of the zeolite should be
separated by a solvent.

Continuing the previous work [39], we describe the synthesis and characterization of the
encapsulated Ni(II) and Co(II) complexes of pydcH; in zeolite-X and their use in the oxidation of
atenolol (an organic pollutant in wastewater) with hydrogen peroxide as an oxidant.

EXPERIMENTAL
Materials and Physical methods of analysis

All materials required for the synthesis of compounds were purchased commercially from Sigma
Aldrich or Merck. The FT-IR spectra of the synthesized solids were recorded with KBr tablets in
the range of 4000-400 cm™' by a Bruker Tensor 27 FT-IR-spectrophotometer. The TESCAN, Mira
3-XMU field-emission scanning electron microscope (FE-SEM) and transmission electron
microscopy (TEM) (Zeiss-EM10C-80KV) were used to examine the morphology of the samples
and particle shape, respectively. To study the structure and phase detection in the synthesized
samples, X-ray diffraction (XRD) was used and it was applied to the surface of the sample by
CuKo on a Philips, X'Pert PRO. Perkin-Elmer Optima 2000 DV ICP-AES was used for elemental
analysis of samples. The UV-Vis spectra were recorded at 254 nm using the Avantes
spectrophotometer (AvaSpec-ULS2048LTEC).

Preparation of zeolite-X

Synthesized zeolite-X was used as a substrate in the laboratory [40]. Sodium silicate and sodium
aluminate were used as raw materials in the preparation of zeolite X. To prepare sodium silicate,
a mixture of silica gel (3 g), sodium hydroxide (2.4 g, 0.06 mol), and deionized water (6 mL) was
stirred to give a clear solution. Sodium aluminate solution was obtained by mixing aluminum
isopropoxide (6.9 g, 0.03 mol), sodium hydroxide (2.4 g, 0.06 mol), and deionized water (9 mL)
in another beaker. Stirring was continued for about ten minutes (below 80 °C) until the material
was completely dissolved and a clear solution was obtained. Evaporation of water was prevented
by placing the watch glass on the beaker. After both solutions reached room temperature, the
aluminum silicate solution was added to the sodium silicate solution. Then 27 mL of water was
added and the reaction mixture was stirred to form a perfectly homogeneous mixture. The mixture
was immediately transferred to a polypropylene container with a screw cap and placed in an oven
at 90 °C for 3-4 h. The reaction mixture was then cooled to room temperature. After sediment
settling, the mixture was filtered and washed with plenty of deionized water until the pH of the
washing liquid became neutral, but no smoothing method was used to wash away the residue.
Finally, the white zeolite X crystals were dried in an oven or at room temperature.

Preparation of [M(pydcH)»)]-NaX (M = Ni and Co)
Zeolite X was used to synthesize nanocomposite catalysts through encapsulating nickel(II) and

cobalt(Il) complexes in zeolite pores. In this regard, the flexible ligand method was used in the
following two steps.
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The exchanged M(II) zeolite-X (M (II)-NaX) was prepared according to the method described
in the literature [41]. Zeolite X (4 g) was transferred to a 250 ml in reaction flask together with
deionized water (250 ml) and 4 mmol M(NOs),. The suspension was refluxed for 24 h. at 90 °C.
Then, the mixture was filtered and the precipitate was washed several times with deionized hot
water. The precipitate was placed in an oven for 15 h at 150 ° C to dry completely.

The dry precipitate (1 g) obtained from the before step was placed in a 250 mL balloon and
placed in an oil bath. 12 mmol of pyridine 2,6 dicarboxylic acid ligand and 100 mL of ethanol
were added to the precipitate and refluxed for 24 h at 90 °C. Then the mixture was placed in a
smooth oven at 150 °C to dry completely. To remove unreacted ligands, the precipitate was soaked
with ethanol and acetonitrile for 6 h, respectively. After drying, the resulting mixture was placed
in a solution of sodium chloride (100 ml, 0.01 M) for 24 h (for the removal of uncoordinated metal
ions from the zeolite cavities). After filtering the reaction mixture and washing the precipitate
with deionized water several times, it was dried at 120 °C.

Catalytic reaction for the oxidation of atenolol

An aqueous solution of atenolol (10 mL, 2 ppm), was prepared and its absorption was measured
at 254 nm by spectrophotometer. Then different amounts of catalyst (0.005, 0.01, and 0.015 g)
and hydrogen peroxide (0.01, 0.02, 0.03 and 0.04 ml, 30 wt.%, as an oxidant) were added to the
solution and were stirred at ambient temperature (30 °C) for 30, 60 and 180 min. The mixture was
centrifuged and the absorption of clear solution was measured in the range of 250-700 nm. To
recover the catalyst, the residue was filtrated and washed with solvents for reuse.

RESULTS AND DISCUSSION

Both the Co(II) and Ni(II) ions coordinated with pydcH™ were encapsulated in the pores of zeolite
X by the Flexible Ligand Method [41]. First, Na" ion was exchanged with M(II) ion and then the
complex formation was performed in M(II) -X zeolite cavities by adding an additional amount of
the pydcH> (Scheme 2). The pydcH, can diffuse simply via the zeolite pores because of its flexible
nature and then the complexes of [M(pydcH).] were formed in the zeolite pores [42]. So, the
prepared complex inside the cages of zeolite is too large to come out of the pores. To remove
excess of the ligand inside the pores as well as located on the surface of zeolite the precipitate was
Soxhleted in ethanol and acetonitrile for 6 h, respectively.
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Scheme 2.Encapsulation of Ni(II) and Co(II) complexes with 2,6-pyridine dicarboxylic acid in
zeolite-X.
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Characterization of [M(pydcH),)]-NaX

FT-IR spectroscopy

The FT-IR spectra of NaX and encapsulated Co(II) and Ni(II) complexes (catalysts) are shown in
Figure 1. The study of FT-IR spectra of different zeolites shows the presence of two groups of
vibrating bands in these compounds. The first group is bands that are related to the internal
vibrations of the tetrahedral TO, (T = Al, Si). These bands are not sensitive to the overall structure
of the zeolite and are often seen in all zeolite structures. The second group of bands is found only
in some zeolite structures and is therefore attributed to the connections between the tetrahedral
anions. The intensity of this group of bands is reduced or disappeared completely if the zeolite
structure is destructed [43]. The bands around 3450 cm™ (broad) and 1642 cm™ have related to
the stretching and bending modes of water molecules adsorbed by the zeolite X, respectively [40].
The band appearing at 1010 cm™ is also attributed to the quadrilateral Si-O-Al tensile vibration.
Symmetric T-O-T stretching, six-membered rings of T-O-T symmetric stretching, and Si-O-Si
symmetric stretching are assigned by absorption bands at 764, 582, and 657 cm, respectively.
Also, the symmetric bending of the modes of T-O is assigned by the band at 480 cm™'. These

findings are similar to previous studies and this proves the formation of zeolite X in this work [44,
45].
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Figure 1. FTIR spectra of (a) NaX, (b) [Co(pydcH),]-NaX and (c) [Ni(pydcH),]-NaX.
IR spectroscopy also provides good information about encapsulated metal complexes and the

crystal structure of the host zeolite. In the spectrum of both samples, the absorption bands are
affected by the crystal structure of the zeolite [46]. In the range of 3700-3300 ¢cm’!, vibrations
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related to hydroxyl groups can be detected (corresponding to the connections of the OH group of
ligands). The fact that the main vibrations in the structure of the zeolite have not changed or
significantly expanded can be confirmed that the process of encapsulation of the complexes has
not changed the framework of the zeolite. The relevant bands are weakened in composites, due to
the low concentration of complexes, and therefore it is observed only in areas such as 1830 and
1790 cm! resulting from stretching vibrations of carbonyl (C=0) or carboxyl (COOH) groups for
[Co(pydcH):]-NaX and [Ni(pydcH),]-NaX, respectively. The bands assigned to the asymmetric
stretches (vosCOO") were in the range 1680-1635 cm™ (for [Co(pydcH),]-NaX) and 1645-1575
cm! (for [Ni(pydcH),]-NaX), whereas a somewhat weaker symmetric stretches (vsmCOO") at
1580 and 1510 cm™ for nickel(IT) and cobalt(IT) complexes encapsulated in zeolite, respectively
[47]. Various coordinating modes exists in the 2,6-pyridinedicarboxylic acid complexes which
can be distinguished from the difference in asymmetric and symmetric carboxylate stretching
bands, Av = v,sCOO™ — vymCOO™. If there is a marked difference of over 200 cm™! it implies
monodentate coordination while a difference of about 100 cm™' confirms a bidentate coordination.
The small difference between v,s and vem (Av < 200 cm™') frequencies indicates bidentate
coordination [47].

Analytical data

The ICP-AES analytical data of NaX, M(II)-NaX, and ([M(pydcH),]-NaX nanocomposites are
shown in Table 1. The Si/Al molar ratio in NaX is 1.22 which is in agreement with the unit cell
formula (NaggAlggSiiosOss4) [48]. The Si/Al ratio remained unchanged in M(II)-NaX, indicating
no occurrence of dealumination during the ion exchange. The M/N molar ratio in M-pydc-NaX
shows only a slight distortion comparison with the free complex), which confirmed that the
structure of the complex in the zeolite channels did not change. The contents of M, C, H, and N
metal to ligand ratio of about 1:2 for [M(pydcH),]-NaX. However, slightly lower molar ratios in
each case show a small trace of free metal ions in the lattice.

According to the Si/Al ratio in M(II)-NaX remains unchanged indicating the absence of
dealumination during ion exchange. It also confirms that the structure of zeolite channels has not
changed after ion exchange and complex formation in cavities. The values of M, C, H, N indicate
the metal to ligand ratio of about 1:2 for [M(pydcH),]-NaX.

Table 1 ICP-AES analytical data for NaX, M(II)-NaX and [M(pydcH):]-NaX; M = Co, Ni.

Compound %M %C %N %Si %Al %Na | M/N | Si/Al
NaX - - - 20.56 | 16.84 | 16.92 - 1.22
Co-NaX 5.20 - - 2036 | 16.72 | 12.25 - 1.22

[Co(pydeH):]-NaX | 3.84 | 1058 | 1.78 | 20.13 | 1647 | 14.01 | 051 | 1.22
Ni-NaX 432 - - 2072 | 1693 | 1353 | - 1.22
[Ni(pydeH):]-NaX | 3.3 874 | 146 | 1933 | 1581 | 1487 | 052 | 1.22

Powder X-ray diffraction

The XRD pattern of NaX, M(II) exchanged zeolite-X, and ([M(pydcH),]-NaX) were obtained at
20 = 0° - 70° are shown in Figure 2. The crystal phases of the synthesized material can be
determined by comparing the X-ray diffraction pattern and the ASTM cards. As shown in the
figure, the XRD pattern of the Zeolite X is the same as the standard zeolite-X [41]. The absence
of additional peaks in the XRD pattern indicates the synthesis of high purity zeolite-X. According
to Figure 2, a little displacement in the peaks of the complexes indicate that the process of catalyst
synthesis (ion exchange and encapsulation of the complexes) based on zeolite has caused minor
changes in the distance of its crystal planes, but in general, the structure and zeolite framework of
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NaX remain stable during the preparation process of composites. The average nano crystallite
sizes (measured from the X-ray diffraction line broadening pattern) are 34.12, 40.17, 24.68, 42.62
and 20.50 nm for NaX, Co-X, Ni-X, [Co(pydcH),]-NaX and [Ni(pydcH),]-NaX, respectively.
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Figure 2. XRD patterns of (a) NaX, (b) Co-X, (¢) Ni-X, (d) [Co(pydcH),]-NaX and (e)
[Ni(pydcH),]-NaX.

Scanning/transmission electron microscopy

Scanning electron microscopy (SEM) Images of NaX and [M(pydcH),)]-NaX is shown in Figure
3. The sample particles have an irregularly shaped angle, an almost smooth surface, and multilayer
sheets. These images show that the exchanged ions and complexation are mostly inside the pores
of the zeolite X.

TEM images of [M(pydcH):]-NaX are shown in Figure 4. These pictures show that the
structure of all of them is rectangular cubic. The [Ni(pydcH),]-NaX and [Co(pydcH),]-NaX also
show slightly opaque and regular form but a little change at the surface margin. In addition, partial
aggregation is considered compared to the parent zeolite. Due to the encapsulation of complex
sections in zeolite channels, the morphology of [Ni(pydcH),]-NaX and [Co(pydcH),]-NaX show
a crystalline nature. TEM images show an average length of 31.58+9 nm and 44.41+17 nm for
[Ni(pydcH),]-NaX and [Co(pydcH),]-NaX, respectively. Images of [Ni(pydcH),]-NaX and
[Co(pydcH),]-NaX show the absence of M (II) complex traces on the surface.
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Figure 4. TEM images of the (a) [Co(pydcH),]-NaX and (b) [Ni(pydcH),]-NaX.
Catalytic activity (oxidation of atenolol)

The catalytic activity of [Ni(pydcH),]-NaX and [Co(pydcH),]-NaX composites in the degradation
oxidation reaction of a solution of atenolol (10 mL, 20 ppm) in the presence of H,O, were
investigated. Process optimization was performed by the change of different parameters such as
reaction time (30, 60, 90, 120, and 180 min), the amount of catalyst (5, 10, 15, 20, 25 mg), and
the volume of hydrogen peroxide (0.01, 0.02, 0.03 and 0.04 mL) at 30 °C under conditions where
all other factors were constant (Table 2).

The concentration of residual atenolol was calculated using a spectrophotometer at 254 nm
according to the following equation:

C,—C
R=(°C—1)*1oo

0

where Cy and C; indicate the initial and final concentration of the atenolol (after the degradation
process), respectively.
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The results showed that the oxidative degradation of atenolol increased with enhancement
time. Since there was a slight increase in efficiency after 60 min, the optimize time was considered
60 min.

To find the optimal amount of catalyst, atenolol degradation was performed in different
amounts of catalyst from 5 to 25 mg. Oxidation efficiency of 71.1 % and 82.3 % was obtained
after 60 min of reaction at 30 °C with 10 mg of catalyst in the presence of [Ni(pydcH),]-NaX and
[Co(pydcH),]-NaX, respectively (Table 2). The degradation of atenolol becomes greater with
increasing the amount of catalyst up to 15 mg, but an additional increase in the amount of catalyst
reduces the oxidation performance of atenolol due to lower access to active sites. In addition,
excess catalyst leads to the decomposition of H,O,, which ultimately prevents the oxidative
degradation reaction [49].

Homogeneous complex compounds are not recyclable as a catalyst even once and lose their
catalytic activity after use. However, heterogeneous catalysts can be reused after catalytic
filtration and washing without major damage to catalytic activity [5S0]. After completion of the
reaction, filtration and separation of the catalyst, and then washing with a solvent, the catalyst was
reused under similar conditions. The atomic absorption spectroscopy of catalysts did not show
any loss of nickel or cobalt after reuse, although their catalytic activity was slightly reduced.

Table 2. Effect of various parameters on the catalytic oxidative degradation of atenolol.

Catalyst Time (min) Catalyst (mg) H>02 (mL) Degradation (%)

30 5 0.01 28.2

60 5 0.01 55.1

90 5 0.01 59.2

120 5 0.01 59.8

180 5 0.01 60.1

60 5 0.01 55.1

60 10 0.01 75.6

[ColpydcH)]-NaX 60 15 0.01 75.9
60 20 0.01 74.3

60 25 0.01 71.2

60 10 0.01 75.6

60 10 0.02 79.8

60 10 0.03 81.2

60 10 0.04 823

30 5 0.01 23.6

60 5 0.01 48.3

90 5 0.01 51.7

120 5 0.01 523

180 5 0.01 52.8

60 5 0.01 48.3

. 60 10 0.01 59.8
[Ni(pydeH)z]-NaX 60 15 0.01 60.1
60 20 0.01 579

60 25 0.01 53.6

60 10 0.01 59.8

60 10 0.02 67.3

60 10 0.03 70.4

60 10 0.04 71.1

CONCLUSION

The aim of this study was to remove atenolol from aqueous solutions using the oxidative
degradation reaction in the presence of [Co(pydcH),]-NaX and [Ni(pydcH),]-NaX
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nanocomposites as a catalyst. The results showed that the catalysts were synthesized correctly and
the cobalt complex with pyridine-2,6-dicarboxylic acid was encapsulated to a greater extent than
the nickel complex in the zeolite X cavities. According to the molar ratio of metal to nitrogen, it
can be concluded that the molar ratio of metal to the ligand is 1:2. The catalytic degradation of
atenolol shows that [Co(pydcH),]-NaX nanocomposite has more activity than [Ni(pydcH),]-NaX,
due to the amount of complex encapsulation in the zeolite X cavities. Degradation of atenolol
increases with enhancement temperature, time, and amount of hydrogen peroxide in the presence
of both complexes. Although the oxidation percentage of atenolol increases in the presence of
catalyst up to 10 mg, but the percentage of oxidation of atenolol decreases by the excess amount
of catalyst because of the decomposition of H>O». In addition, the removal efficiency of atenolol
showed a reduction of less than 10% in the reuse of catalysts for three periods.
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