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Harmful industrial pollutants are the most important and substantial challenges in ecological and
environmental processes. Therefore, environmental remediation of these types of toxic materials is an
important issue. The main purpose of the present study is the catalytic reduction of some organic dyes
and nitro aromatic compounds as toxic contaminants in the presence of polyoxometalates (POMs).
At first, the transition metal-substituted Keggin-type POM-based melamine was prepared and identified
using different techniques such as FTIR, XRD, TGA, and FE-SEM. Then, the catalytic performance of
these synthesized compounds in the reduction of some nitro aromatic compounds and organic dyes
was investigated. By copper-substituted Keggin-type POM-based melamine (CuPOM@melamine), the
best result was obtained with higher conversion and shorter reaction time. All reactions were carried out
using NaBH,4 as the reducing reagent at room temperature and in water as solvent. Furthermore, the
apparent rate constants were determined by considering pseudo first-order kinetic studies for these
reactions. The main purpose of the present study is introducing an impressive way to eliminate
hazardous industrial pollutants using POM-based melamine. The choice of melamine as a support for
increasing the surface area, electron transfer ability and catalytic activity is another important aspect of
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DOI: 10.1039/d4ma00178h this purpose. This effective system was used in water as the solvent and at room temperature. Easy
preparation, nontoxicity, simple to operate, low-cost, environmentally friendly, and efficient catalytic

rsc.li/materials-advances activities are priorities of this system that could be applied in the environmental processes.

pollutants plays a valuable role in the field of ecological
and environmental systems. Until now, for the removal of

1. Introduction

With the fast development of industries and appearance of
serious environmental challenges in particular accumulation of
toxic organic pollutants with difficult degradability, the design
of appropriate catalytic systems for the removal of toxicant
contaminants from industrial activities has increased. The
progress of these systems is essential for the development of
valuable catalysts with suitable properties such as availability,
low cost, non-toxicity, and eco-friendliness. This feature not
only could decrease hazardous pollutants from natural environ-
ment but also increase safety measures to improve the quality
of living conditions." Among different pollutants, nitro aro-
matic compounds and aromatic dyes encompass the remark-
able classes and main sources of contaminants due to their
high carcinogenic and toxic nature, non-biodegradability and
commercial matters. Therefore, the removal of these types of

Department of Chemistry, University of Isfahan, Isfahan 81746-73441, Iran.

E-mail: yadollahi@chem.ui.ac.ir, yadollahi.b@gmail.com

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4ma00178h

© 2024 The Author(s). Published by the Royal Society of Chemistry

these toxic organic compounds, various methods have been
employed, such as coagulation—flocculation,” extraction,’
photocatalytic degradation,* adsorption,” and chemical
redox.® However, these methods have some problems such as
time-consuming processes, slowness, low performance, high
cost, and by-product construction. Among these procedures,
catalytic reduction in the presence of appropriate catalysts is a
promising approach to destroy the toxic contaminants and
convert them into non-toxic compounds because of its simpli-
city, ease of operation, availability, and economy. For instance,
Liu et al. designed a magnetically separable and highly-
dispersed PdNi nanoparticle-modified N-doped mesoporous
carbon nanocatalyst for the degradation of 4-nitrophenol (4-
NP).” In another study, Gao et al. investigated the catalytic
performance of three-dimensional silver/polyethyleneimine/
alginate hydrogel beads for the hydrogenation reaction of
4-NP under batch and fixed-bed experiments.® These composites
were synthesized by a one-pot electrostatic assembly method.
Moreover, a novel core-shell-structured Ag-based magnetic func-
tional polymer nanocatalyst, Fe;0,@SN/GLA@chitosan-Ag (SN =
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amino-functionalized SiO,, and GLA = glutaraldehyde), was
fabricated by utilizing the stabilization function and reducing
ability of renewable chitosan macromolecules in situ.” This
system exhibited superior catalytic performance and long-term
stability in the reduction of 4-NP. The reduction of organic dyes
in the presence of the magnetic Fe;0,/Cu nanocomposite was
also evaluated.'® This hybrid nanocatalyst showed excellent
catalytic activity and high stability in recycled reactions.
Polyoxometalates (POMs) are well-known and interesting spe-
cies of inorganic metal-oxygen clusters that have gained much
attention due to their high negative charge, numerous surface
oxygen atoms, plentiful active sites, low cost, nontoxic nature, redox
potentials, and high stability."* In terms of diverse utilizations,
their catalytic performance is the most common and prevalent
application. Hence, they are considered as promising and eco-
friendly catalysts in many fields involving cycloaddition reactions,'*
ring-opening reactions,"® olefin hydrocarboxylation reaction,"*
degradation,'® water splitting,'® oxidation reactions,"” reduction
reactions,'® and others. Despite the unique POM properties, their
catalytic activities have some limitations, such as low surface area
and high solubility in aqueous solutions. One of the simple and
feasible approaches to overcome these problems and to create
efficient POM-based materials is the use of various solid supports,
including metal nanoparticles,® metal oxides,?® porous framework
materials,*' carbon materials and so on. These POM-based materi-
als could increase their catalytic performance, providing suitable
chemical sites, surface area, and electron transfer ability.
Amongst different supports, melamine (a triazine aromatic
ring) as a cheap, crystalline, thermally stable, and nitrogen-rich
(more than 65%) substance could be used as an intriguing
candidate to modify the catalytic performance. Due to the
existence of multiple amino functional groups and their strong
binding ability, melamine could form various composites with
different materials without any additional assistance. Recently,
the application of melamine-based materials as efficient cata-
lysts has been investigated in the removal of toxic compounds
and dyes. For instance, the elimination of phenolic compounds
with substantial activities and high adsorption capacities was
performed in the presence of melamine/polyaniline-derived
carbons (MPDCs).>> Akbari et al. prepared a melamine-based
porous network thin film containing Pd, and reported its
applicability and effective catalytic performance in the nitro
phenols (NPs) reduction and dyes degradation.?” Moreover, the
polyvinyl alcohol/melamine-formaldehyde composite was fab-
ricated by Bhat et al. as a good adsorbent for the adsorption of
Congo red (CR) dye.>* In another study, Wang et al. demon-
strated the high catalytic activity of palladium stabilized on
melamine-functionalized magnetic chitosan composites in the
reduction of p-NP with good reusability and degradability.>®
Currently, catalytic reduction of toxic compounds using
POM catalysts has also achieved much attention. For example,
Jiao et al. reported on a new Zn-containing [SiZnW;;034]%"
Keggin polyanion in 2,4,6-tri(4-pyridyl)-1,3,5-triazine (TPT) fra-
mework with high photocatalytic performance in the selective
reduction of nitrobenzene.?® In another work, Kurbah investi-
gated the excellent catalytic activities and good selectivity of a
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POM/nickel oxide nanocomposite in the reduction of
nitroarenes.”” Furthermore, a POM redox mediator was applied
for the reduction of nitro benzenes to anilines with high selective
electrocatalytic activity at room temperature in aqueous solution
without any sacrificial reagents.”® In another study, a hetero-
geneous magnetic nanocatalyst, [Fe;0,@S10,-NH,—-CuyoPgW s,
with excellent yield in the reduction of NPs into the corres-
ponding aminophenols was demonstrated.”® We were interested
in studying the catalytic performance of transition metal-
substituted POMs (MPOMs) with unique properties in these
kinds of reactions. In order to make a proper system based on
MPOMs and resolve some of their problems, melamine was
chosen as a solid support. For this purpose, in the present work,
transition metal-substituted Keggin-type POMs/melamine-based
networks (MPOMs@melamine; M = Cr, Fe, Mn, Ni, Co, Zn, and
Cu) were synthesized, and their catalytic performances in the
reduction reactions of toxic dyes and nitro aromatic compounds
were considered. The aim of the present work is to eliminate
some poisonous compounds and change them into nontoxic
compounds using POMs/melamine-based materials.

2. Experimental

2.1. Materials and characterizations

All materials, such as chemicals, reagents, and solvents (including
metal salts, melamine (2,4,6-triamino-1,3,5-triazine), sodium bor-
ohydride (NaBH,), nitro aromatic compounds, and organic dyes),
were commercially accessible and purchased from authentic
chemical companies. They were used with no additional purifica-
tion steps. Various techniques were applied for the characteriza-
tion of the synthesized compounds. Fourier transform infrared
(FTIR) spectra were obtained with a JASCO 6300 FTIR spectro-
meter (400-4000 cm™'). A thermogravimetric analyzer TG50
was used for thermogravimetric analysis/differential thermal ana-
lysis (TGA/DTA) under air atmosphere with a heating rate of
10 °C min~ ' (25-800 °C). The X-ray diffraction (XRD) patterns
were obtained on a Bruker diffractometer instrument (D8
advance) with Nifiltered Cu Ko radiation (1 = 1.54178 A). The
UV-vis spectra of the nitro aromatic compounds and organic dyes
during the reduction reactions were recorded by a Varian 5A
spectrophotometer. The elemental mapping and field-emission
scanning electron microscopic (FE-SEM) analyses were obtained
by a Mira3 TESCAN. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) was performed on a PerkinElmer Optima
7300 DV ICP-OES spectrometer.

2.2. Preparation of MPOMs@melamine compounds

At first, an aqueous solution of [PW,;MO3,]"~ was prepared.
For this purpose, to a solution of Na,WO,-2H,0 (100 mmol)
and Na,HPO, (9.1 mmol) in 200 mL deionized water was added
12 mmol metal nitrate (MNOj3, in which M is Cr, Fe, Mn, Ni, Co,
Zn, or Cu) under stirring. The pH of the solution was adjusted
to 4.8 in order to prepare the [PW;;MO;,]"~ aqueous solution.*®
After that, melamine (15 g) was added slowly to the
above solution and to complete the reaction stirring for 12 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the MPOMs@melamine (where M is Cr, Fe,
Mn, Ni, Co, Zn, or Cu) synthesis procedure and its application as a catalyst.

Finally, the obtained solids as MPOMs@melamine (in which M
is Cr, Fe, Mn, Ni, Co, Zn, or Cu) compounds were filtered and
washed 2-3 times using deionized water, and dried in air.

2.3. Catalytic reduction of toxic nitro aromatic compounds
and organic dyes by MPOMs@melamine

A 3 mL quartz cuvette was charged by an aqueous solution of
organic dye or nitro aromatic compound (2 mL, 0.1 mM) and
aqueous solution of NaBH, (100 pL, 15 mM) at room tempera-
ture. After that, the MPOMs@melamine (where M is Cr, Fe, Mn,
Ni, Co, Zn, or Cu) catalyst in solution (40 uL, 1 mM) was added
and the reduction reaction was initiated. The reaction progress
was monitored by UV-vis spectrophotometer. The solution color
was gradually changed from yellow to colorless by the progress
of reaction. Furthermore, simultaneous catalytic reduction of
some dye mixtures was performed in the same procedure.
A schematic representation of the MPOMs@melamine (where
M is Cr, Fe, Mn, Ni, Co, Zn, or Cu) synthesis route and its
utilization as catalyst are shown in Fig. 1.

3. Results and discussion

In the present study, the MPOMs@melamine (where M is Cr,
Fe, Mn, Ni, Co, Zn, or Cu) were prepared by a simple, green, and
effective approach at room temperature, and they were applied
as efficient catalysts in the reduction reaction of some toxic
organic dyes and nitro aromatic compounds. The most impor-
tant reason for the choice of MPOMs is their special properties,
such as the numerous surface oxygen atoms, plentiful active
sites, low cost, high electron transfer ability, redox potentials,
non-toxicity nature, ease of operation, and environmental
friendliness. These properties make them interesting in various
catalytic systems. The use of POMs in the catalytic reduction
reaction of toxic compounds has not been extensively reported.
This could be owing to some limitations, including high
solubility in aqueous solution and low surface area. In order
to overcome these problems and improve the catalytic activity
of POMs, melamine as a solid support was chosen. Melamine is
a cheap and thermally stable compound with the existence of
multiple amino functional groups in its structure and strong
binding ability.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The FT-IR spectra of CUPOM (a) before and (b) after the addition of
melamine (CuPOM@melamine).

3.1. Synthesis and characterization of MPOMs@melamine
catalysts

Initially, the chemical structures of the as-synthesized compounds
were identified by FTIR spectra. Fig. 2 shows the FTIR spectra of
[PW,,CuO;0]>~ (CuPOM) and [PW,;CuO;o]’ - @melamine (CuPOM@
melamine). The absorption bands appearing in the scope of
500-1100 cm ™" are assigned to the characteristic fingerprints of
POMs that confirm the stretching regions of P-O, Cu-O, W-0O,
and W-O-w.*!

The absorption bands of melamine are positioned in three
regions. First, the broad bands at 3000-3500 cm " belong to the
N-H stretching modes derived from the free and hydrogen
bonded amino groups.*” Second, several bands in the 1100-
1700 cm™ " region are attributed to the stretching modes of
C-N, C=N, and 1,3,5-s-triazine aromatic rings. The bending
mode of NH, is located at 1650 cm™*. Third, a band at 808 cm™*
is ascribed to the out of plane bending mode of 1,3,5-s-triazine
ring.*® Furthermore, the bands appeared from 400-750 cm ™"
are attributed to C-NH,, in which the weakening of these peaks
could confirm the occurrence of pre-polymerization.>*** Also,
as indicated, the presence of melamine and the maintained
structure of POM in the prepared CuPOM@melamine catalyst
are revealed.

The XRD patterns of CuPOM, melamine, and CuPOM@mel-
amine are exhibited in Fig. S1 (ESIt). It is clear that the Keggin-
type POM structures can be defected into lacunary species by the
loss of one or several metal-oxygen groups from the metal oxide
cluster. The XRD patterns of the lacunary ones are totally
different from the XRD patterns of the Keggin-type POM struc-
tures, as reported by Shringarpure et al.>* Moreover, additional
peaks and some changes are found for MPOMs due to the
incorporation of transition metals into the lacunary position of
POMs.>® As can be seen in Fig. Sla (ESIf), the characteristic
diffraction bands of CuPOM at 20 = 7-8°, 19-25°, and 30° are
shown.?” In the XRD pattern of melamine (Fig. S1b, ESI), the
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peaks appearing at about 13°, 15°, 18°, 22° 23°, 27°, and 29°
corresponded to the (100), (011), (110), (11—2), (012), (021), and
(21—2) crystalline planes, respectively. According to the XRD
pattern of CuPOM®@melamine in Fig. Sic (ESIT), the diffraction
peaks of POM and melamine are preserved, which could confirm
the conservation of the POM structure after the formation of
CuPOM@melamine. Moreover, a comparison was made between
the XRD patterns for melamine and CuPOM@melamine (Fig.
S1b and c, ESIT). Obvious changes in the intensity and the full
width at half maximum of the peaks related to the (100), (011),
(110), and (021) crystalline planes and the disappearance of the
(11—2), (012), and (21—2) crystalline planes in the XRD pattern of
CuPOM@melamine can be observed, which provides support for
the polymerization process.>*** Therefore, both the XRD pat-
terns and FTIR spectrum displayed direct proof for the pre-
polymerization event that occurred at room temperature.

To evaluate the thermal stability of CuPOM@melamine, TG-
DTG analysis was used as a valuable method. The investigation
on the thermal behavior of CuPOM@melamine was done under
air atmosphere with 10 °C min~' heating rate from 25 to
800 °C. As shown in Fig. 3, the weight loss happened in three
separate stages. In the first stage, the weight loss from 45 to
220 °C is due to the elimination of solvent (such as water) from
the structure. Similar to the previous studies,**"*® the second
loss weigh from 225 to 400 °C and the third loss weight in the
temperature range of 415-600 °C are ascribed to the thermal
decomposition of melamine. The multiple oxidative decompo-
sition processes of the intermediate products were completed
before 600 °C.

Table S1 (ESIT) shows the elemental analysis, and Fig. S3
and S4 (ESIt) exhibit the elemental mapping and FE-SEM
images of CuPOM®@melamine in order to investigate its com-
position and structure. The images confirm the presence of Cu,
P, O, W, N, and C elements, which are attributed to the CuPOM
and melamine. Thus, the successful synthesis of CuPOM@me-
lamine is approved.

There are different possible interactions between melamine
and POM. (1) Because of the existence of multiple amino
functional groups in the structure of melamine, it can be
readily polymerized. The extensive intermolecular hydrogen

100

dTG (%/min)
=
Z [
B
TG (Yoweight loss)

0 100 200 300 400 500 600 700 800
Sample tempreture (°C)

Fig. 3 The CuPOM@melamine TG/DTG curve.
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bonds in melamine cause it to form a network structure® in
which POM can get stuck and trapped. (2) On the other hand,
electrostatic and hydrogen bonding interactions may occur
between the anionic metal-oxo group of POM clusters and
melamine that can operate in a synergistic manner and pre-
sumably form superstructures.*® (3) Moreover, melamine can
display strong binding ability by multiple binding sites con-
sisting of the three aromatic ring nitrogen atoms and three
exocyclic amino groups.*®*! Three primary amine groups with
electron-rich nitrogen atoms can act as chelating ligands and
are most likely bound onto the electron-deficient surface of the
transition metal through the coordinating interactions.*” In
addition, three nitrogen atoms of the aromatic ring in the
melamine structure can show strong binding affinity to transi-
tion metals,*® and serve as the pyridine-like compounds and a
molecular linker.

3.2. The catalytic reduction studies

3.2.1. Catalytic reduction of 4-NP and optimization of the
reaction conditions. After the synthesis and characterization of
MPOMs@melamine (where M is Cr, Fe, Mn, Ni, Co, Zn, and
Cu), their catalytic performances in the reduction reaction of
nitro aromatic compounds and organic dyes were evaluated.
Nitro aromatic compounds are carcinogenic, toxic, persistence,
and harmful materials. They are extensively applied in the
laboratories and industrial processes, and have also caused
considerable effects on environmental and ecological systems.
Furthermore, organic dyes (especially azo dyes) are another
group of toxic materials for environment and living organisms
because of the substituted aromatic rings in their structures.**
Therefore, the catalytic reduction of organic dyes and nitro
aromatic compounds is a valuable issue, and has achieved
significant importance. The major purpose of these type of
reactions is to modify toxic materials into nontoxic ones in
order to remove the environmental pollutants and improve the
living quality conditions. On the other hand, the obtained
amino aromatic compounds could be used as considerable
materials in the preparation of several polymers, drugs, phar-
maceutical compounds, etc.*> The MPOMs@melamine (where
M is Cr, Fe, Mn, Ni, Co, Zn, and Cu) were chosen as suitable
catalysts for these reduction reactions owing to their unique
properties, such as low-cost, easy synthesis and operating,
nontoxicity nature, environmentally friendship, good redox
potentials, effective electron donor-acceptor, and high electron
transfer abilities.

At first, different reaction parameters were checked in order
to get the best results and optimized experimental conditions.
For this purpose, the catalytic activities of MPOMs@melamine
(where M is Cr, Fe, Mn, Ni, Co, Zn, and Cu) were examined in
the catalytic reduction of 4-NP as a typical example of these
reactions. UV-vis spectroscopy was used to follow the progress
of the reaction with time. The catalytic reduction reactions of
4-NP were performed using NaBH, as the reducing agent and
MPOMs@melamine (where M is Cr, Fe, Mn, Ni, Co, Zn, and Cu)
as the catalyst at room temperature in water. For the aqueous
solution of 4-NP, a maximum absorption band appeared at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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317 nm. Adding NaBH, to the 4-NP solution caused a change in
the position of the absorption band from 317 nm to 400 nm,
which is called a red shift (Fig. S5, ESIT).*® This red shift could
be attributed to the creation of the negatively charged oxygen
owing to the formation of 4-nitrophenolate ions. This negative
charge could delocalize in the structure more than the
unshared pair of electrons.”” It was found that the use of a
catalyst is indispensable, and these types of reduction reactions
are not started in the absence of catalyst. When only the
reducing agent was present, there was no remarkable change
in the intensity of absorption peak with time.

By adding the MPOMs@melamine (where M is Cr, Fe, Mn,
Ni, Co, Zn, and Cu) catalyst to the reaction solution, the
reduction reaction was initiated. The intensity of the maximum
absorbance band without any change in the position was
gradually decreased with the progress of the reaction. More-
over, as the absorbance peak of 4-nitrophenolate at 400 nm
decreased, a new absorbance peak located at 295 nm appeared
at the same time (Fig. 4(a)). Thus, it can be considered that
MPOMs@melamine (where M is Cr, Fe, Mn, Ni, Co, Zn, and Cu)
catalysed the reduction reaction of 4-NP into 4-AP. The
reduction progress was monitored by absorption versus wave-
length curves during the reaction. It is worth mentioning that
the bright yellow color of the solution at the end of the reaction
was changed to colorless. Both the main reactants and products
are UV-visible-active species. Thus, the conversion of the nitro-
group into the corresponding amino group can be confirmed by
the complete disappearance of the nitro group absorption peak
from the reactants with the cocomitant appearance of a new
absorption peak at the characteristic wavelength of the amino
group. The product analysis was also completed with nuclear
magnetic resonance spectroscopy after the reduction reaction.

To achieve the optimum reaction conditions in the catalytic
reduction of 4-NP, the efficacy of several factors on the catalytic
activity of MPOMs@melamine was examined. In the first step,
the catalytic effect of different transition metal-substituted
Keggin-type POMs in MPOMs@melamine (where M is Cr, Fe,
Mn, Ni, Co, Zn, and Cu) on this catalytic reaction system was
investigated. According to the obtained information (Table 1,

@ 0 n:in 7\ on
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% Reduction of 4-NP
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Fig. 4 (a) The UV-vis spectra for the reduction of 4-NP with NaBH, at
every 2 min in the presence of CuPOM@melamine as the catalyst at room

temperature, (b) the reduction percent of 4-NP, and (c) —In A versus time
plot for the kinetic examination.
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Table1 The results of 4-NP reduction under different conditions after 12 min

Catalyst

Entry Catalyst extent (L) NaBH, (L) Conversion (%)
1 CrPOM@melamine 40 100 5
2 MnPOM@melamine 40 100 5
3 FePOM@melamine 40 100 10
4 CoPOM®@melamine 40 100 5
5 NiPOM@melamine 40 100 20
6 CuPOM@melamine 40 100 95
7 ZnPOM@melamine 40 100 5
8 CuPOM@melamine 20 100 30
9 CuPOM@melamine 30 100 65
10 CuPOM@melamine 50 100 90
11 CuPOM@melamine 40 80 20
12 CuPOM@melamine 40 90 35
13 CuPOM@melamine 40 110 90

entries 1-7), the copper-substituted POM catalyst, CuPOM@-
melamine, is the most active catalyst with a higher conversion
and shorter reaction time. In comparison, other MPOMs@ma-
lamine were given lower catalytic performances. In addition, a
negligible catalytic conversion was seen for the reduction of 4-
NP using just melamine and MPOMs under the same reaction
conditions.

In the second step, the catalytic reductions of 4-NP were
evaluated by different amounts of CuPOM®@melamine catalyst
(50, 40, 30, and 20 pL, 1 mM solution). As can be seen in Table 1
(entries 6 and 8-10), the reaction conversions, as anticipated,
are enhanced by increasing the catalyst content. The catalytic
reaction in this system was almost completed with 40 pL of
catalyst. Thus, this catalyst amount was selected as the opti-
mum value. Additionally, no considerable change in the reac-
tion conversion was exhibited with higher amounts of catalyst.

In the next step, the influence of the reducing agent amount
on the reaction conversion was tested in the presence of different
amounts of NaBH, (80, 90, 100, and 110 pL of 15 mM solution).
The results in Table 1 (entries 6 and 11-13) indicate that the
catalytic activity of CuPOM@melamine increased by increasing
the NaBH, amount. The best conversion in this catalytic system
was shown by 100 pL of NaBH,. As the amount of NaBH,
increased, the content of the reduction product remained almost
fixed. Thus, a higher amount of NaBH, did not have a remark-
able effect on the catalytic performance.

The UV-vis spectra for the catalytic reduction of 4-NP under
optimized conditions by CuPOM@melamine as a catalyst at 2
min intervals are shown in Fig. 4(a). During the progress of the
reaction, there is a clear decline in the absorption peak inten-
sity at 400 nm and appearance of a new peak at 295 nm. To
calculate the reduction percentage of the nitro aromatic com-
pounds in this catalytic system, the following equation was
used:

Reduction percentage = 100 — [A, X 100/4,]

In this equation, A, is the absorption amount at time ¢, and
Ao is the absorption at the beginning of reaction. These
calculations were performed based on the original absorbance
peak of the nitro aromatic compounds. Fig. 4(b) represents

Mater. Adv,, 2024, 5, 5781-5793 | 5785
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different reduction percentages of 4-NP versus time. As can be
seen, the reduction percents are increased with time. It demon-
strates that the CuPOM@melamine catalyst could accomplish
95% reduction of 4-NP with NaBH, after 12 min. Also, the
kinetic study of the nitro aromatic compound reductions was
assessed in order to evaluate the rate constant of the reduction
reactions. For this purpose, pseudo-first-order kinetics was
used to investigate the reduction reaction rate owing to the
lower concentration of the nitro aromatic compounds with
respect to the NaBH, concentration. The concentration of
NaBH, was considered to be in excess and constant in order
to not have an effect on the rate of the reactions. The plot of
—InA (absorption at maximum wavelength) versus time for the
4-NP catalytic reduction is shown in Fig. 4(c). The linear
relationship between these two parameters confirms the
pseudo-first-order kinetics for this system. The determined rate
constant from the slope is 1.77 x 10~" min~".

3.2.2. Catalytic reduction of other nitro aromatics. After-
wards, the catalytic performances of CuPOM@melamine in the
reaction of other NP derivatives (Fig. S6, ESIt) containing
3-nitrophenol (3-NP), 2-nitrophenol (2-NP), 4-nitroaniline (4-NA),
2-nitroaniline (2-NA), and 2,4-dinitrophenol (DNP) were examined
in order to expand the catalyst application. The UV-vis spectra
with and without NaBH, for aqueous solutions of other nitro
aromatic derivatives are demonstrated in Fig. S7 (ESIt).

For instance, two characteristic peaks of the 2-NP aqueous
solution are at 275 and 350 nm. The red shifts from 275 and
350 nm to 282 and 415 nm after the addition of NaBH, are a
result of the formation of 2-nitrophenolate. Like 4-NP, the
reducing agent alone was unable to reduce the solution of
2-NP, and the reaction did not start in the absence of the
catalyst. In contrast, the gradual decline in the intensity of the
2-NP peak located at 415 nm was initiated after the addition of
the catalyst.

As shown in Fig. 5(a), the absorption peak at 415 nm
disappeared with time, indicating the catalytic reduction of 2-
NP into the corresponding amine (2-aminophenol; 2-AP).*® The
reduction percentage of 2-NP with time was also considered
(Fig. 5(b)). As can be seen, about 90% reduction of 2-NP was

Absorbance

% Reduction of 2-NP

250 300 350 400 450 500 550 0 5 20 25

10 S
Wavelength (nm) Time (min)
2

©

0 b L n

0 5 20 25

Yime @nin)
Fig. 5 (a) The UV-vis spectra for the reaction of 2-NP at every 4 min in the
presence of CuPOM@melamine under optimized conditions. (b) The
reduction percent of 2-NP, and (c) —InA versus time plot for the kinetic
examination.
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completed after 20 min reaction in the presence of NaBH,.
Moreover, the apparent rate constant for the 2-NP reduction
was measured by pseudo-first-order kinetics study (7.33 x
102 min~ "), as shown in Fig. 5(c).

As stated above, the catalytic performance of CuPOM@me-
lamine in the reduction of other NP derivatives (including DNP,
3-NP, 4-NA, and 2-NA) was also checked. Obviously, the same
catalytic effects happened. The reduction systems did not per-
form without the presence of the catalyst despite extended
reaction times. According to Fig. 6, similar observations with
4-NP were also recorded. As can be seen, the decline of the NPs
maximum absorption peaks is shown after the addition of the
catalyst. The reactions are followed by UV-vis spectrophotome-
try at certain intervals of time. In all reactions, the character-
istic peaks of NPs disappeared with time, and NPs were
converted to the analogue aminophenols. The reduction per-
centages and apparent reaction rate constants of different NP
derivatives are summarized in Table 2.

Pursuant to the obtained results in Table 2, all NP deriva-
tives showed a successful reduction of the nitro moiety into the
corresponding amino groups with very good to excellent con-
versions (85-95%) within 10-30 min. Moreover, it was found
that the place of the nitro group on the aromatic ring as ortho,
meta, and para has an effect on the reactivity of NPs. So, from
the results in Table 2 (entries 1-3), the obtained reduction
percentages and reaction rates for the catalytic reduction of 2-
NP and 4-NP using CuPOM@melamine are higher than 3-NP.
This could be ascribed to the resonance stability and electron
delocalization in the aromatic ring of the 2-NP and 4-NP
structures. In contrast, the nitro group electrons in 3-NP could
not contribute in the conjugation. Furthermore, the reduction
of 4-NP compared with 2-NP was performed in a shorter
reaction time with higher reduction percentage and reaction
rate. This is because there is less steric obstruction of the NO,
group and more resonance stability of the structure. As a result,
the reduction reaction rate trend for NPs in the presence of
CuPOM@®@melamine are as follows: 4-NP > 2-NP > 3-NP.

The catalytic reduction of 4-NA and 2-NA, as other NP
derivatives, in this system was also investigated. The resulting
data in Table 2 (entries 4 and 5) indicate a faster reduction
reaction with a shorter reaction time for 4-NA with respect to 2-
NA. As mentioned above, it is assumed that the steric effect has
an effective role on the reaction rate. Therefore, the reduction
of 2-NA was slower than 4-NA due to the existence of steric
hindrance in its structure and more difficult electron transfer.
Additionally, the DNP compound was reduced into the corres-
ponding diamine with excellent yield after 28 min (Table 2,
entry 6). Consequently, it is evident that CuPOM@melamine
exhibited efficient catalytic performance in the reduction reac-
tion of various nitro aromatic compounds.

3.2.3. Catalytic reduction reaction of organic dyes. Organic
dyes have been used in different activities, such as painting,
printing, plastics, and cosmetics. They are well-known
pollutants for the environment and ecosystem, and their
release into the environment is an important challenge
for the living organisms and human health. Also, they are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The UV-vis spectra for the catalytic reduction of (a) 3-NP at every

5 min, (d) 4-NA at every 2 min, (g) 2-NA at every 5 min, and (j) DNP at every

4 min; the reduction percent of (b) 3-NP, (e) 4-NA, (h) 2-NA, and (k) DNP; and —InA versus time plots for (c) 3-NP, (f) 4-NA, (i) 2-NA, and () DNP

reductions for the kinetic study.

Table 2 The reaction times, apparent rate constants, and reaction per-
centages for the catalytic reduction of various nitro aromatic compounds
(0.1 mM) with NaBH4 (15 mM) and the CuPOM@melamine catalyst

Nitro aromatic ~ Reaction Reduction ~ Apparent rate
Entry compound time (min) percent (%) constant (min ")
1 4-NP 12 95 1.77 x 10~
2 3-NP 20 85 6.21 x 1072
3 2-NP 20 90 7.33 x 1072
4 2-NA 30 85 3.76 x 1072
5 4-NA 10 90 2.00 x 10"
6 DNP 28 95 7.38 x 107>

non-biodegradable compounds owing to the presence of sub-
stituted aromatic rings in their structures. Therefore, the
reduction reactions of organic dyes are considered as a valuable
process in environmental remediation. In this study, the cata-
lytic reductions of methyl orange (MO), methylene blue (MB),
congo red (CR), and rhodamine B (RhB) with CuPOM@mela-
mine were investigated. MO is an anionic azo dye and common

© 2024 The Author(s). Published by the Royal Society of Chemistry

indicator in the laboratory with low biodegradability, high
toxicity and carcinogenic nature.”” The aqueous solution of
MO shows a strong absorption band centered at 466 nm and a
weak absorption peak at 275 nm. With the addition of NaBH,,
the intensity of the absorption peaks remains unchanged even
after hours have passed.’® However, a decline in intensity of
both absorption peaks was observed after the addition of the
CuPOM@melamine catalyst when the catalytic reaction was
followed by UV-vis spectroscopy (Fig. 7).

From the results in Fig. 7(a), the MO absorption peaks
gradually decreased. Concomitantly, a new peak at 246 nm
appeared with the progress of the process. At the end of the
reaction, two absorption peaks of MO vanished due to the azo
bond (-N—N-) cleavage. A new absorption peak at 246 nm
appeared, which was related to the produced amino com-
pounds (Fig. 7(d)).”" In addition, the color of the solution was
altered from orange to colorless. These observations confirmed
that CuPOM@melamine could act as an effectual catalyst for
the catalytic reduction of MO. As indicated in Fig. 7(b), the
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reaction of MO was about 90% completed after 12 min.
Additionally, the pseudo-first-order kinetics was used to mea-
sure the reaction rate, as it was similar to the nitro aromatic
compounds. As mentioned above, the slope of the absorbance
at the maximum wavelength (1 = 466 nm) as a function of time
(Fig. 7(c)) was calculated to achieve the apparent rate constant
(1.82 x 107" min™").

Likewise, the catalytic performance of CuPOM@melamine
in the reactions of CR, MB, and RhB was evaluated. The UV-vis
spectra for the catalytic reductions of CR, MB, and RhB aqu-
eous solutions are demonstrated in Fig. 8. As with MO, no
notable change in the intensity of the absorption peaks is seen

View Article Online
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in the absence of catalyst. From Fig. 8, it can be seen that the
intensity of the maximum absorption peaks of the dyes is
decreased after the addition of the catalyst and disappeared
with time. All reactions were done at room temperature and in
water as solvent. Their apparent reaction rate constants and
reaction percentages are summarized in Table 3. Moreover, the
possible suggested reaction routes for the catalytic reduction of
MB, RB, and CR dyes according to the literatures are displayed
in Fig. S8 (ESI{).**%>%

According to Table 3, the reaction of various organic dyes
using CuPOM@melamine was performed in appropriate reac-
tion times (6-12 min) with high-to-excellent reaction percen-
tages (91-98%) at room temperature. As shown in Table 3, the
reaction rates of MB and RhB are higher than the MO and CR
dyes. This can be ascribed to the charge of the dyes. The MB
and RhB dyes are cationic, while MO and CR are considered as
anionic azo dyes. Due to the existence of anionic POM clusters
and electron-rich areas in the melamine network, cationic dyes
could reduce more easily than anionic ones. Additionally, MO
demonstrated a higher reaction rate than CR (Table 3, entries 1
and 2). It is clear that MO and CR dyes have one and two azo
groups in their chemical structures, respectively. Hence, owing
to the existence of more azo groups in the structure of CR and
the greater complexity of the CR structure with respect to MO,
its reaction being more difficult and slower. In general, it could
be concluded from the obtained results that CuPOM@mela-
mine demonstrated effective catalytic performance in the
reduction reactions of both organic dyes and nitro aromatic
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Fig. 8 The UV-vis spectra for the catalytic reactions of (a) CR at every 2 min, (d) MB at every 1 min, and (g) RhB at every 2 min; the reactions percent of (b)
CR, (e) MB, and (h) RhB; and —InA versus time plots of (c) CR, (f) MB, and (i) RhB reactions for the kinetic examination.
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Table 3 The reaction percentages and rate constants for the reduction of
some organic dyes (0.1 mM) using NaBH,4 (15 mM) and CuPOM@melamine
as catalyst

Organic Reaction Reduction Apparent rate
Entry dye time (min) percent (%) constant (min ")
1 MO 12 90 1.82 x 107"
2 CR 12 95 1.60 x 10"
3 MB 6 92 2.96 x 107"
4 RhB 12 98 2.43 x 107"

compounds with short reaction times and high reaction
percentages.

A plausible mechanism for the catalytic reduction of nitro
aromatic compounds and organic dyes using the CuPOM®@me-
lamine catalyst with NaBH, as a hydrogen source is illustrated
in Fig. 9. As indicated in Fig. 9, after the adsorption of BH, ™
and reactants on the surface of the catalyst, the reduction take
place through the transfer of electrons from the hydride ions
into the reactants with the help of the catalyst. In fact, the main
role of the catalyst is to improve the electron transfer ability.
Since POMs have good electron acceptability and excellent
redox properties and melamine is an electron-rich compound,
the CuPOM@melamine catalyst can facilitate the electron
transfer to the reactants.

A comparative study between CuPOM@melamine and some
of the recently reported catalysts is given in Table 4. For
instance, the apparent rate constants for the catalytic reduction
of 4-NP in the presence of CuPOM@g-C;N, (8.64 X
10~? min~")'® and Ru/H,M00;_, (6.30 x 10 > min ')** are
lower than our system (Table 4, entries 1, 2, and 5). Further-
more, the catalytic performance of NiO@Poly-Mo”>” and Mn-
POM@MIL-100 (Fe)*® in the reduction of 4-NP was followed at
100 °C and 50 °C, respectively, while the catalytic reduction of 4-
NP in our system was performed at room temperature (Table 4,
entries 1, 3, and 6). Also, our system indicated a shorter
reaction time and higher conversion in comparison with the
NiO@PolyMo nanocatalyst for the reduction of 4-NP (Table 4,
entries 1 and 3). As can be seen, the reported previous catalytic
systems for the removal of MO and MB dyes are investigated
under light irradiation conditions (Table 4). However, our

H/\"\U
HHum | o
| jorganic,

or
Amino
compounds

Organic
dyes

Fig. 9 The proposed mechanism for the catalytic reduction of nitro
aromatic compounds and organic dyes using CuPOM@melamine catalyst.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

system needed no irradiation for the catalytic removal of
organic dyes. Moreover, in comparison with other prior
reported systems, our system exhibited shorter reaction times
for the catalytic removal of MO and MB dyes. Also, the apparent
rate constants for the removal of MO in the presence of PAA-
PVA/H3PW1,04,@Ui0-66 (3.00 x 107> min ')°® and for the
removal of MB in the presence of CuO-ZnO (1.70 x 10~> min~")*’
and TCPP/CuPOM/TIO, (1.16 x 10> min *)*® are lower than our
system (Table 4, entries 7 and 9-12). Therefore, CuPOM®
melamine could act as a beneficial catalytic system toward the
removal of toxic organic pollutants.

Finally, the catalytic reduction of three mixtures of dyes was
also investigated to evaluate the ability of CuPOM@melamine
in the simultaneous reaction of two dyes. For this purpose, we
examined the reactions of MO and MB, MO and MR, as well as
CR and RhB, as three mixtures of selected dyes, in the presence
of CuPOM@melamine and NaBH,. In the aqueous solution of
MO and MB, two maximum absorbance peaks respectively at
466 nm and 664 nm related to MO and MB dyes were
seen. These absorbance peaks were stable in the presence of
NaBH, alone. By addition of the CuPOM®@melamine catalyst
into the dye mixtures, the characteristic peaks of the dyes
were gradually decreased with increasing time (Fig. 10).
As shown in Fig. 10(a), the intensity of the MB characteristic
peak at 664 nm first decreased. This peak vanished after
6 min and the catalytic reaction of MB was about 99% com-
pleted. After that, the decline in the intensity of the MO
absorbance peak at 466 nm was initiated. This peak also
disappeared and the reaction of MO was 90% accomplished
25 min after the start of the reaction. In addition, a new peak at
254 nm with a gradual increase in its intensity appeared
during the reaction. This peak confirms the catalytic reduction
of the MO and MB dye mixture in the presence of
CuPOM@melamine.

Likewise, the catalytic activities of CuPOM@melamine in
the reaction of MO and CR, along with CR and RhB mixtures,
were studied. The mixture of MO and CR dyes gave only a
strong absorption peak at 477 nm, instead of two characteristic
absorption peaks of MO and CR at 466 nm and 496 nm
(Fig. 10(b)). According to the previous report,® this observation
is probably owing to the chemical interaction between these
two dyes. Moreover, the solution of the CR and RhB mixture
showed an absorption peak at 551 nm that was attributed to the
RhB dye and two absorption peaks at 514 and 350 nm.

These two latter absorption peaks could be related to the CR
dye, which are shifted to the longer wavelengths owing to the
chemical interaction between the two dyes (Fig. 10(c)). In both
reactions, the absorption peaks remained steady with only
NaBH, and in the absence of catalyst. However, the intensity
of the as-mentioned peaks decreased continuously with time in
the presence of CuPOM@melamine, as shown in Fig. 10(b) and
(c). At the same time, a new peak at 245 nm appeared, and its
intensity increased with the reaction progress. According to the
data, the reactions of the MO and CR dyes and of the CR and
RhB dyes progressed to 95% and 93% completion after 30 min,
respectively. Hence, from these results, CuPOM@melamine

Mater. Adv,, 2024, 5, 5781-5793 | 5789
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Table 4 Comparison of different catalytic systems for the 4-NP reduction and removal of MO and MB dyes

Temperature Conversion Reaction Apparent rate

Entry Catalyst (°C) or irradiation Reactant (%) time (min) constant (min~?) Ref.

1 CuPOM@melamine 25 4-NP 95 12 1.77 x 107+ This work
2 CuPOM@g-C;N, 25 4-NP 90 25 8.64 x 102 18

3 NiO@Poly-Mo 100 4-NP 60 240 NRY 27

4 Fe;0,@Si0,-NH,-Cu,oPgWag 25 4-NP 100 10 NR? 29

5 Ru/HxMoog,y 25 4-NP NR* 45 6.30 x 1072 54

6 Mn-POM@MIL-100 (Fe) 50 4-NP 96 12 2.30 x 1071 55

7 CuPOM@melamine — MO 90 12 1.82 x 1071 This work
8 3-API/MnPOM* Visible light MO 89.9 180 NR? 59

9 PAA-PVA/H;PW,, UV light MO 97.35 120 3.00 x 1072 56

0,40@UI0-66"

10 CuPOM@melamine — MB 92 6 2.96 x 107" This work
11 CuO-ZnO Visible light MB 76 105 1.70 X 1072 57

12 TCPP/CuPOM/TiO,° Visible light MB 49 100 1.16 x 1072 58

“ 3-(Aminopropyl)-imidazole (3-API). ? Polyacrylic acid (PAA)-poly(vinyl alcohol) (PVA). ¢ Tetra(4-carboxyphenyl)porphyrin (TCPP). ¢ NR = not

reported.
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Fig. 10 The UV-vis spectra for the catalytic reactions of (a) MO and MB,
(b) MO and CR, and (c) CR and RhB at room temperature.

could act as an appropriate and effective catalyst in the
reduction reaction of dye mixtures at room temperature.

4. Conclusions

In this work, MPOM@melamine (where M is Cr, Fe, Mn, Ni, Co,
Zn, and Cu) compounds were synthesized by a facile and simple
procedure. After characterization, they were successfully used
in the catalytic reduction of toxic organic pollutants as harmful,
carcinogenic and challenging compounds for ecological and
environmental systems. The CuPOM@melamine catalyst
showed impressive catalytic activity in the reduction reaction
of some nitro aromatic compounds containing 4-NP, 2-NP, 3-
NP, 2-NA, 4-NA, and DNP, as well as different organic dyes (such
as MO, CR, MB, and RhB), and also the mixtures of these dyes
(like MO and MB, MO and CR, and also CR and RhB). All
reactions were performed with NaBH, as a reducing agent in
water as a green solvent and at room temperature. There are
several advantages to this system, including its availability, low
cost, simple operation, nontoxicity, environmental friendship,
good redox potentials, high capability of electron transfer, and

5790 | Mater. Adv, 2024, 5, 5781-5793

excellent reaction percentages (up to 98%) and times
(6-30 min). Considering these properties, this process exhibits
promising potential for the reduction of an extensive scope of
toxic pollutants.
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