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ABSTRACT

Magnetic nanocomposites of nickel ferrite nanoparticles, uniformly
dispersed in the silica matrix, were synthesized successfully by a sol-gel
process using tetraethyl orthosilicate (TEOS) and metallic nitrates as
precursors. NiFe,O,@SiO,@HKUST-1 magnetic nanocomposites were
synthesized and characterized by transmission electron microscopy (TEM),
scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier
transform infrared spectrometry (FTIR), vibrating sample magnetometry
(VSM), nitrogen adsorption porosimetry, Thermal Analysis (TGA),
photoluminescence analysis, and UV-visible. The more acidic pHs and
lower concentrations of the dye solution, the less the dye molecules
are present in the solution; therefore, the pore volumes and surface
areas will be filled slowly and with higher removal efficiency. Magnetic
nanocomposite of metal-organic, ferrite-nickel, and silica framework
have high efficiency and absorbability for cationic dyes such as methylene
blue. Within 60 minutes, approximately 98% of the dye molecules were
removed using the magnetic metal-organic framework nanocomposite
30% NiFe,0,@Si0,@HKUST-1 under optimum condition. Adsorption
isotherms, kinetics, and adsorption studies have shown that R? is the most
frequent Freundlich isotherm, which means that the adsorption process
was mainly multilayered on heterogeneous surfaces of the metal-organic
framework nanocomposites.
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INTRODUCTION

Today, the spread of chemistry-related
inventions and discoveries have had a significant
impact on human civilization. Chemical processes
pose a serious threat to both human health and
environment because of how crucial chemistry
is to modern society and numerous businesses.
Today, a variety of methods are used to synthesize
materials that must be compatible with the human
body. However, such methods cause environmental
problems [1, 2].

One of the most important methods of material
synthesis is the green synthesis method. Green
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chemistry is the design of chemical products and
processes which reduces or eliminates the use and
production of harmful substances to human health
and the environment. It is one of the most significant
methods of synthesis because the main goal of
green chemistry is to reduce the pollution caused
by the synthesis as well as the use of biocompatible
materials and renewables [3]. Other goals of
green chemistry include using healthier chemical
processes rather than current trends, conducting
chemical reactions in safer conditions, producing
healthier products, and increasing energy and
reaction efficiencies. Today, it also designs processes
that require less auxiliary materials, especially
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chemical solvents [4]. Sometimes chemical and
biochemical reactions are carried out together to
make the final process healthier and to reduce their
side effects as much as possible [5-7]. Therefore,
in this paper, in addition to using biocompatible
and renewable materials, the synthesis method
was designed and selected in such a way that it has
biological processes and minimal biological side
effects. As well as nanocomposites synthesized in
this way, it can separate environmental pollutants.
For thousands of years, dyeing materials have been
widely used in industries such as textiles, dyeing,
pigments and many others [8].

As a result, dyes are one of the main sources
of environmental contamination that can lead to
skin diseases, respiratory problems, and the risk of
cancer [9,10]. For this reason, it is paramount to
effectively remove the dyes from the sewage and to
ensure that the water is treated well and discharged
to the current waterbed. Various methods have
been utilized so far to effectively remove hazardous
substances from aqueous solutions; such methods
include biological, physical, oxidation, electrical
coagulation,  photocatalytic, and  chemical
degradation [11-14]. Particularly important are
ternary magnetic nanocomposites, containing
metal-organic frameworks, magnetic ferrite nickel,
and silica nanoparticles.

In recent years, the use of metal-organic
frameworks (MOFs) and magnetic nanocomposites
have become significantly important due to their
application in various fields such as sorbents [15],
biomedicine [16], magnetic fluids [17], catalysts
[18], biotechnology [19], information storage and
environmental correction [20,21]. Metal-organic
frameworks are a group of porous cordial polymers
which have various metal centers and bridges
leading to the formation of various structures
[22-25]. Among magnetic nanoparticles, ferrite
nanoparticles can be used in the separation and
extraction of various organic and inorganic species,
especially environmental pollutants; this is due to
their special properties such as ease of synthesis,
high volume surface area, magnetic properties, the
ability to easily and quickly extract different species
just by applying an external magnetic field [26-30].

By reducing the size of magnetic nanoparticles,
the surface-to-volume ratio increases; as a result,
their reactivity increases and their magnetic
properties are more affected by the surface.
Therefore, magnetic nanoparticles are more
reactive than mass magnetic particles. Thus, in
various applications, they must be protected against

corrosion and other reactions [31]. The presence
of a protective layer as a shell on a nanoparticle,
in addition to protecting the nanoparticles from
reactions, prevents them from sticking together
and clumping [32]. In this research, silicon (SiO,)
was used as a coating which not only stabilizes
nickel ferrite nanoparticles in solutions, but also
allows the formation of bonds on the surface of
nickel ferrite nanoparticles by creating different
ligands [33].

For this reason, magnetic nanoparticles were
employed to synthesize nanocomposite acting
smart and to be controlled by an external magnetic
field. Because the magnetic nanoparticles have a
low surface area, they absorb a small amount of
environmental pollutants; therefore, metal-organic
frameworks were placed on them to increase the
surface area and maximize the adsorption capacity
of these particles [34-36]. One of the applications
of metal-organic frameworks is their use in the
absorption and separation of gases and liquids
[37,38].

Abdi et al. synthesized magnetic metal-
organic framework nanocomposite (ZIF-8@
SiO,@MnFe,O,) by co-synthesis, and after
characterization the cationic dye malachite green
and the anionic dye methyl orange were removed.
They found that the synthesized nano-composite
magnetic metal-organic framework can remove
and absorb 92.5% of malachite green, cation dye
and 5.9% of methyl orange dye from dye solutions
[39]. Thi Minh et al. synthesized the magnetic
metal-organic framework (Fe,O,@MIL-101) and
then proceeded to photo-catalytically degrade the
methylene blue dye [40]. Tingting et al. were able
to remove rhodamine B6 dyes from the dyeing
wastewater by synthesizing single-phase porous
magnetic composite Ni@MOF-74(Ni) [41].

Hosseinzadeh et al. removed the methylene blue
dye by synthesizing a metal-organic framework
(Fe-BTC). The  metal-organic  framework
synthesized in the presence of hydrogen peroxide,
UV light and ultrasonic device showed high
photocatalytic properties and that the dye removal
mechanism follows Fenton’s method [42]. When
ferrite magnetic nanoparticles are introduced into
the substrate of metal-organic frameworks, they
induce the magnetic properties of the resulting
nanocomposite. Consequently, the synthesized
magnetic nanocomposite functions as a stronger
inhomogeneous adsorbent and is easily used for
the removal of toxic dyes and pollutants; ultimately,
it can be easily separated with an external magnet,
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Fig. 1. Schematic of synthesis of nickel ferrite on silica substrate NiFe,O,@SiO,

which saves time, energy and costs.

In this paper, NiFe,O,@SiO,@HKUST-1
adsorbent was prepared by an in-situ self-assembly
method, which is one of the green synthesis
methods, and identified by elemental analysis. The
application of synthesized samples in methylene
blue pollutant adsorption and the influence of
time and pH factors were investigated. Adsorption
isotherms, kinetics and adsorption mechanisms
and other mentioned thermodynamic parameters
on magnetic nanocomposites were thoroughly
investigated and analyzed.

EXPERIMENTAL METHOD
Chemicals and methods

All chemicals used in this article are Merck
Brand including methylene blue, MB, as a dyeing
agent prepared from Ciba company. 3- Aminopropyl
triethoxy silane, APTES, with the purity percentage
of 98% were purchased from Merck Germany. Iron
(III) nitrate, nickel (II) nitrate, copper (II) nitrate
with the purity percentage of 99% were purchased
from (Temad company, Iran). Ethanol solvent
99.8% and tetraethyl orthosilane and benzenel,3,5-
tricarboxylic acid were purchased from Merck
Germany. Glutaric anhydride, GA, with the purity
percentage of 99% and deionized water were
purchased from Arya Chemists company.

After the synthesis, the magnetic metal-
organic framework nanocomposite (NiFe204@
Si02@HKUST-1) was evaluated. The synthesized
samples were evaluated by using X-ray diffraction
pattern for structural analysis and phase-type
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determination (Philips PNA analytical device,
XRD), Fourier transform infrared spectroscopy
for molecular structure and energy determination
of chemical bonds (PerkinElmer), scanning
electron microscopy (LEO 1455VP SEM) for
fine analysis structural, transmission electron
microscopy (TEM) to determine microstructures
and orientation of crystals, vibrating sample
magnetometer to measure the magnetic properties
of compounds, using thermal analysis (TGA) to
analyze the physical properties of materials under
higher temperature and UV-Vis spectrophotometer.

Synthesis of mnickel ferrite on silica substrate
NiFe,0,@Si0,

This step was in accordance with the synthesis
method for nickel ferrite nanocomposites in silica
media reported in other articles [18]. First 6.2
gr of nickel nitrate and 17 gr of iron nitrate were
dissolved each in 10 ml of deionized water and were
refluxed and stirred well with a magnetic stirrer for
30 minutes until complete mixing. Next, 60 ml of
tetraethyl orthosilicate (TEOS) was poured into 50
ml of ethanol and 10 ml of water while the pH was
decreased using acidic hydrochloric acid. Then, the
solution was poured dropwise into a decanter. The
solution was allowed to be stirred for 2 hours until
it was fully mixed. In the third step, the contents
of the balloon were poured into the crystallizer
and placed partially in the exposure of the air for
7 days and alcogel was synthesized. After 7 days,
the synthesized alcogel was incubated in the oven
at 110 °C for 24 hours until dried and zerogel was
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Fig. 2. Schematic of synthesis of the metal-organic framework HKUST-1

synthesized. Zerogel was then calcined for 2 hours
in an 800 °C oven at a ramping rate of 10 °C /min in
ambient atmosphere medium. Finally, the product
was milled by a satellite mill and was named Powder
(E-S) (Fig 1).

Synthesis of the metal-organic framework HKUST-1
0.84 gr of BTC ligand and 1.75 gr of copper
(II) nitrate in 50 ml of ethanol was under agitated
reflux conditions for 3 h, which formed a blue solid
precipitate. Then the resulting solid precipitate was
exposed to ambient temperature for 48 h. It was
then separated by centrifugation and washed with
water and ethanol and the precipitate was dried
using the oven at 100 °C for 12 h (Fig 2) [20].

Synthesis of magnetic metal-organic framework
nanocomposites NiFe O ,@Si0O,@HKUST-1

The first step was dispersing 1 gr of nickel ferrite
prepared in the previous step with 50 ml ethanol
and then adding 2 ml of APTES, and allowing it
to reflow for 6 hours under reflux conditions at 80
°C for 6 h. The resulting sediment was separated
using a magnet. The second step was re-dispersing
the isolated nanoparticles with 30 ml of ethanol
and then adding 3 gr (GA) and re-mixing under
reflux for 3 h at 40 °C. After the required time,
the nanoparticles were collected and washed with
distilled water. The third stage was pouring 1 gr of
the resulting powder from the second stage with
6.04 gr of copper nitrate and 4.72 gr of H,BTC
ligand and 60 ml of distilled water in the balloon
and again under reflux conditions at 100 °C for

8 hours and followed by stirring vigorously. The
precipitate from the wash was placed in a vacuum
oven at 150 °C for 10 hours to dry the precipitate
(Fig 3).

All  synthesized magnetic metal-organic
frameworks nanocomposites are presented in Table
1. Nickel ferrite nanocomposites embedded in silica
substrate with the weight ratios of x (NiFe,O,)/
(100-x) SiO, which (x = 10, 30 and 50 wt.%) was
synthesized according to the synthesis method
mentioned in Section 2-2. Then their magnetic
metal-organic frameworks were synthesized and
identified by the synthesis method mentioned in
section 2-4.

Dye decolorization

To investigate the bleaching process of
methylene blue cationic dye, a solution of
methylene blue dye (10 mg / L) was prepared.
100 ml of it was collected as a sample and 0.1 gr
of synthesized nanocomposite in the presence
of hydrogen peroxide was added and the entire
solution was subjected to ultrasonication at room
temperature for a certain period of time. Methylene
blue concentration was measured at different times
using a UV-vis light spectrometer. Finally, by using
equations (1) and (2) the removal percentage of
methylene blue dye and the adsorption capacity
of the magnetic organic-metallic framework
composite were calculated and determined,

respectively.
%R= (CO - Ct / C0) x100 (1)
qt = (C0-Ct) V/m (2)
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Table 1: Introducing sample names.

Formulation Abbreviation  Identification data in synthesis file
NiFe0410%@Si0.@HKUST-1 F.S.MOF-1

NiFe:0430%@Si0.@HKUST-1 F.S.MOF-2 NiFe:04@Si0.@HKUST-1
NiFe:0450%@Si0.@HKUST-1 ~ F.S.MOF-3

HKUST-1 MOF MOF

NiFe;0410%@Si02 800 BE

NiFe;0430%@Si02 800 BD800 NiFe;04@Si0O>
NiFe;0450%@Si02 800 BH

=

=

Sl LTSS AN

After 6h

\ NiFe04S10-C00H + Ethanol

NiFe20:4@S10:@Cu3(BTC)

Fig. 3. Schematic of synthesis of magnetic metal-organic framework nanocomposites

Where C, and C, are the initial concentration
of dye solution and concentration of dye solution
at time t; V is the volume of solution in liters; m
denotes the amount of nano composite (gr), and
g, is the adsorption capacity of nanocomposite
magnetic metal-organic framework in terms of mg.
g'. Finally, the effect of different parameters on the
removal of methylene blue dye was studied.

RESULTS AND DISCUSSIONS
XRD Analysis

Ternary metal-organic nanocomposites and
ferrite nickel were synthesized on silica substrate
(NiFe,0,@Si0,@HKUST-1) by the in-situ self-
assembly method. This method means that the
components of the system are arranged to form a
larger unit, which can occur spontaneously either
directly or indirectly through the environment due
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to specific reactions. Fig. (4-a) shows the diffraction
pattern of the synthesized samples which contains
nanoparticles (NiFe,O,), amorphous SiO, particles,
and a metal-organic framework containing
copper (HKUST-1). These diffraction patterns are
consistent with other reports [43-45]. An increase
in concentration (NiFe,O,) and a decrease in silica
substrate concentration are clearly visible at peak
24 ° and sharpening of peaks (NiFe,O,). According
to reports, the peaks observed in the range of 15-
20 are related to the presence of a metal-organic
framework containing copper. Peaks in the range of
30-40 are attributed to the presence of nickel ferrite
in the silica bed which confirms the existence of
a metal-organic framework containing copper
(HKUST-1) and nanocomposites (NiFe O,). The
main peaks of the synthesized magnetic metal-
organic nanocomposite frame include 16.05, 19.9,
42.24,74.35,28.37,47.43,57.53, 55.57, 72.62; peaks
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Fig. 4. a) XRD pattern of synthesized magneto-organic metal frameworks b) XRD pattern of nickel

ferrite magnetic nanocomposite placed in silica substrate

related to MOF and nanoparticles (NiFe,O,) are
observed in all three patterns. Fig. (4-d) illustrates
the pattern of nickel ferrite nanocomposites in
silica substrate compared with the reference peaks
of nickel ferrite (5-b) and silica (5-c) nanoparticles
[46,47]. This diffraction pattern indicates that the
peaks include nickel ferrite index peaks with cubic
spinel structure Fd3m which represent the plate
group (2 2 7) and silica lattice index peaks which
represent the plate group (2 2 0). These results
indicate that the nanocomposite was synthesized
correctly, and its pattern is consistent with the
existing reports [46-50].

The Scherer equation (Equation 2) was used
to calculate the average crystal size using the XRD
model.

t=09./pCos 0

In this "equation, t is the average size of
crystals in nanometers; A is the X-ray wavelength
in nanometers; P is the Peak width at half the
maximum height in radians, and 0 is the peak
location in the XRD pattern in degrees. Table 2
shows the location of the maximum peak in the
XRD pattern and the average size of the crystals.
In addition, the average distance between the
nanocomposite crystal plates of the synthesized
magnetic metal-organic frameworks is presented.
After performing the calculations, it was observed
that nanocomposite of magnetic metal-organic
framework containing 50% (NiFe, O, @ SiO, 50% @
HKUST-1) has the highest crystallinity compared
to 10% and 30%.

FT-IR Analysis

Fig. (5) shows the synthesized magnetic
metal-organic frameworks of the FTIR spectrum.
There are three spectra of magnetic metal-
organic frameworks (NiFe O,@SiO,@ HKUST-1)
containing different percentages of nickel ferrite.
Many peaks observed in the spectrum of nickel
ferrite magnetic nanocomposites in silica substrate
(NiFe,O,@Si0,) and the spectrum of metal-organic
framework (HKUST-1) overlap and are reported
[40,53]. This indicates the formation of all three
magnetic metal-organic frameworks (NiFe O,@
SiO,@ HKUST-1) with different percentages of
nickel ferrite. The presence of peaks in the area of
1580-1709 cm™ is due to the presence of carboxyl
(COO-) groups in the connector (BTC) and the
peak in the 1163-700 cm™ region corresponds to
the double bond (C = C) of the aromatic group in
the binder (BTC) belonging to the copper metal-
organic framework (HKUST-1).

In addition, the presence of peaks in the area of
685 cm™ and 744 cm™ indicates silica networks and
group tensile vibrations (Si-O-Si). The presence
of a peak in the area of 476 cm™ is related to
asymmetric tensile vibrations (Cu-O) and the peak
in the region of 524 cm™ is attributed to tensile
vibrations (Fe-O), which indicate the accuracy of
the synthesis of all three compounds. It is clear that
the intensity of the peaks related to the vibrations of
Si-O, Cu-0, Si-O-Fe in the sample of the magnetic
metal-organic frameworks containing 50 wt. %
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Table 2. XRD parameters of nanocomposites

Sample Peak position [°20] Crystallite size [nm] d-spacing [A°]
F.S.MOF-1 19.909 20.5 44.5
F.S.MOEF-2 20.627 32.8 43

F.S.MOF-3 20.467 41.0 433

Transmmitance (%)

——F § MOE-2
=—F 5 MOEF-1
—F 5 MOF-3

3900

3400 2900 2400

1900 1400 2900 400

Wavenumbers (cm!)

Fig. 5. FTIR analysis of magnetic metal-organic nanocomposites with different weight percentages of nickel ferrite

nickel ferrite is increased. A summary of the peaks
in the infrared spectrum of the magnetic metal-
organic nanocomposite framework (NiFe,O,@
SiO,@ HKUST-1) is given in Table 3 [51-53].

Thermal Analysis (TGA)

The thermal analysis of TG, DTA, and DTG is
taken from a magnetic metal-organic framework
sample NiFe O,@SiO,@HKUST-1 with 30 wt.%
and is shown in Fig (6). Thermal analyses (TG,
DTA, DTG) are used to determine the thermal
stability of the metal-organic framework. As can
be seen, two weight reductions are observed in
the thermal analysis of the graph (TG) and this is
due to the synthesis process. The first weight loss
reported at 150-200 °C is related to the removal
of guest molecules (solvent: water and ethanol)
inside the pores of the metal-organic framework

Nanochem Res 8(1): 1-22, Winter 2023
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and gases adsorbed on the surface are partially
related to the decomposition of organic groups
such as (carboxyl groups, etc.) on the surface of the
magnetic nanocomposite, which is attributed to an
exothermic peak in this range in the diagram (DTA)
. The second weight loss in the range of 300-400 °C
is usually due to the restructuring of the metal-
organic framework, mostly related to the metal
oxides present in the metal-organic framework.
It is reported that the severe weight loss at 350 °C
signifies the collapse and complete decomposition
of the HKUST-1 metalorganic framework, and
here the severe weight loss at 355 °C occurs when
the structure of the metal-organic framework
NiFe,0,@Si0,@HKUST-1 begins to break down. It
can be concluded that the metal-organic framework
NiFe,O,@Si0,@HKUST-1 has thermal stability at
temperatures above about 350 °C.
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Table 3: Corresponding peaks and bonds in the FTIR spectrum of a nanocomposite sample of a magnetic metal-organic
framework (NiFe:0:@SiO2(@ HKUST-1)

Corresponding link Wave number (cm™')
Absorbed water or hydroxyl group 3420
Presence of organic molecules in (BTC) 1580-1709
Aromatic C = C (BTC) 1563
In-plane tensile vibrations (C-H) and flexural vibrations (O-H) 1436 and 744
Asymmetric tensile vibrations (Cu-O) 476
Octagonal and quadrilateral spinel (Ni**, Fe**) 400-600
Asymmetric tensile vibrations (Fe-O) 526
300 100 50
TG %
700 ———DTA uV
80 40
600
g 00 . 60 30
: < 2
2400 ! =
g B4 20 E
A 300
200
20 10
100
0 0 0 0
o 200 w00 600 00 1000 0 200 400 600 800 1000 1200
Tem (°C) Temperature(®c)

Fig. 6. thermal analysis of TG, DTA, and DTG for magnetic metal-organic framework sample
NiFe,0,@Si0,@HKUST-1 with 30 wt.% .

The peak in the DTA curve, reported in the
presence of sharp peaks in region 300 and 400 °C,
indicates crystal deformation and the presence of
a broad peak in zone of 200-70 °C due to chemical
reactions as well as the presence of a broad peak
from 400 to 750 °C in thermal decomposition. The
endothermic peaks can also be observed between
1100 and 750 °C due to the compacting of the
metal-organic composite since mass loss occurs up
to about 400 °C [54-56].

Scanning electron microscopy (SEM) analysis
Scanning electron microscopy analysis is
commonly used to describe the morphology of
metalorganic frameworks. These microscopic
images show the outer geometry of the shape,
dispersion and mixing of phases. As can be seen
in Fig. (7), the synthesized NiFe O,@Si0,@
HKUST-1 metal-organic framework has an almost
rod-like morphology such that the nickel ferrite

nanoparticles in the silica substrate coalesce to
form a rod-like structure.

During synthesis, the copper-containing metal-
organic framework may form homogeneously
around the nickel ferrite particles in the silica
bed. At the highest image resolution, the presence
of some pours of these metal-organic frames
is visible, which is a feature of these metal-
organic frameworks. These particles are similar
to synthesized nanocomposites (Cu/Ni-MOF)
[57-59]. Thus, the observed morphology of the
synthesized metal-organic framework can confirm
that the synthesized nanocomposites may have the
desired properties.

Transmission electron microscopy (TEM) analysis
Fig. (8) TEM images show the synthesized
magnetic metal-organic frameworks. The results
of TEM analysis confirm the presence of some
rod-like and hemispherical particles which are

Nanochem Res 8(1): 1-22, Winter 2023
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Fig. 7. SEM image of synthesized NiFe,0,@SiO,@HKUST-1 metal-organic framework,
a) 10%, b) 30% and ¢) 50% d) close view, e) cross section view

connected to each other. By observing the particles,
it can be seen that the particles of the metal-organic
framework are well crystallized and synthesized as
columns (rods). These results are consistent with
SEM observations. However, nickel ferrite particles
located in the silicabed have a spherical morphology
but their final shape changes when they are joined
together by a metal-organic framework and the
particles are irregularly shaped rods.

Transmission electron microscopy analysis
is widely used to determine particle size,

Nanochem Res 8(1): 1-22, Winter 2023

(Omom

crystallographic data such as surface characteristics.
This analysis is very useful and applicable for
composite detection of nanoparticle-modified
metalorganic frameworks because it determines
nanoparticle dispersion and particle size. Fig.
(8) illustrates transmission electron microscopy
analysis and reveals that the metal-organic
framework composite was almost rod-shaped, and
nickel ferrite was deposited on the silica substrate
and within the metal-organic framework network.
Further, the size of these nanocomposites by weight
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NiFe204@Si02@Cu3(BTC)2
200 nm
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5 S,

Fig. 8. TEM image of synthesized NiFe,O,@SiO,@HKUST-1 metal-organic framework

Table 4. Nitrogen gas adsorption analysis and specific surface area

Sample as,er (m*/g)  dppr(nm)  Vper (m?)
F.S.MOF-1 38 7.3 0.0899
F.S.MOF-2 43 7 0.0757
F.S.MOF-3 90 5.1 0.1149

percentages of 10, 30 and 50% are 20, 35 and 47
nm, respectively. The particle sizes obtained by
using TEM analysis are in good agreement with the
crystallite sizes of XRD results.

Nitrogen gas adsorption analysis and specific
surface area

Accurate measurement of surface area and
porosity of materials is important in many
applications such as nanosilver, metal-organic
framework, and metal nanoparticles. By knowing
the average thickness of a molecule it is possible to
calculate the surface occupied by the molecule and
measure the amount of material absorbed and the
total sample area. Fig. (9) shows the nitrogen gas
adsorption analysis and specific surface area. The
results regarding the nanocomposite metal-organic
framework with different percentages (30, 10 and
50) of nickel ferrite, surface area, and pore volume
are given in Table 4.

As shown in Table 4, by increasing the
percentages of nickel ferrite from 10 to 50%, the
total surface area increases, and the diameter of the
pours decreases due to the presence of nickel ferrite
heavy nuclei and their agglomeration [60, 61].
Fig. (10) illustrates the adsorption and desorption
isotherms of nitrogen gas. As can be seen, the rates
of adsorption and desorption of the samples were

Table 5. Magnetic parameters of nanocomposites

Sample M; [emu/g] Ms [emu/g] Hc [Oe]
F.S.MOF-1 0.0039 0.34 0.003
F.S.MOF-2 0.016 0.87 0.04
F.S.MOEF-3 0.11 2.09 0.1

measured by increasing nitrogen gas at a constant
temperature and by gradually decreasing it,
respectively. As the vapor pressure of the material
increases, the amount of material absorbed rises
until a monolayer is formed on the surface. When
the ratio p/p, is larger, it indicates that the material
has very narrow pores and is well visible in the
hysteresis metal-organic framework NiFe O,@
SiO,@HKUST-1 (50%) diagram. The presence of
hysteresis indicates the presence of mesoporous
pores, depending on the type of hysteresis, the
mesoporous form will have different shapes.

Vibrating Sample Magnetometer (VSM) Analysis

One of the most important properties of the
synthesized metal-organic framework (NiFe,O,@
SiO,@HKUST-1) is its magnetic property which,
having been synthesized at different weight
percentages (50-30-10%) of nickel ferrite, will
also have different magnetic properties which are
highly dependent on the size of the nanocomposite
particle. For this purpose, VSM analysis was applied
to evaluate their magnetic properties, which is
shown in Fig. (10) and Table 5.

Magnetic parameters including magnetic
saturation, residual torque, and coercive force
are listed in Table 2. The results indicate that
the magnetic properties of the metal-organic

Nanochem Res 8(1): 1-22, Winter 2023
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framework rises by increasing the percentage of
nickel ferrite from 10 to 50%. It can also be seen
that the HKUST-1 organic metal framework alone
has no magnetic properties, while by composing
it with ferrite nickel, the resulting composite has a
magnetic property. By not saturating the diagrams
of all the samples as well as using constituents
which have atoms of permanent magnetic
moments such as (nickel and iron oxide), this
metal-organic framework falls into the category of
superparamagnetic. This is because these atoms act
separately and without any interaction. As a result,
they have a different and random orientation,
which is influenced by an external field in an
approximate direction, which is characteristic
of superparamagnetic materials. These results
are consistent with the previous data for nickel
nanoparticles in the silica matrix and confirm the
accuracy of the synthesis [62,63].

The reason for using silica in the synthesized
metal-organic ~ framework  (NiFe,O,@SiO,@
HKUST-1) nanocompoite can be stated as follows:
by using silica, nickel ferrite nanoparticles are
dispersed uniformly in the silicon oxide matrix;
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this decreases the agglomeration of nanoparticles
and causes their superparamagnetic properties to
appear. The tendency of magnetic nanoparticles to
agglomerate can be minimized by dispersing them
in suitable inert matrix.

Removing dye contaminants

To investigate the application of synthesized
metal-organic framework nanocomposites, its
application in methylene blue pollutant adsorption
was studied. Methylene blue is a cationic dye
with the surface area of 1.38%0.64*0.21 nm® and
chemical structure shown in Fig. (11) [64] Fig
12 demonstrates the decolorization of methylene
blue by magnetic metal-organic framework
nanocomposites.

The effect of MOF concentration on dye removal

To investigate the effect of MOF concentration
on the removal of methylene blue dye, a dye
solution (10 ppm) was first prepared. Then different
concentrations of 30% metal-organic framework
(NiFe,0,@Si0,@HKUST-1) nanocomposite
were added to the solutions and mixed with
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ultrasonic water in the presence of oxygenated
water. Then, every 10 minutes, the samples were N\
taken, and the wavelengths were measured using
spectrophotometer analysis. Fig. (13) shows the H3C\N 5 N,CH;,
removal of methylene blue dye using various | |
concentrations of 30% nanocomposite (NiFe,O,)@ CH; CI" CH;

SiO,@HKUST-1.

Ascanbeseenin Fig. (14), atlow concentrations
the removal process of dye proceeds slowly while
it becomes faster with increasing nanocomposite
concentration  ((NiFe O,@Si0,@ HKUST-1)
30%). For example, for 0.1 gr concentration of
the nanocomposite, the dye removal was 95%
after 60 min, while for 0.03 and 0.06 gr of the
nanocomposite the removal was 48% and 73.5%
after 70 min, respectively. According to the
experimental results, the removal efficiency of the
dye increased with the rise in the concentration
of nanocomposites. This increase in efficiency
is due to the increased concentration of the
nanocomposite in the metal-organic framework
of the special active surface in the solution, thus
more dye molecules can be incorporated into these
active sites, which improves the removal efficiency
of the dye.

Fig. 11. Chemical structure of methylene blue dye [64].

Investigation of the effect of methylene blue dye
solution concentration

First, solutions of various concentrations (10,
30, 50 ppm) were prepared in order to study the
impact of methylene blue solution concentration
on the removal of dye from wastewater. From
each sample 100 ml sample was taken and
0.1gr of the nanocomposite (NiFe,0,@Si0,) @
HKUST-1) (30%) was added in the presence of
oxygenated water and again under ultrasonication
for better mixing. After 10 minutes, the samples
were collected and centrifuged, and the amount
and removal efficiency were calculated using a
spectrophotometer.

It can be seen in Fig. 15 that the removal
efficiency in methylene blue aqueous solution

Nanochem Res 8(1): 1-22, Winter 2023
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Fig. 12. Schematic of decolorization of methylene blue by magnetic metal-organic framework nanocomposites synthesized

at 10 ppm concentration is the highest amount
such that after 60 minutes about 95% of dye was
removed. However, for methylene blue dye solution
with concentration (30 and 50 ppm), the removal
efficiency reached (62.4% and 59.03%). This
indicates that the removal efficiency decreased
with increasing concentration of methylene blue
dye solution. The reason for this decline is that
as the concentration of the dye solution rises, the
dye molecules in the solution increase, and given
the constant concentration of the nanocomposite
metal-organic framework synthesized in these
solutions, the active sites and specific surface area
of the nanocomposites are completely saturated
and filled. As a result, the lower the concentration
of the dye solution, the less the dye molecule in
the solution. Consequently, the pore volumes and
surface areas will be filled in a longer time and their
removal efficiency will be higher.

pH Effect of dye solution on dye removal

To remove methylene blue pollutants from the
dyeing effluent, methylene blue aqueous solution
(10 ppm) was first prepared. Then, 100 ml of it was
taken as a sample and its pH was measured using
transcellular paper. And then, using dilute acid
chloride (HCI) to acidify the pH and by using (KOH)
to alkalinify the pH of the solutions. They were then
examined to obtain the optimum pH. After reaching
the desired pH, 1 ml of oxygenated water was
added and finally 0.1 gr of nanocomposite metal-
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organic framework (NiFe,O,@SiO,@HKUST-1) of
30 wt.% as adsorbent was added. It was subjected to
ultrasonication for better mixing. Every 10 minutes
a sample was taken and centrifuged, then, using a
spectrophotometer, the wavelength was measured
and the removal efficiency was calculated.

The results indicate that the dye removal on
the metal organic framework would be different at
different pHs. This difference is due to the charge
of dye ions and the degradation properties by
changing the pH of the solution. Following the
decrease of pH (from alkaline to acidic), methylene
blue dye removal increased because at acidic pH
the concentration of H* and in the alkaline pH the
concentration of OH increased in the solution and
rising the concentration of these ions enhances or
diminishes the removal efficiency of the dye. The
results demonstrate that the acidic pH increased
the efficiency of methylene blue dye removal due to
the increased concentration of H* and the presence
of hydrogen peroxide (H,0O,) in the solution. In the
alkaline pH range, the Fe (III) in the environment
precipitates (Fe(OH),) and decomposes H,O,
into water and oxygen. In addition, the formation
of iron (II) complexes at higher pH reduces its
concentration in the environment; in contrast, the
re-production of Fe (II) is prevented by the reaction
of (Fe’) and (H,0,) at more acidic pHs; therefore,
the acidic pH is considered as the optimum pH
[64-69].
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Effect of (NiFe, O, )@SiO,@ HKUST-1 amount

To remove methylene blue dye as an
environmental ~ contaminant  from  dyeing
wastewater, methylene blue aqueous solution (10
mg/L) was first prepared, then 100 ml of it was
taken as a sample and 0.1 gr of (NiFe,0,)@SiO,@
HKUST-1 by 30, and 50 wt.% was added to the
colored solution. In addition, 1 ml of oxygenated
water (H,0,) was added and subjected to
ultrasonication for complete mixing. Then every 10
minutes the sample was taken and centrifuged, and
finally, using a spectrophotometer, their wavelengths
were obtained. By using the resulting wavelengths,
the values of the removal of any of the metal organic
frameworks can be calculated over time.

As can be seen in Fig. (16), the synthesized
30% NiFe,0,@Si0,)@HKUST-1 nanocomposite
had the highest removal in a shorter time than the
metal-organic framework nanocomposite of 50
wt.%. As a result, within 60 minutes approximately
98% of dye removal was observed. For this
reason, the magnetic metal-organic framework
nanocomposite 30% NiFe O,@Si0,@HKUST-1
was used in different conditions.
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Kinetic studies

To study the removal behavior of dye,
degradation mechanism, and rate of its removal,
first- and second-rate kinetic equation and
intramolecular infiltration were used to analyze the
obtained data. Initially, different kinds of magnetic
metal-organic framework ~ nanocomposites
synthesized with different weight percentages at
different concentrations were examined. Then, the
magnetic metal-organic framework with higher
removal efficiency was investigated.

Kinetics of methylene blue dye degradation
by  magnetic = metal-organic = framework
nanocomposites synthesized by weight percentages
(30 and 50%) was investigated and calculated;
furthermore, the methylene blue adsorption
kinetics was studied at different concentrations of
the solution (Fig. 17). Initially, the methylene blue
degradation kinetics of metal-organic framework
nanocomposites was calculated using pseudo-first-
order kinetic by applying the following formula:

Ln(q,-q)=Lng -K¢t

Where qe is the equilibrium adsorption
(mg.g") and qt is adsorption at different times
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Fig. 16. Diagram of methylene blue dye removal using nanocomposites with different percentages of nickel

ferrite in a silica substrate

(mg.g'); kIl is the constant rate of absorption
(min™') and t represents time. In the second step,
the adsorption kinetics was calculated using the
pseudo-second-order equation by the following
equation:

t/q=1/K,q , +t/q,

Where, like the above equation, K, is the rate
of absorption constant (min™). The intramolecular
diffusion kinetic method was employed to study
the third kinetics, which can also be used to
investigate the kinetics and compare the amount
of dye penetrating into the nanocomposite
molecules. The following equation was used for the
intramolecular diffusion method:

q.=K t2+ 1

Where KP is the rate of diffusion within the
molecule. Finally, by comparing these three kinetic
models, it can be estimated which kinetic nickel-
ferrous magnetic metal-organic nanocomposites
in the silica substrate follow and its absorption rate
can be calculated [64-70].

The pseudo-second-order kinetic model fits

better than the other two models for synthesized
metalorganic framework nanocomposites because,
ascalculated from theabove equation, the coefficient
of determination R? for the pseudo-second-
order model is calculated and all coefficients are
very close to one. Whereas the two pseudo-first-
order models and the intramolecular diffusion
are more distant than the second-order ones.
Therefore, it can be concluded that the methylene
blue dye kinetic using a variety of synthesized
nanocomposites follows the pseudo-second-order
kinetic. On the other hand, the amount of (qe)_,
obtained from the above equations in the pseudo-
second-order kinetic model is much closer to
the empirical value of (qe)_. Table 6 presents the
values of the coefficient of determination R* as
well as the rate of degradation and the amount of
degradation for each of the three kinetic models
given. Table 7 shows the data obtained from the
calculation of different kinetic models for different
types of synthesized nanocomposites.

Among the synthesized nanocomposites,
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the metal-organic nanocomposite (NiFe,O,@
SiO,@ HKUST-1) with 30 wt.% showed better
color removal. Consequently, the kinetics for this
nanocomposite metal-organic framework was
calculated at different concentrations of a solution.
All the above models were studied to find the
kinetics of these nanocomposites (Fig 18).

The pseudo-second-order kinetic model fits
better than the other two models for the metal-
organic NiFe O,@SiO,@HKUST-1 nanocomposite
synthesized at x = 30 wt.%. Because, as calculated
from the above equation for the determinant
coefficient R* of the pseudo-second-order model,
all the coefficients are very close to one. On the
other hand, the value of R? for the other two models,
pseudo-first-order and intramolecular infiltration,
are more distant from 1. Therefore, it can be
concluded that the methylene blue dye adsorption
kinetic using the desired nanocomposites at
different concentrations of the methylene blue
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dye solution follows pseudo-second-order
kinetics [64-72]. However, the amount of (q,)cal
absorption obtained from the above equations
in the kinetic pseudo-second-order absorption
model is much closer to the empirical value of (q )
exp. In Table 6, the values of the determination
coefficient (OR?), as well as the rate of absorption
and the amount of adsorption for all three kinetic
models considered, are calculated and presented
in different concentrations of methylene blue dye.

Mechanism of removal of methylene blue
Methylene blue is a thiazine dye, which is a
basic cationic dye in aqueous solutions. It tends to
bind to the nanocomposite due to the negatively
charged nature of the surface of nanocomposite.
The adsorption of MB on NiFe O,@SiO,@
HKUST-1 adsorbent shows a good fit to the
pseudo-second-order kinetics model, and intra
particle diffusion is not the only speed-controlled
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Table 6. Values of coefficient of determination R? and rate of degradation and
the amount of degradation for each of the three kinetic models given

Sample
Model Parameter ~ F.S.MOF-1 F-S-MOEF-3
Pseudo-First-Order (Q)ex 9.2363 10.085
(Qca 9.534 8.24
R? 0.889 0.964
Pseudo-Second -Order (Q)ex 9.2363 10.085
(Qeet 15.649 23.364
R? 0.764 0.141
Molecular Influence Kp 0.3127 0.291
I 1.9169 0.291
R? 0.7668 0.948

Table 7. Data obtained from calculation of different kinetic methylene blue models using F.S.MOF-1

Sample
Model Parameter F-S-MOF-1
Concentration (mg/L) 10 30 50
Pseudo-First-Order (Q)ex 8.699 20.6347 43.351
(Q)eel 9.478 17.475 30.081
R? 0.925 0.847 0.913
Pseudo-Second-Order (Q)ex 8.699 20.6347 43.351
(Q)ea 7.854 18.859 30.051
R? 0.903 0.983 0.900
Molecular Influence Kp 0.873 1.481 4.061
I 2.924 5.53
R? 0.525 0.962 0.927
step. The Langmuir isotherm is more suitable for ferric (1) and oxide ions. These results are in good
describing the adsorption behavior of MB and the agreement with previous reports [73].
results suggest that the adsorption is a spontaneous
process. The removal mechanism of methylene H,Oy+ Fel* —> Fei* + OH + OH-

blue dye from aqueous solution using a metal-
organic framework nanocomposite containing
magnetic nanoparticles after adsorption onto the
nanocomposite surface and in the presence of
hydrogen peroxide as a strong oxidant, is due to the MBH+OH — *MB + H:0
presence of iron (II) and hydrogen peroxide in the
radical hydroxide medium. The hydroxide radical
rapidly and selectively attacks the organic structure
of the dye and converts the organic compound into
water, carbon dioxide, and inorganic ions. During
this reaction, ferrous (II) ions are converted to

Feit + H:0; > Fe* + QOOH +H*

MB + Felt —» MB* + Fe?*

MB*+ OH — *®MBOH

Nanochem Res 8(1): 1-22, Winter 2023

(CMON



M. Gharagozlou et al. / Magnetic nanocomposites of metal-organic framework

10
s l._,_a) pseudo-first-order b) pseudo-second-order
¢ e 4 10pp g |[™10ppm n
1 |a ol W oW ® 30ppm @ 30ppm
—_ A & e e o M 50ppm) A 50ppm|
s 03| e 0 :
) g . = L
E 4 " Y
» @
0.5 4 " o
A ° 2 . PR
-1 - . A A A
$a
-1.5 0
0 10 20 30 40 50 60 70 0 20 40 60 20
Time (min) Time (min)
35
c) Molecular Influence
30
W
A 10 PPM n
% [les0pEM [
50 || ™50 PPM| n
& o ®®
15 o ®
10 - A ““ A
s T
A
0
0 2 6 8 10
-tO.S

Fig. 18. kinetic study methylene blue using a metal-organic nanocomposite framework F.S.MOF-1 a) Kinetica of pseu-

do-first-order at different concentrations b) pseudo-second-order kinetic c¢) the intramolecular permeation kinetic.

CONCLUSION

In this study, NiFe,O,@SiO,@HKUST-1
adsorbent was prepared by an in-situ self-assembly
method, which is one of the green synthesis
methods. In addition, NiFe O,@SiO,@HKUST-1
magnetic microspheres were characterized. The
application of NiFe,O,@SiO,@HKUST-1 in
methylene blue pollutant adsorption and influence
of time and pH factors were investigated. As a result,
at more acidic pHs, the lower the concentration
of the dye solution, the less the dye molecules in
the solution. As a result, the pore volumes and
surface areas will be filled in a longer time and their
removal efficiency will be higher. As an optimum
condition, within 60 minutes approximately 98%
of dye removal was observed. For this reason, the
magnetic metal-organic framework nanocomposite
30% NiFe,0,@Si0O,@HKUST-1 was employed
as an optimum percentage which means that
the adsorption process was mostly multilayered
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on heterogeneous surfaces of the metal-organic
framework nanocomposites.
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