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In this study, novel nanostructures based on Ni-MOF/polysulfone nanofibers

were fabricated by microwave-assisted electrospinning method. The final Ni-

MOF/polysulfone fibrous nanostructure were immobilized on SiO2 substrates

with high physicho-chemical properties. These nanostructures with an average

diameter of 20 nm and a specific surface area of 1690m2/g were used as novel

adsorption for CH4 gas adsorption. It seems that the integration of novel Ni-

MOF compounds into the fibrous network has differentiated these materials

from previous samples. Since the experimental parameters significantly affect

the specific surface area, the parameters including voltage, concentration, and

distance between the collector and source are designed by the fractional

factorial method. The results were optimized by contour plots, ANOVA and

surface plots, theoretically. The results show that the sample has an adsorption

rate of about 5.14 mmoL/g. The improved CH4 gas adsorption performance is

attributed to the large specific surface area and porous nature of the Ni-MOF/Ps

nanostructure which is more convenient and accessible for CH4 gas

adsorption.
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1 Introduction

Air pollution crises have become a global problem in all dimensions with dangerous

effects (Zhao et al., 2021a; Han et al., 2022; Nazar and Niedoszytko, 2022). This problem,

which has spread day by day, has affected humans, the environment, animals and plants.

Although these gases have different categories, the most effects can be attributed to

greenhouse gases (Jerrett et al., 2005; Glencross et al., 2020; Zhao et al., 2023).

Methane (CH4) is one of the most common examples of greenhouse gases, whose

harmful effects are tangible in the last few years (Klewiah et al., 2020). So far, various
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compounds such as nanoparticles, zeolite, activated carbon and

nanofibers were used for CH4 gas adsorption (Conte et al., 2020;

Karimi et al., 2021). Although these compounds have capabilities

in the field of CH4 gas adsorption, their efficiency is not ideal for

adsorption applications (Zuo et al., 2022).

One of the important and influential parameters on gas

adsorption is the specific surface area. Therefore, the

introduction of novel compounds with a high specific surface

can affect the adsorption processes of the sample (Okolo et al.,

2015).

Nanofibers are efficient nanostructures with distributed

properties due to high specific surface area, significant thermal

stability, and small particle size distribution (Fischer, 2018). By

using electrospinning, it is possible to produce different

nanofibers with different compositions such as, Phellinus

igniarius (Jiang et al., 2022), and multiple applications such as

Piezoelectric Properties (Bai et al., 2022). On the other hand, it

can mix a series of functional ingredients on the host polymers to

form a functional composite or hybrid (Amini et al., 2022), which

include little molecules (Kang et al., 2020), cells and bacterials

(Pant, Tiwari), organic/inorganic nanoparticles (Zhao et al.,

2021b) and MOFs (Zhu and Kim, 2022). Another capability

of nanofibers is the synthesis of tri-layer nanodepots with various

applications, including sustained release of acyclovir (Wang et al.,

2020), fast helicide delivery (Liu et al., 2022). There have been

reports on the use of nanofibers in the treatment of oral ulcers

(Zhou et al., 2022) and other various applications in the fields of

medicine, engineering, and environment (Sapountzi et al., 2020).

The nature of nanofibers, which is a polymeric-shaped material,

consists of various compounds with different configurations in

controllable conditions. One of the most famous nanofibers is

polysulfone (Ps) which has high thermal stability and mechanical

strength, which can be used as insulation and reliable coatings

(Choi et al., 2018; Alawady et al., 2020).

Metal-organic frameworks (MOF) are a novel class of

nanomaterials that have many capabilities in different fields of

engineering due to their significant porosity. These compounds,

which are also compatible and biodegradable, can be used as

novel adsorbent depending on the related conditions (Ren et al.,

2015; Ding et al., 2019; Nimbalkar and Bhat, 2021).

MOFs can be combined with other compounds in a variety of

procedures under different conditions. This feature facilized the

performance of the final products in a potential area. One of the

important properties expected to increase MOFs integration with

other substrates, including SiO2 nanoparticles, is the specific

surface area. When MOFs combined with fibrous network

immobilized by SiO2 substrate, the porous nanostructures can

expand in three-dimensional network with significant surface

area (Zhan et al., 2012; Liu et al., 2019).

In order to integrate MOF with nanofibers and create a

fibrous network, an electrospinning procedure was used (Gu

et al., 2019; Liu et al., 2019). This method, which is fast,

efficient, and cost-effective, not only produces uniform fibers

but also affects the different properties of the product (Sarkar

et al., 2010).

For systematic control of nanofibrous material, different

procedure studies have been used. Compared to the classical

methods, The application of novel organized routes can be

affected the experimental parameters of the product and

create stable compounds (Sargazi, Afzali, Mostafavi, Kazemian).

In the present study, for the first time, Ni-MOF/Ps

nanofibrous networks were immobilized by SiO2 substrate

under optimal conditions of microwave assisted

electrospinning method. The final products were characterized

by transition electron microscopy (TEM), Fourier-transform

infrared spectroscopy (FTIR), CHNSO elemental analysis,

thermal stability analysis (TGA), and N2 adsorption/

desorption techniques. The compounds were used as novel

material for CH4 gas adsorption in optimal conditions.

2 Experimental

2.1 Reagents and instrumentation

Reagent-grade chemicals of nickel (iii) nitrate hexahydrate

(Mw: 358.21 g/mol, 99.80%), and 2, 6- pyridine dicarboxylic acid

(Mw: 167.12 g/mol, 99.85%) are purchased from Sigma. Ps and

SiO2 nanoparticles are purchased from Sigma Aldrich company.

All products were commercially available and used without any

further purification. The morphology and size distribution of Ni-

MOF/Ps nanofibrous substrate was performed by TEM (Philips

XL 30). FT-IR spectra were performed in transmission mode on a

Nicolet AVATAR 360 FT-IR spectrophotometer using KBr

powder as the sample matrix with a resolution of 4 cm−1. TG

behaviors were performed on aMettler-Toledo TGA/SDTA851e.

Adsorption isotherms were measured with an Autosorb 1-MP

from Quantachrome Instruments.

2.2 Synthesis of Ni-MOF samples

In a typical microwave synthesis route, 0.063 g of

Ni(NO3)3.5H2O and 0.028 g of 2,6 pyridine-dicarboxylic acid

were added in 50 ml distilled water. The solution was stirred for

50 min at 75°C. Then, the mixture was transfer into the

microwave bath duration of 30 min at environment temperature.

2.3 Synthesis of Ni-MOF/Ps nanofibrous
supported on SiO2 substrate

For preparing the Ni-MOF/Ps nanofibers using microwave-

assisted electrospinning method, the solutions obtained in

Section 2.2 by microwave route were added into 0.5 g Ps with

concentration (Ni-MOF) of 10 wt%. The solution was entered
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into the optimal electrospinning conditions, including applied

voltages of 18 kV and the electrospinning distances of 12 cm.

Also, the mixtures were injected from the syringe pump with flow

rates of 0.15. After 2 h, the Ni-MOF/Ps nanofibrous polymer was

isolated by calcination at 170°C. The 0.05 g of final products of

Ni-MOF/Ps nanofibrous were added in 0.03 g of SiO2 to obtain

stable compounds of Ni-MOF/Ps nanofibrous.

3 Results and discussion

3.1 TEM with mapping analysis

Figure 1 shows TEM image of Ni-MOF/Ps fibrous

nanostructures immobilized on SiO2 nanoparticle which

synthesized by microwave-assisted electrospinning method.

Based on the results, this sample has a uniform morphology

with a narrow fibrous size distribution about 25 nm (nanofibers

have a dimension outside the nano range) (Zhang et al., 2021).

The small size of nanofibers provides efficient conditions for their

use in gas adsorption (Veerasimman et al., 2021). Also, based on

this image, the Ni-MOF nanostructure was distributed in the

nanofibrous network without any agglomeration in morphology.

As a significant result, fibrous networks with Ni-MOF integration

are well dispersed throughout the network. Also, the mapping

analysis of Ni-MOF/Ps samples is shown in Figure 1. According

to this Fig, Ni-MOF network was distributed on SiO2 substrate

which confirmed the successful synthesis of Ni-MOF/Ps fibrous

nanostructures.

3.2 Thermal stability

TG analysis was used to evaluate the thermal stability

performance of the Ni-MOF and Ni-MOF/Ps fibrous

nanostructures supported on SiO2 nanoparticles. Based on the

results obtained from Figure 2, the Ni-MOF/Ps sample has good

thermal stability than Ni-MOF (284°C compared to 261°C). The

thermal stability of the nanostructures synthesized in this study has

high thermal stability than previous compound due to physicho-

chemical nature of this polymeric compound (Yang et al., 2019; Wu

et al., 2022). This capability enables the efficiency of these

nanostructures as efficient materials in the field of gas

adsorption. One of the influential factors on thermal stability of

FIGURE 1
TEM image of Ni-MOF/Ps nanostructures supported on SiO2 substrate with elemental mapping.

FIGURE 2
Thermal stability of Ni-MOF and Ni-MOF/Ps fibrous
structures supported on SiO2 substratev.
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compounds is the application of electrospinning procedure as well as

immobilization of Ni-MOF/Ps nanofibrous network by SiO2

substrate (Irvin et al., 2019).

3.3 Suggested structures with elemental
analysis

Figure 3 displays the FTIR spectrum of the Ni-MOF/Ps

nanostructures synthesized by the microwave-assisted

electrospinning method. The peak near 3390 cm−1 is

assigned to the vibration of the carboxylic acid group

(Nimbalkar and Bhat, 2021). The one about 3100 cm−1

showed the presence of coordinated water in the Ni-MOF/

Ps sample, and the stretching vibration of aromatic C-H was

observed around 2800 cm−1. The peaks near 1600 cm−1 can be

related to the stretching vibration of the -COO- groups in

2,6 pyridine dicarboxylic acid (ionized linker) (Ren et al.,

2015; Hashemi et al., 2019). The peaks near 1100 cm−1 can be

related to the stretching vibration of the–S=O- groups due to

polysulfone. The peaks about 700 to 650 cm−1 and 540 cm−1

are related to the Ni-N and Ni-O bonds, respectively

(Pietrzyk et al., 2021). According to FTIR spectra results

and different configurations of the Ni-MOF with Ps, the final

FIGURE 3
FTIR spectrum of Ni-MOF/Ps fibrous synthesized by
microwave-assisted electrospinning procedure.

FIGURE 4
Proposed structures for Ni-MOF/Ps nafibrous polymers supported on SiO2 substrate.

Frontiers in Materials frontiersin.org04

Geesi et al. 10.3389/fmats.2022.1100036

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1100036


structures of Ni-MOF/Ps fibrous samples were proposed in

Figure 4. Also, CHNSO elemental analysis was used to

determine the Ni-MOF/Ps fibrous nanostructures. Based

on results obtained from Figure 5, the amount of Ni, O, C,

N in the final structure not only presents the successful

synthesis of Ni-MOF/Ps but also confirms the proposed

structures of Figure 4.

3.4 Design of experiments

Since the specific surface area is an effective parameter for the

interaction of nanofibers with the practical surface, the

experimental design has been used to achieve the desired

specific surface area. One of the influential factors proposed in

previous studies is designing the electrospinning parameters. For

this purpose, the voltage (a), concentration (b), and spinning

distance (c) were selected. The fractional factorial method was

used to design the experiment under different conditions. Table 1

shows the range of parameters as codded distribution. Table 2

also shows the fractional factorial design for the 10 experiments.

3.5 Systematic study

Figure 6 shows the residual plot for the specific surface area of

Ni-MOF/Ps fibrous nanostructure supported on SiO2 substrate.

Based on the results, the distribution of the experiments is

uniform, and there is no evidence of unscientific experiments.

The effect of experimental parameters on the surface area is

shown in Table 3. As it is known, all three parameters of voltage,

concentration, and spinning distance affect the specific surface

area (all parameters have a Pvalue close to 0.000) (Lakatta et al.,

2010; Xiao et al., 2020; Lu et al., 2022).

FIGURE 5
CHNSO elemental analysis for Ni-MOF/Ps nanofibrous
polymers.

TABLE 1 Coded levels and a range of experimental parameters for 2k−1 factorial design.

Level Coded level Uncoded level

Voltage (kV) Concentration of PS (Wt) Spinning distance (cm)

Low −1 5 8 0.1 7

Center 0 16 0.2 12

High +1 10 24 0.3 17

TABLE 2 Randomized complete fractional factorial design for surface area results.

Sample No. Runs
number

Std
Order

a:
Voltage (kV)

b:
Concentration (Wt)

c: spinning
distance (cm)

REP Surface area
(m2/g)

I 1 5 −1 −1 −1 1 714

2 712

II 2 3 0 0 0 1 1449

2 1448

III 3 1 −1 0 −1 1 1320

2 1320

IV 4 2 1 0 0 1 1690

2 1692

V 4 4 1 −1 −1 1 985

2 984

Frontiers in Materials frontiersin.org05

Geesi et al. 10.3389/fmats.2022.1100036

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1100036


Previous studies have also confirmed the effect of voltage on

the surface area of products. In fact, with increasing voltage,

many electrical charges enter the sample, which results in

increased efficiency of the electrospinning process.

Concentration also affects the specific surface area of the

product by increasing the electric field. The distance between

source and the collector is also a critical parameter affecting the

final products’ surface area. The distance between the source and

the collector should be normal. In other words, increasing the

spinning distance can make the fiber formation process more

difficult. Also, by decreasing the distance between source and

collector, the fibers are stretched less, and therefore their size

distributions increases. As a significant result, the distance

between the source and the collector should be standard rate.

Also, as seen in Figure 7, the Pareto chart confirmed the

considerable effects of experimental parameter (Voltage,

Concentration, and Spinning distance) on surface area.

The adsorption/desorption isotherms of Ni-MOF/Ps fibrous

polymer are shown in Figure 8. Based on the results obtained

from this isotherm, sample IV has a similar adsorption/

desorption behavior to the second classical isotherms, which

indicates the structure of the microspores in this sample (Liu

FIGURE 6
Residual plot for experimental parameters of voltage (A), concentration (B) and spinning distance (C) on surface area.

TABLE 3 Analysis of variance in order to investigate the experimental parameters on surface area.

Source DF Seq SS Adj SS Adj MS F Pvalue

Main Effects 3 1182709 1118113 372704 372704.38 0.000

a 1 206403 58806 58806 3300.42 0.000

b 1 976140 291108 291108 1983.75 0.000

c 1 166 4332 4332 453.75 0.000

2-Way Interactions 1 9116 9116 9116 9116.45 0.000

Residual Error 5 5 5 1

FIGURE 7
Pareto chart for investigate the effects of experimental
parameters on surface area.
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et al., 2017). Based on N2 adsorption and desorption isotherm

results, the sample IV has a larger surface area than other samples

(1690 m2/g). This unique surface not only distinguishes the

nanostructure from the previous samples but also provides the

necessary consistency for the application of final Ni-MOF/Ps

fibrous polymeric productions in gas adsorption (Xue et al.,

2020). Other samples’ adsorption and desorption behavior also

varies depending on the experimental conditions (see Table 2).

3.6 Optimization procedure

To systematic relationships between each of the

experimental parameters on the surface area of Ni-MOF/Ps

supported on SiO2 substrate, three-dimensional plots have

been used. As shown in Figure 9, by selecting each of the

values of voltage (a), concentration (b), and spinning distance

(c), different responses can be determined for the specific

surface. This amount of equation is predicted based on the

regression model (Dang et al., 2022; Zhao et al., 2022). The

counter images also show the relationship between the

experimental parameters to achieve optimal values

(Figure 10). This particular level significantly affects Ni-

MOF/Ps fibrous network applications.

FIGURE 9
Surface plots for different experimental parameters [voltage (A), concentration (B) and spinning distance (C)].

FIGURE 8
N2 adsorption/desorption isotherm of Ni-MOF/Ps fibrous
network synthesized under different conditions.
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3.7 CH4 gas adsorption

According to the characterization results, Ni-MOF/Ps

supported on SiO2 substrate has been selected as the

desirable sample with favorable physicochemical properties,

therefore it has been used as a novel candidate for adsorption

applications. In order to investigate adsorption properties, a

volumetric reactor has been used. The purity of CH4 gas

adsorption was 99.99%.

To evaluate the CH4 gas adsorption by Ni-MOF/Ps

supported on SiO2 substrate, a reactor setup composed of

related parts is applies in Figure 11. First, a valve was installed

between dozer (N1) and Tank (N2). Consequently, the number

of CH4 moles in the dozer was calculated using Eq. 1:

P1V1 � Z1N1RT0N1 � P1V1
Z1RT

(1)

Where P1, N1, R, T, and Z1 show gas pressure, number of CH4

gas moles, general constant of gases, equilibrium temperature,

and compressibility coefficient, respectively. At the second

step, the number of the gas moles in tank could be calculated

by Eq. 2:

P2V2 � Z2N2RT0N2 � P2V2
Z2RT

(2)

Where P2, Z2, and V2 indicate gas pressure, compressibility

coefficient factor in the adsorption reservoir, and total volume

of the gas adsorption. Finally, the gas moles adsorbed by Ni-

MOF/Ps supported on SiO2 substrate could be calculated by

nADS = n1-n2. The compressibility factor (Z1, Z2) was calculated

based on methodology of literature (Sargazi et al., 2019).

FIGURE 10
Contour plot of surface area via voltage (A), concentration (B) and spinning distance (C).

FIGURE 11
Schematic diagram of the experimental setup for measuring
CH4 adsorption.
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The results show that the sample has an adsorption rate of

about 5.14 mmoL/g. This amount of adsorption has increased

significantly compared to other adsorbents.

The high activity of Ni-MOF/polysulfide fibrous

nanostructure, as compared to activated carbon and Zeolite,

may be ascribed to the greater surface area, the type of

substrate and the microwave synthesis method, which may

ensure the high dispersion of palladium active sites and

facilitate the diffusion of reactants and large product

molecules in the pore. It seems that the type of substrate

used, the type of composite adsorbents and the microwave

synthesis method have a great impact on the properties of

these samples.

4 Conclusion

In this study, for the first time, Ni-MOF/Ps nanofibers have

been supported on SiO2 substrate using an efficient and fast

microwave-assisted electrospinning procedure under optimal

conditions. Various techniques have been used to characterize

the resulting samples. TEM image showed that the samples

have an average diameter about 25 nm. TGA analysis and BET

techniques showed that the Ni-MOF/Ps nanofibrous polymer

immobilized on SiO2 substrate had thermal stability of 284°C

and a specific surface area of 1690 m2/g, respectively. A

fractional factorial design technique has been used to obtain

the desired properties. This systematically showed that the

experimental parameters of voltage, concentration, and

spinning distance greatly affect the surface of the sample.

The synthesis of fibrous samples with biocompatible and

biodegradable properties and excellent particular surface

area makes their use as a new option for CH4 gas

adsorption. The developed method developed in this study

can be extended for producing efficient adsorbent materials

with a high reversible capacities and performance capabilities

for diverse application.
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