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Abstract 

In this study, Ni-MOF was synthesized via ultrasound irradiation under optimal conditions, 

which included an ultrasound power of 370 W, time duration of 20 minutes, and a 

temperature of 25 oC. The final Ni-MOF nanostructures were immobilized in PVA fibrous 

polymeric network using under optimal conditions (concentration: 8 wt %; the nozzle tip with 

flow rates of 0.10 mL/h; temperature: 25 oC and humidity: 22 %; voltages: 20 kV; spinning 

distance: 12 cm) of electrospinning. To characterize the final composition, various analyses 

were used. The presence of functional groups in structures was confirmed by FTIR. The Ni-

MOF sample was uniformly synthesized on the surface of PVA, as evidenced by SEM and 

Mapping elemental analysis. The BJH technique validated the effect of the substrate's role in 

increasing the surface area of the final products. The final products of the Ni-MOF/PVA 

fibrous network were used as a novel adsorbent in the adsorption of CH4 gas.  

 

Keyword: Ni-MOF, Ultrasound irradiation, Electrospinning, Fibrous network, Adsorption, 
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1. Introduction 

Metal organic framework (MOF) nanostructures are crystalline compounds made up of 

various metals and ligands [1, 2] . These nanostructures have received a lot of attention 

because of their remarkable properties like high specific surface area, significant porosity, 

low density, and excellent chemical stability [3]. These distinct properties have led to a wide 

range of applications for these compounds in fields as diverse as engineering [4], medicine 

[5], and energy storage [6] . 

MOF nanostructures have been produced using a variety of methods, including hydrothermal, 

solvothermal, sol-gel, and electrochemical methods [7, 8]. According to our findings, the use 

of fast, controllable, and simple ultrasound methods has received more attention than 

conventional methods [9]. Through a biocompatible and biodegradable process, this effective 

method can control the properties of the final products.[10, 11] As a result, the use of a 

suitable synthesis method influenced the advancement of these nanostructures' applications 

[12]. 

Various procedures, such as the formation of composite structures, crystal nucleus and the 

formation of stable shapes on various substrates, have been used to improve the properties of 

MOF nanostructures [13]. Although these procedures improved the properties of final 

structures, the economic cost-effectiveness and non-uniform morphology of the samples 

reduced the samples' efficiency [14]. 

Polymeric nanostructures have desirable mechanical and physicochemical properties, such as 

a high surface area and significant porosity, which allows pollutant agents to make effective 

contact with highly assessable adsorption/desorption sites [15]. These nanostructures are used 

for a variety of applications, including environmental procedures, due to their distinguishing 

characteristics [16].  



Combining the properties of MOFs and nanofibers can result in a novel protocol for 

designing new structures with highly efficient features that can be used in a variety of 

applications [18]. According to our findings, no research has been done on the use of Ni-

MOF immobilized on the surface of PVA polymeric nanofibers. 

Today, the amount of pollutants has increased significantly as industrial activity in world. 

Because of their floating properties, gaseous pollutants are much more prevalent among these 

pollutants [19]. CH4 is one of the toxic gases, even in trace amounts causing serious 

environmental problems. As a result, the adsorption of this contaminant by novel 

nanostructures with high specific surface area and stability, as well as systematic studies to 

investigate the effect of effective parameters on CH4 adsorption, is critical [20, 21]. 

In the present study, the Ni-MOF was synthesized for the first time by ultrasound irradiation. 

The final productions were immobilized in PVA-polymeric matrix, and characterized by 

relevant analysis of thermogravimetric analysis (TGA), derivative thermogravimetric (DTG), 

X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier transform infrared 

(FT-IR) spectroscopy, SEM, TG-DTG, energy dispersive spectrometer (EDS) elemental 

mapping images and BJH surface area techniques. The final products were used as a novel 

adsorbent for CH4 adsorption. Finally, a fractional factorial design was used to conduct a 

systematic study of the effect of synthesis parameters on different product properties. 

 

2. Experimental section 

2.1. Materials and instrumentation 

Ni(NO3)3 (Merck, 98%), pyridine-2,6 dicarboxylic acid (Merck, 99%) and acetic acid 

(Merck) were analytical grade. Polyvinyl alcohol (PVA) was purchased from Merck as an 

analytical grade reagent, and different solutions were prepared using double distilled 

deionized water. 



The crystalline nature of the synthesized Ni-MOF nanostructures was determined using XRD 

with Cu K radiation (λ = 1.54 Å). Nitrogen adsorption/desorption measurements were carried 

out on a TriStar II 3020 analyzer at 77 K. The total surface area is calculated according to the 

BET equation. Surface morphology and particle size distribution are investigated using a 

field emission scanning electron microscope (SEM, Nova Nano SEM 230) equipped with an 

energy dispersive spectrometer (EDS). Fourier transform spectrometry was performed on a 

Nicolet-6700 FTIR spectrometer with a wavenumber range of 400–4100 cm-1. 

 

2.2  Synthesis of Ni-MOF samples 

In a typical ultrasound synthesis, a solution of Ni(NO3)3 (0.0716 g, 0.2 mmol) and pyridine-

2,6 dicarboxylic acid (0.1003 g, 0.6 mmol) was dissolved in 50 mL double-distilled water. 

The resulting solution was then stirred for approximately 30 minutes at 70 °C. The 

nanostructures were then placed in the ultrasound reactor under optimal conditions, which 

included a ultrasound power of 370 W, time duration of 20 minutes and a temperature of 25 

oC. After 50 minutes, the white crystals were isolated by repeated centrifugation and washed 

with acetic acid several times to remove the excess reagents.  

2.3 Synthesis of Ni-MOF/PVA fibrous network 

For a typical ultrasound assisted electrospinning synthesis, a mixture of 10 mg Ni-MOF and 

0.05 g PVA powder was dissolved in 8 mL acetic acid. The resultant solution was 

electrospinned under environment conditions (temperature: 25 oC and humidity: 22 %). The 

electrospinning conditions were optimized at 20 kV voltages and a spinning distance of 12 

cm. Flow rates of 0.10 mL/h were used to eject the solutions from the nozzle tip, and the Ni-

MOF concentration was set at 8% by weight. The proposed structure of Ni-MOF/PVA is 

shown in Scheme 1.  
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Scheme 1. The proposed structure for Ni-MOF/PVA electrospun nanofibrous membrane. 
 
 
 
 
 



2.4  CH4 gas adsorption procedure 

An adsorption reactor was used to assess the amount of CH4 adsorption by Ni-MOF 

nanostructures supported on PVA fibrous (Fig. 1). Where, P, N, R, T, and Z represent gas 

pressure, number of gas moles, and general constant of gases, equilibrium temperature, and 

compressibility coefficient in dozer, respectively. In next step, the adsorption gas moles were 

determined as follow: nADS = n1-n2. The compressibility parameters (Z1, Z2) was calculated 

according to methodology of our previous study [22].  

 

Fig. 1. Schematic procedure for voltametric setup for CH4 gas adsorption. 

2.5. Experimental design 

Nanostructures have been considered as a novel candidate for CH4 gas adsorption due to 

improved physiochemical properties such as high surface area, small size distribution and 

thermal stability. In order to obtain the optimal parameters, a factorial experiment design was 

used. The data included adsorbent dosage (A), temperature (B) and pressure (C). Considering 

these experimental parameters, 18 runs were selected, and the results with two replicates 

were exhibited in Table 2. 

 

 

 



Table 1: 

Coded and uncoded levels of adsorbent dosage, temperature and pressure for fractional 

factorial design. 

 

 

 

 

 

 

 

 

 

 

Level Coded level Uncoded level 

 Temperature 

 (°C) 

Pressure 

(bar) 

Dosage 

(mg) 

Low +1 20 1 10 

Center 0 25 1.5 15 

High -1 30 2 20 

Coded formula: 𝐱 𝐱 (𝐡𝐢𝐠𝐡) 𝐱(𝐥𝐨𝐰)𝟐𝐱( 𝐡𝐢𝐠𝐡) 𝐱(𝐥𝐨𝐰)𝟐     , x: - …, -3, -2, -1, 0, 1, 2, 3, …. + 
 



 

Table 2: Randomized complete fractional factorial design for CH4 gas adsorption 

experiments of Ni-MOF/PVA fibrous network. 

 

 

 

 

 

 

 

 

 

Sample 

(Level) 

Std 

order 

Center 

Pt 

A 

(mg) 

B 

(°C) 

C 

(bar) 

REP 

 

CH4 Adsorption 

(mmol/g) 

a 9 1 -1 +1 -1 1 1.9 

1.9 2 

b 5 1 -1 0 -1 1 2.5 

2.5 2 

c 6 1 0 -1 +1 1 3.0 

3.1 2 

d 3 1 +1 0 0 1 2.5 

2.5 2 

e 2 0 +1 -1 +1 1 2.6 

2.6 2 



 

3.0 Results and discussion  

3.1. FTIR spectrum 

The FTIR spectra for Ni-MOF and Ni-MOF/PVA are depicted in Fig 2A and 2B, 

respectively. The coordinated water in the structures may be assigned to the absorption 

bands near 3450.5 cm-1 in both samples. The C-H group is associated with the frequency at 

3075.8 cm-1. The presence of a 2, 6 pyridine dicarboxylic acid ligand was confirmed by the 

presence of bands near 1651.7 cm-1. The asymmetric C-N bonds are responsible for the 

bands observed at 1334.2 cm-1. All corresponding absorption bands related to pure Ni-MOF 

are observed in Fig. 2B, which shows the FT-IR spectrum of Ni-MOF/ PVA nanofibrous 

composite, confirming the presence of Ni-MOF in the final structures.  

 

 

Fig. 2. FTIR spectra of (A) Ni-MOF prepared by ultrasound and (B) Ni-MOF/ PVA fibrous 

samples manufactured ultrasound assisted electrospinning method. 
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3.2 XRD patterns  

XRD patterns of Ni-MOF synthesized under optimal ultrasound conditions and Ni-

MOF/PVA fibrous networks were shown in Fig. 3. The peaks associated with the Ni-MOFs 

patterns with the cubic crystalline plate are well represented in the final structure based on 

these patterns. The crystallites are 18 nm in size, according to Debye Scherrer (D=0.9 λ/β 

cosθ). In addition, the XRD patterns of Ni-MOF can be seen in the final structure of Ni-

MOF/PVA fibrous networks, as shown in Fig. 3B, which is evidence of a successful 

nanosynthesis. Furthermore, according to the Debye Scherrer relation, the size of the 

crystallite in pure Ni-MOF is 34 nm, whereas it is 18 nm in the final structure of Ni-

MOF/PVA, and this decrease in crystallite diameter can be attributed to the ultrasonic 

assisted electrospinning effects [23]. 

 

 

  

Fig. 3. XRD patterns of (A) Ni-MOF and (B) Ni-MOF/PVA fibrous networks. 

B 
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3.3 Thermal behavior  

 

The TG-DTG spectra of nanostructures are depicted in Fig. 4. Thermal stability of Ni-MOF 

and Ni-MOF/PVA structures are between 350 and 370 °C, according to the TG-DTG curve. 

The use of substrate, as is well known, improves the final product's stability. According to 

research, the thermal stability of the samples has increased significantly when compared to 

previous adsorbents [24]. However, due to the importance of thermal stability, the sample 

synthesized in this study is remarkable in terms of adsorption. Weight loss occurs in the 

following steps for both samples, which can be attributed to the collapse of the structure's 

components. 

 

 

Fig. 4. Thermal stability of (A) Ni-MOF and (B) Ni-MOF/PVA. 
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3.4 SEM-EDX study:  

The SEM images of (A) Ni-MOF and (B) Ni-MOF/PVA are shown in Fig. 5. The initial 

nucleation process of Ni-MOF can be seen clearly in Fig. 5 A. In addition, the morphology of 

the sample was changed to a fibrous network, as shown in Fig 5 B. As a result, there is no 

evidence of agglomeration in the final Ni-MOF/PVA structures. It is due to the optimal 

conditions of the electrospinning method [25]. Fig. 6 depicts the EDX spectrum for Ni-

MOF/PVA. Table 3 also includes a summary of the elemental analysis using EDX. The 

empirical formula for Ni-MOF/PVA is C7H50O4Ni. These analyses confirmed the presence of 

related elements in the final structure of Ni-MOF/PVA samples. 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: SEM images for (A) Ni-MOF and (B) Ni-MOF/PVA and its mapping. 
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Fig. 6: EDX spectrum of Ni-MOF/PVA. 

 

Table 3: Elemental analysis of Ni-MOF/PVA. 

Element Line K Kr Weight-% Empirical 

Formula 

O Kα 0.4224 0.2479 26.38 C7H50O4Ni 

C Kα 0.0040 0.0024 32.52 

Ni Kα 0.1630 0.0957 22.16 

 

 

3.5 Adsorption/desorption isotherm: 

The N2 adsorption/desorption isotherm and BJH plot of Ni-MOF/PVA fibrous network are 

depicted in Figs. 7 and 8, and the results are tabulated in Table 4. According to data, the 

adsorption/desorption behaviour is similar to the fourth type of classical isotherm. Based on 

BJH plot, the sample has a microporous size distribution, which can be seen in Fig. 8. 

According to the results, the surface area of the Ni-MOF/PVA samples is significantly 

greater than that of the previous reported Ni-MOF [26, 27]. It can be concluded that 

ultrasound assisted electro spinning route and selection the novel nanostructures can be 



affect the surface area of final products. 

 

 
Fig. 7. Adsorption/desorption isotherms of Ni-MOF/ PVA samples 

 

 
Fig.8. BJH plot for the pore size distribution of Ni-MOF/ PVA. 

 
 
 

Table 4. BJH analysis data for Ni-MOF/ PVA. 

Parameters Amount 

Vp (cm3 g-1) 0.04 

rp,peak (nm) 1.2 

ap (m2 g-1) 1840 
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3.5. Systematic study of procedure        

 Fig. 9 depicts a variety of residual plots for the CH4 gas adsorption procedure by Ni-

MOF/PVA fibrous network. The positive and negative levels of the experiments are equal, 

according to the plots. It is possible to conclude from scientific experiment design that 

adsorption procedure dispersions are randomized [28]. 

The analysis of variance (ANOVA) method was used to investigate the effects of 

experimental parameters such as temperature, adsorbent, and pressure on CH4 gas adsorption. 

As shown in Table 5, the effect of all parameters is remarkable in terms of having low Pvalues 

(A, B, and C) [29]. The amount of gas adsorption in different samples varies depending on 

the experimental conditions, according to the results of the analysis of variance and the 

design of experiments. According to the findings, sample c has the highest adsorption rate. 

The amount of adsorbent in this sample was chosen as minimum amount. Although 

increasing the amount of adsorbent increases the amount of adsorption, it appears that using 

too much adsorbent results in the formation of structures with agglomeration shapes, which 

reduces its efficiency [30]. 

Previous research has also looked into the effects of pressure and temperature. As a result, 

when compared to other samples, the amount of CH4 gas adsorption in sample c has 

increased significantly. The factorial experiment design appears to have a significant impact 

on the production of samples with the greatest amount of adsorption. Fig. 10 depicts the 

Pareto chart of the main interaction of experimental parameters. This chart confirms the 

effects of experimental parameters and their interactions. 

 

 

 



 

 

 

 

 

 

 

 

Fig. 9. Normal probability plots for the adsorption of CH4 gas by a Ni-MOF/PVA fibrous 

network. 

 

 

 

 

 

 

 



Table 5: 

Analyses of variance for CH4 gas adsorption of Ni-MOF/PVA fibrous network. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Pareto charts for CH4 gas adsorption of Ni-MOF/PVA fibrous network. 

Source DF Seq SS Adj SS Adj MS Pvalue 

A (mg) 1 0.24500   0.032000   0.032000    0.002 

B (°C) 1 0.88011   0.047619   0.047619    0.001 

C (bar) 1 0.00111   0.032000   0.032000    0.002 

A*B 1 0.21778   0.217778   0.217778   0.000 

A*C 1 0.21778   0.217778   0.217778 0.03 

B*C 1 0.21778   0.217778   0.217778 0.03 

R-Sq: 97.24%   R-Sq(pred): 99.05%   R-Sq(adj): 98.44% 



 

4. Conclusion 

In this study, the Ni-MOF was immobilized on the surface of PVA using ultrasonic 

irradiation to increase the specific surface area and stability of the products. FT-IR, XRD, 

SEM-EDX, TG-DTG etc confirmed the successful synthesis of Ni-MOF/PVA fibrous 

network. The nanostructures supported on the substrate have a higher surface area and 

significant porosity than the pure sample, according to BJH method. The surface properties of 

the final product, as well as the specific surface, allowed this compound to be used as a new 

option in the field of gas adsorption. Under temperature conditions, the amount of CH4 gas 

adsorption by this nanostructure was found up to 3 mmol. 
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