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control the fundamental structure and behavior of matter, 
reaching atomic and molecular levels. This domain offers the 
possibility to interpret new phenomena and create new prop-
erties presented in micro and nanoscopic scales. These char-
acteristics might offer excellent and differentiated functions 
comparing to bulk materials. Nanoscale materials properties 
are strongly influenced by the surface (ratio area/volume), 
being equivalent or superior to volume effects. Changes in 
chemistry reaction, electric conductivity, enhancement of 
resistance, and loss of magnetic properties are observed 
when materials dimensions are < 100 nm. Potential areas 
for nanomaterials include areas like nanoelectronics, nano-
filtration, and nanosensors [1–5].

In the development of nanomaterials, polymeric fibers are 
in expansion in different knowledge areas. There are many 
techniques to synthesize polymeric fibers like wet spinning, 
dry spinning, melt spinning, gel spinning and, among others. 
Nowadays the most popular is electrospinning, which uti-
lizes electrical forces to produce polymer fibers with diam-
eters ranging from a few nanometers to several micrometers. 
However, a technique recently developed named solution 
blow spinning (SBS) was also succeeded [6–10]. Compared 
to electrospinning process, SBS does not use high voltage 
field, the production rate is several times higher with fiber 
diameters similar to those produced by electrospinning. The 
SBS apparatus is formed by a concentric nozzle, compressed 
air (nitrogen, argon or air), pressure measurer, a hypodermic 
syringe, a system of mechanical injection, and a rotator col-
lector with controlled velocity, as shown in Fig. 1.

In the SBS process, the solution is pumped through the 
inner nozzle with a fixed injection ratio. The concentric 
geometry of the nozzle favors the solution to adopt a conical 
shape at the end of the needle due to air flux which is respon-
sible for dragging the fibers to the collector. Along with its 
way, the solvent can be wholly or partially evaporated, and 

Abstract  The development of polymeric fibers incor-
porated with nickel (Ni) nanoparticles (NPs) has gained 
broad interest due to its applications, mainly for impurities 
removal from oil with the aid of magnetic field. In the pre-
sent study, poly(vinylidene fluoride) (PVDF) fibers contain-
ing Ni NPs were produced by solution blow spinning (SBS) 
technique. Scanning electron microscope (SEM) measure-
ments showed fibers with an average diameter of 564 nm, 
randomly dispersed without a preferred orientation. X-ray 
spectrum shows peaks related to Ni showing that Ni NPs 
were incorporated into the fibers. The magnetic analysis 
of the nanocomposite shows the hysteresis loops typical of 
ferromagnetic behavior and ZFC–FC curves revealed the 
presence of superparamagnetic behaviour and an average 
blocking temperature of 165 K. The results achieved in this 
work showed that is possible to produce fibrous material, 
using SBS technique, with unusual magnetic properties that 
may be applicable in various fields, including different areas 
of technological industry.

1  Introduction

Nanoscale materials have attracted broad interest in the 
last decade due to the impact them may cause in science. 
This technologic branch is named nanotechnology, aims to 
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the fibers are stretched and usually collected by the rotating 
collector.

To produce fibers containing Ni NPs, PVDF was chosen 
as a base material because of its excellent properties as high 
mechanical strength and good resistance to solvents, acids, 
and bases, high dielectric constant and piezoelectric prop-
erties. Another important characteristic is that PVDF is a 
hydrophobic polymer and when incorporated with magnetic 
nanoparticles which have a high affinity for oil, may allow 
its easy removal [11–13]. Nickel is an example of a mag-
netic particle that has been investigated as a metal remover. 
As it is well known, Ni is a ferromagnetic FCC metal with 
a Curie temperature of 627 K with easy magnetization 
axis < 111 > and < 100 > hard.

In this paper, a simple methodology to fabricate PVDF 
fibers contained Ni NPs was introduced. The nanocomposite 
was characterized by Scanning Electron Microscopy (SEM), 
X-ray Diffraction (XRD) and MPMS3 SQUID magnetom-
eter. The results showed that the PVDF/Ni fibers obtained 
exhibit ferromagnetic behavior and can be applied in vari-
ous technology sectors where the magnetic properties are 
required.

2 � Materials and methods

2.1 � Chemicals and materials

The polymer used as the matrix was PVDF (Foraflon 4000 
HD) and the Ni NPs were purchased from Atochem and 
Sigma Aldrich, respectively. Dimethylformamide (DMF) 
was purchased from Synth and was used without further 
treatment.

2.2 � Sample preparation

The solution was prepared by mixing 5 mL of DMF with 
1 g of PVDF. The mixture was vigorously stirred at 343 K 
for 1 h by a magnetic stirrer to ensure the dissolution of 
PVDF. Then, the solution was cooled to room temperature, 

and 0.1 g of Ni NPs was added. The mixture was stirred con-
tinuously for approximately 15 min for better Ni dispersion. 
To obtain the fibers, 3 mL of the PVDF/Ni dispersion was 
placed in a disposable syringe (connected to inner nozzle) 
coupled to the injection system. The best conditions found 
to perform the SBS were: work distance (nozzle/collector) of 
22 cm; the gas (air) pressure of 76 µL/min 140 kPa; collector 
speed of 400 rpm and dispersion injection rate of 76 µL/min.

2.3 � Characterizations

The structures of the samples were studied by X-ray Dif-
fraction by SHIMADZU XRD-6000 model which provides 
Cu Kα radiation (λ = 1.54 Å). Measurements were taken in 
θ–2θ configuration from 5° at 80°, with a step size of 0.02°. 
Scanning electron microscope (SEM) images were obtained 
with ZEISS model EVO LS15 with acceleration voltage of 
0.1–20 kV coupled with EDX analyzer for stoichiometry. 
The samples were attached to aluminum stubs with conduc-
tive carbon tape and sputtered with gold before analysis. The 
fibers diameters were determined by ImageJ 1.45 s, software. 
Magnetic characterizations were performed by using Mag-
netometer—SQUID-VSM (MPMS 3 – Quantum Design). 
Magnetization measurements were performed as a function 
of applied magnetic field at 5 and 300 K (M × H). Because of 
the hysteretic effect of the sample studied, both field cooled 
(FC) and zero-field cooled (ZFC) measurements have been 
performed. FC measurements are done when the sample is 
cooled in the field at room temperature, and in ZFC meas-
urements, the sample is first cooled to a low temperature in 
zero fields and a field is then applied.

3 � Results and discussion

To ensure that the added Ni NPs are really present in the pol-
ymeric fibers, energy-dispersive X-ray spectroscopy (EDX) 
was utilized. The results are presented in Fig. 2. The carbon 
(0.27 keV), and fluorine (0.67 keV) peaks correspond to the 
presence of PVDF. The signals at 0.87, 7.49 and 8.29 keV 
represent Ni, demonstrating the successful incorporation of 
metal in the fibers.

Figure 3 shows X-ray diffraction analysis of the sample 
containing 0.1 g of Ni NPs and SEM images of the PVDF/
Ni fibers. The XRD spectra (Fig. 3a) show peaks located at 
44.56° and 51.92°, 76.55° and 93.01 corresponding to the 
planes (111) and (200), (220) and (311), respectively (ICSD 
64989 PDF 87-712). The peaks located at 18.40° and 20.60°, 
corresponding to the planes (020) and (100), are related to 
α and β phase, respectively, of PVDF [14]. The SEM image 
(Fig. 3b) shows fibers with a circular cross-section with an 
average diameter of 564 nm with smooth surfaces and free 

Fig. 1   Experimental apparatus used by SBS technique [1]
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of beads. The Ni NPs in the fibers were not observed, this 
result is an indication that they are inside of fibers.

The magnetic properties of the PVDF/Ni fibers have been 
studied. Figure 4a shows the hysteresis loops at 5 and 300 K, 
Fig. 4b shows details of magnetization at low field. Since 
the PVDF is not magnetic material, the magnetic properties 
of the produced fibers strongly rely on the contents of mag-
netite nanoparticles. One can observe that the fibers reveal 
typical ferromagnetic behavior. This behavior is an indica-
tion of the presence of exchange coupling among particles 
due to particle aggregation.

The ferromagnetism in the fibers is shown by coercivity 
(Hc), saturation magnetization (Ms), a remanent magneti-
zation (Mr), and saturation field (Hs). These quantities are 
listed in Table 1. At 5 K the fibers exhibit greater Hc than 
at 300 K, at room temperature is 43 Oe, while at 5 K is 

Fig. 2   EDX spectrum of the PVDF/Ni fibers

Fig. 3   a X-ray diffraction analysis of a sample containing 0.1 g of Ni NPs (figure inset: Ni particles distribution) and b SEM images of the 
PVDF/Ni fibers

Fig. 4   a Magnetic curve in function of applied magnetic field (M × H) running in the sample incorporated with 0.1 g of Ni NPs under a tem-
perature of 5 and 300 K. b Shows details of magnetization at low field
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90 Oe. The largest coercivity at a lower temperature may be 
explained by considering the reduced influence of thermal 
fluctuation on the rotation of magnetic dipoles. At 5 K is 
required an increased amount of energy (or higher magnetic 
field strength) to change the magnetization direction of the-
ses aligned dipoles, and therefore a large coercivity of the 
sample can be observed. It is also seen in Table 1 that Mr and 
Ms obtained at 5 K are greater than compared at 300 K. In 
this case at high temperature the contribution of the particles 
in the superparamagnetic state can be larger than at 5 K.

Figure 5 shows the temperature dependence of mag-
netization, M (T) on the application of 100 (Fig. 5a) and 
1000 Oe (Fig. 5b) in ZFC and FC cycles in the temperature 
range 5–300 K. The ZFC-FC curves show an irreversible 
magnetic behavior and dependent on the intensity of the 
applied magnetic field. The ZFC–FC curves of the sam-
ple with an external magnetic field of 100 Oe, measured 
in the temperature range of 5–300 K do not overlap at 
300 K. This behavior indicates the occurrence of super-
paramagnetic particles together with a fraction of nano-
particles still in a blocked magnetic state at room tem-
perature. This behavior can be due to the large mean size 

of nanoparticles, but also to the presence of strong inter-
particle interactions [15]. The ZFC–FC curves obtained 
at 1000 Oe shows the typical superparamagnetic behav-
ior. Around 250 K the ZFC–FC curves start to separate, 
this behavior is evidence of the blocking of the largest 
particles. At the temperature of 165 K, the curve maxi-
mum of ZFC is observed representing average blocking 
temperature.

4 � Conclusions

In conclusion, we have developed a new strategy for the 
facile production of fibers with magnetic behavior. Fibers 
of PVDF/Ni with smooth surfaces, free of beads and with 
an average diameter of 564 nm were prepared by Solu-
tion Blow Spinning technique. The M × H measurements 
showed ferromagnetic behavior, under the temperature of 5 
and 300 K respectively, coercive field of 90 and 43 Oe, and 
remanence of 0.64 and 0.30 emu/g. The ZFC–FC curves 
revealed the presence of superparamagnetic behavior and 
an average blocking temperature of 165 K. Also, the prep-
aration of PVDF fibers with an incorporation of Ni by SBS 
technique can be extended to various types of magnetics 
nanoparticles. These magnetic fibers can potentially be 
used in the fabrication of magnetic sensors, flexible mag-
nets, spintronic devices and process of removing impuri-
ties from oil, water, and blood.

Table 1   Magnetic parameters at a temperature of 5 and 300 K

Parameter 5 K 300 K

Coercivity, Hc (kOe) 90 43
Saturation magnetization, Ms (emu/g) 4.5 4.1
Remanent magnetization, Mr (emu/g) 0.64 0.30
Saturation field, Hs (kOe) 8 8

Fig. 5   ZFC–FC magnetization recorded with an external magnetic field of a 100 Oe and b 1000 Oe
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