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Abstract

Polyvinylidene fluoride (PVDF) is a high-performance semi-crystalline polymer widely employed in biomedical, electronic, and energy devices
owing to its excellent piezoelectricity, thermal stability, and mechanical strength. These properties are strongly governed by its polymorphic
phase composition, particularly the electroactive 3-phase. In this study, a sustainable upcycling approach is presented for the fabrication of (3-
phase—enriched PVDF granules by recycling post-used PVDF rods. The recycled material was dissolved in N,N-dimethylformamide (DMF) and
subsequently precipitated into deionized water under controlled thermal conditions. The influence of precipitation temperature, polymer
concentration, and ceramic filler type on 3-phase formation was systematically investigated. Fourier Transform Infrared (FTIR) spectroscopy was
employed to quantify the relative contents of the electroactive - and nonpolar a-phases. The results reveal that lower precipitation temperatures
(0 °C) and higher PVDF concentrations (1:10 PVDF/DMF ratio) markedly promote [3-phase crystallization, with {/a ratios exceeding 0.9.
Incorporation of nickel ferrite (NiFe,O,) further enhanced p-phase formation —approaching complete 3-phase dominance (3/a = 1.0) at 60 wt%
loading and 0 °C—while strontium titanate (SrTiO;) exerted a suppressive effect. The proposed recycling-based synthesis route not only
contributes to polymer waste valorization but also offers a scalable pathway toward functional electroactive materials for piezoelectric and energy-
harvesting applications.
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1. Introduction

Polyvinylidene fluoride (PVDF) is a high-performance
semi-crystalline polymer extensively used in biomedical,
electronic, and energy-harvesting applications due to its
outstanding piezoelectricity, thermal stability, and
[1,2].
behavior of PVDF arises from its ability to crystallize into

mechanical robustness The multifunctional
several polymorphic phases—primarily a, 3, and y—
each exhibiting distinct molecular conformations and
electroactive characteristics (Fig. 1). The nonpolar a-
phase adopts an alternating trans—gauche (TGTG’)
that

alignment, whereas the B-phase exhibits an all-trans

conformation results in antiparallel dipole

(TTTT) configuration in which dipoles are oriented in the
same direction, generating strong net polarization. The

Y-phase presents an intermediate TTTGTTTG' structure
with partial dipole alignment and moderate polarity
[3-5].

Among these polymorphs, the 3-phase is particularly
attractive due to its superior electroactive properties —
pyroelectricity,
ferroelectricity —which make -phase-enriched PVDF a

namely, piezoelectricity, and
key material for sensors, actuators, and flexible energy-
harvesting systems [6-12]. Consequently, substantial
research efforts have been devoted to enhancing 3-phase
formation through mechanical stretching, electrical
poling, solvent casting, and the incorporation of polar
ceramic fillers [13,14]. Electrospinning techniques have
further advanced p-phase crystallization by inducing
molecular chain alignment under high electric fields,
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Figure 1. Chain conformations of different PVDF phases; a) a phase (TGTG), b)  phase (TTTT), (c) Y phase (T3G)

while solvent systems such as N,N-dimethylformamide
(DMF) have proven effective in stabilizing the polar
crystalline structure [15-18].

The crystalline phase composition of PVDF can be
effectively identified through Fourier Transform
Infrared (FTIR) spectroscopy, which detects the
characteristic molecular vibrations associated with
different chain conformations. The interpretation of
FTIR peaks is based on how the PVDF molecular chains
fold and how their atomic vibrations respond to these
conformations. When the chains adopt a zigzag trans-
(TGTG')
corresponding to the non-polar a-phase, the —-CF,-
groups bend and twist in opposing directions, causing
the individual dipoles to cancel each other. In contrast,
when all bonds (TTTT)
configuration, characteristic of the electroactive (3-phase,
every —CF,— dipole points in the same direction,
reinforcing the overall dipole moment. Therefore, by
measuring the relative intensities of these vibration
bands, the dominant crystalline phase of PVDF can be
determined with high reliability [19,20].

In this study, we propose a sustainable method to
fabricate B-phase-rich PVDF granules by recycling used
PVDF rods. The process involves dissolving the material
in DMF and precipitating it into deionized water at

gauche—trans—gauche’ configuration,

align in an all-trans

controlled temperatures. This upcycling approach not
only contributes to waste valorization but also enables
the development of functional materials for piezoelectric
applications.

2. Materials and method

2.1. Materials and precursor preparation

Commercial polyvinylidene fluoride (PVDEF, Simona)
rods with a diameter of 30 mm were used as the polymer
source. The rods were mechanically machined using a
lathe, to obtain fine polymer shavings, which facilitated
dissolution in the solvent medium. All solvents and
reagents were of analytical grade and used without
further purification.

2.2.Preparation of PVDF-DMF solutions and
precipitation process
The PVDF shavings were dissolved in N,N-

dimethylformamide (DMF, Merck) at 50 °C, under

continuous magnetic stirring at 400 rpm, until
homogeneous solution was obtained. To examine the
effect of polymer concentration on crystalline phase
formation, three different PVDF:DMF weight ratios were

used: 1:10, 1:25, and 1:50.

From each solution, 10 mL of PVDF-DMF was drawn
into a glass syringe and injected dropwise into 1000 mL
of deionized water maintained at three controlled
precipitation temperatures of 0 °C, 25 °C, and 50 °C,
respectively Magnetic stirring (300 rpm) was applied
throughout the process to prevent agglomeration and
ensure uniform granule formation. This solvent-
nonsolvent exchange method was adapted from the
procedure reported by Meng et al. [21], enabling rapid
phase transformation during polymer solidification.
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2.3.Incorporation of ceramic fillers

To evaluate the effect of ceramic additives on phase
formation, the same precipitation process was repeated
using PVDF-DMF solutions modified with ceramic
fillers. Two types of ceramics were studied - Nickel
ferrite (NiFe,O,) and Strontium titanate (SrTiOs). Each
filler was added to the PVDF-DMEF solution at 20%, 40%,
and 60% by weight relative to the PVDF content. The
additives were manually dispersed before the injection
step to ensure even distribution within the polymer
matrix.

Strontium titanate (SrTiOs;) was synthesized by the
solid-state  reaction of stoichiometric amounts
(Equation 1) of strontium carbonate (SrCO;) and
titanium dioxide (TiO), following the procedure
reported by Rocha-Rangel et al. [22]. The mixed powders
were thoroughly ground and calcined in air at 1000 °C
for 2 hours to form the perovskite phase according to the
following reaction [22]:

SrCO; + Ti0O, — SrTiOs + CO, (1)

Nickel ferrite (NiFe;O,) was prepared using a
solution combustion synthesis route, following the
procedure and reaction pathway reported by Jain et al
[23]. Stoichiometric amounts (Equation 2) [23] of nickel
nitrate and iron nitrate salts were dissolved in distilled
water along with citric acid (used as fuel and a chelating
agent). After adjusting the pH to neutral using ammonia
solution (25% NH4OH), the solution was heated until
gelation occurred, followed by spontaneous combustion.
The resulting ash was then calcined at 1000 °C for 2
hours to obtain phase-pure NiFe,O, nanoparticles.

Nl(N03)2.6H20 +2 Fe(N03)3.9H20 + 2.2 C6H807.H20 (2)
S NiFe,04 +35.1 Hy0 + 4 N, + 13.3 CO,

The experimental parameters applied during the
fabrication of pure PVDF polymers and ceramic-filled
PVDF composites are summarized in Table 1.

Table 1. Summary of experimental parameters for PVDF and PVDF-
ceramic composites

PVDEF:DMF ratio Precipitation NiFe:04 raito SrTiOs ratio
(w/v) Temperature (°C) (%ow) (%ow)
1:10, 1:25, 1:50 0,25 50 0,20, 40,60 0, 20, 40, 60

2.4. Characterization

The crystalline phase composition of PVDF and its
composites was characterized using Fourier Transform
Infrared (FTIR) Spectroscopy, which is a well-
established technique for identifying the polymorphic
forms of PVDF based on their unique vibrational
signatures. The primary objective of this analysis was to
quantify the relative contents of the electroactive f-
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phase, the non-polar a-phase, thereby assessing how
different processing parameters affect phase formation
and transformation.

Although a variety of peak assignments for different
PVDF phases exist in the literature (Table 2) due to
variations in sample processing and instrumentation,
this study adopted two widely accepted characteristic
peaks for consistent evaluation:

763 cm™: indicative of the a-phase, associated with
CF, bending and skeletal vibrations

840 cm™: assigned to the (-phase, linked to CH»
rocking and CF, stretching in the all-trans (TTTT)
conformation

Table 2. FTIR wave frequencies of different PVDF phases
PVDF Phase

Wavenumber frequency (cm)

a-phase 613[16], 763[16,24], 796[16], 974[16], 1402[16]
B-phase 510[25], 840[26,27], 1279[25]
y-phase 431[25], 833[25], 1234[28], 1233[29]
O-phase 510-530[5]

These peaks were chosen based on their high spectral
specificity and minimal overlapping with adjacent
bands, allowing for accurate phase discrimination and
quantification.

FTIR spectra were recorded in transmittance mode,
and the transmittance (T) values were subsequently
converted to absorbance (A) using the logarithmic
relation:

A=2-2log(T) 3)

To determine the relative 3-phase fraction (f3) with
respect to the a-phase, the following Equation 4) was
employed:

AB

1B =126~ aa+ a8

4)

where; Aa and A3 are the absorbance values at 763
cm™ and 840 cm™, respectively, 1.26 is a calibration
factor accounting for differences in absorption
coefficients.

A total of 63 samples were analyzed using this
method to provide a systematic comparison of how
solvent (DMF) concentration, precipitation temperature,
and ceramic filler composition influence PVDEF’s
crystalline behavior.

3. Results and discussion

The development of the electroactive 3-phase in PVDF
strongly depends on thermal and compositional
parameters. In this study, the (/a phase ratio was
employed as a quantitative indicator of electroactivity.
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The combined effects of precipitation temperature,
polymer concentration, and ceramic filler type were
systematically analyzed.

3.1. Beta phase fraction in the pure PVDF granules
3.1.1. Effect of precipitation temperature

One of the most dominant factors influencing the (3/a
phase ratio was the temperature of the deionized water
bath during the PVDF precipitation process. As shown
by Fig. 2, lower precipitation temperatures strongly
favored the formation of the 3-phase.

From the FTIR transmittance data, the ratio of beta
and alpha (p/a) calculated via Equation 4. The
temperature of the deionized water during PVDF
precipitation had the most significant impact on the {3-
phase formation. It was observed that low-temperature
conditions (0 °C) consistently yielded the highest 3/a
phase ratios, often exceeding 0.90. This is attributed to
rapid solvent exchange and fast chain solidification,
which favor the all-trans (TTTT) conformation required
for B-phase nucleation. The abrupt cooling limits the
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polymer chains’ ability to reorganize into the more
thermodynamically stable (3-phase.

At 25 °C, the formation of the B-phase was moderate,
whereas at 50 °C the FTIR spectra revealed a noticeable
increase in oa-phase peaks. This behavior can be
attributed to the enhanced molecular mobility at
elevated temperatures, which enables PVDEF chains to
relax into the thermodynamically more stable zigzag
(TGTG')

trans—gauche-trans—gauche’ conformation

characteristic of the a-phase.

When examining the XRD patterns (Fig. 2d), it was
observed that for samples with a constant PVDF/DMF
ratio of 1:10, the PVDF granules precipitated at 0 °C
exhibited a broad diffraction peak at 20 = 20.08°, which
corresponds to the overlapping characteristic reflections
of the B-phase (110) and (200) planes [30,31]. In addition,
a weaker diffraction peak appearing at 36° can be
attributed to the (201) plane of the $-phase [30]. A minor
peak around 40° was also detected, corresponding to the
v- and a-phase reflections [31]. These results indicate
that the PVDF granules obtained at 0 °C predominantly
exhibit the electroactive 3-phase structure.

(b)

Transmittance {a.u.}

Temperaturs: 0°C

M T T T
800 7OO 800 3 900 1000 1100 1200

13200
Wave frequency (cm™)
(d) p 25°C
.". —— 0°C
|

Intensity (a.u.)
Kﬂ._ |

10 15 20 25 30 35 40 45 50
20 ()

Figure 2. FTIR analysis of PVDF granules precipitated (a) at different temperatures with PVDF/DMF:1/10, (b) from the solutions with different
concentration at 0°C, (c) calculated f3/a fractions and (d) XRD patterns of granules precipitated at 0 and 25°C PVDF/DMF:1/10
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Figure 3. XRD patterns of ceramic filler: (a) SrTiOs and (b) NiFe204

However, when the precipitation temperature was
increased to 25 °C, a distinct diffraction peak emerged at
18.30°, corresponding to the (020) plane of the a-phase,
[30,31] confirming the increased presence of the non-
polar a-phase at higher temperatures.

These results align well with the findings of Ghafari
et al. [32] and Ma et al. [7], who reported enhanced g-
phase content under low-temperature or quenching
conditions. The present study confirms and reinforces
the critical role of thermal kinetics in guiding phase
development in PVDEF.

3.1.2. Effect of solvent concentration (PVDF/DMF Ratio)
Another critical factor was the polymer concentration in
the solvent. The FTIR analysis of the PVDF granules are
given in Fig. 3. The /a ratio was highest in samples
prepared with a 1:10 PVDE/DMF ratio, indicating that
concentrated solutions facilitate 3-phase crystallization.
This can be attributed to several factors: increased chain—
chain interactions at higher PVDF concentrations; higher
viscosity, which restricts molecular rearrangement
during precipitation, a denser polymer network, which
supports ordered nucleation.

In contrast, more dilute solutions (1:25 and 1:50) led
to significantly lower /o ratios, particularly at 50 °C.
Dilution reduces chain-chain interactions and increases
chain mobility, promoting the p-phase. These findings
are consistent with Szewczyk et al. [9] and Kim et al. [14],
who demonstrated that polymer density influences the

Table 3. XRD diffraction peaks lists of the ceramic fillers

Turk J Anal Chem, 8(1), 2026, 20-28

phase outcome during solvent casting and
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electrospinning.

3.2. Effect of ceramic fillers

3.2.1. Structural characterization of ceramic fillers

To confirm the successful synthesis and phase purity of
the ceramic fillers used in this study, X-ray diffraction
(XRD) analysis was performed on both strontium
titanate (SrTiOs) and nickel ferrite (NiFe,O,) powders.
The XRD patterns are presented in Fig. 3.

The XRD pattern of SrTiOs (Fig. 3a) shows sharp and
well-defined peaks the cubic
perovskite phase (space group Pm-3m). The most
intense diffraction peaks are listed in Table 3 and are
indexed to the corresponding (hkl) planes according to
the reference JCPDS card. These reflections are in good
agreement with the standard JCPDS card No. 35-0734
[33], confirming the successful formation of a single-
phase SrTiO; structure. The absence of any secondary
peaks suggests that the solid-state synthesis route
used —based on the calcination of stoichiometric SrCOs;
and TiO; at 1100 °C—was effective in yielding a phase-
pure SrTiO; material. The sharpness and intensity of the
peaks also indicate high crystallinity, which is desirable

corresponding  to

for filler uniformity in composite matrices.

The XRD pattern of NiFe,O, (Fig. 3b) reveals distinct
peaks that are characteristic of the spinel cubic structure
(space group Fd-3m) of nickel ferrite. The most
prominent diffraction peaks are indexed to the
corresponding (hkl) planes, as summarized in Table 3,
and show excellent agreement with the reference data
for the spinel NiFe,O, structure. These match well with

smio,  )CPDS Card 20 (°) 228 324 39.9 46.4 52.6 58.9 67.9
35-0734 (hk) (001) (011) 111) (002) (012) (112) (022)
NiFe,0, JCPDS Card 20 (°) 30.3 324 39.9 46.4 52.6 58.9 67.9
10-0325 (hkl) (022) (113) (222) (004) (224) (115) (044)
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Figure 4. FTIR analysis of composite granules filled with (a) SrTiOsand (b) NiFe2O4; calculated p/a fraction of (c) SrTiOs and (d) NiFe20x4 filled

granules

the standard JCPDS card No. 10-0325 [34], confirming
the formation of the NiFe,O, spinel phase.

No impurity peaks (such as unreacted NiOx or FeOx)
were observed, suggesting that the auto-combustion
synthesis method, followed by post-calcination at 1100
°C, successfully produced phase-pure nickel ferrite. The
relatively broad peak widths, in comparison to SrTiOs,
may indicate slightly smaller crystallite sizes or lattice
strain, which is consistent with the combustion-derived
synthesis routes.

The confirmed phase purity and high crystallinity of
both ceramic powders are crucial for their role as
functional fillers in PVDF composites. While SrTiO;
offers high dielectric constants, NiFe,Os combines
magnetic properties with potential nucleation behavior.
The phase-pure state ensures that no unexpected
interactions or side phases will interfere with the
crystalline phase transformation of PVDF, which is the
central focus of this study.

In this study, the effect of ceramic fillers —strontium
titanate (SrTiOs;) and nickel ferrite (NiFe,O4)—on the
formation of the electroactive -phase in PVDF was

systematically investigated under varying temperatures
(0 °C, 25 °C, 50 °C) and filler concentrations (0%, 20%,
40%, 60%). FTIR spectra and corresponding {3/a phase
ratio bar graphs presented in Fig. 4 (a—b) and the charts
below (Fig. 4 c-d) clearly demonstrate how ceramic
additions modify the phase composition of PVDF.

3.2.2. SrTiOs-filled composites

The incorporation of SrTiOs particles into PVDF/DMF
solutions  revealed a  concentration-dependent
suppression of f-phase formation at all temperatures
(Fig. 3c). At 0 °C, the f/apa ratio dropped from
approximately 0.94 for neat PVDF to 0.88, 0.65, and 0.51
with increasing SrTiOs; contents (20%, 40%, and 60%,
respectively). This trend is consistently observed at 25 °C
and 50 °C, though overall f/a values are lower at higher
temperatures.

This reduction in S-phase content may be attributed
to the non-polar surface nature of SrTiO; nanoparticles,
which possibly interferes with dipolar chain alignment
of PVDF, reducing the stabilization of all-trans §-phase.
Moreover, increased filler content can disturb
crystallization kinetics by serving as heterogeneous
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Figure 5. SEM images of a) %60 NiFe204 and b) %60 SrTiO:s filled PVDF granules precipitated at 0°C from the solution PVDF/DMF:1/25.

nucleation sites that do not preferentially promote f-
phase nucleation.

The SEM micrographs clearly reveal the influence of
ceramic filler type on the microstructural morphology of
the PVDF granules. In Fig. 5a, NiFe,Os-filled PVDEF
exhibits a dense and compact morphology, indicating
strong interfacial adhesion between the magnetic
nanoparticles and the polymer matrix. This improved
interaction is consistent with the enhanced {-phase
crystallization observed in FTIR analyses. Conversely,
Fig. 5b shows that SrTiOs-filled PVDF granules have a
more porous and loosely packed surface, with visible
nanoparticle agglomerations. This morphology suggests
limited polymer—filler compatibility, which can hinder
dipole alignment and consequently reduce [-phase
formation efficiency.

These observations align with previous literature
suggesting that ceramic fillers lacking strong polar
interaction with PVDF chains may hinder pB-phase
formation,
orientation-inducing methods (e.g., electrical poling) are
applied [35].

unless surface functionalization or

3.2.3. NiFe,Oy-filled composites

In contrast to SrTiO;, NiFe,O, additions significantly
enhanced p-phase formation, especially at low
temperatures (Fig. 4b). At 0°C, the f/a ratio increased
with filler content, peaking at approximately 1.0 for 60%
NiFe;O, loading. This enhancement is sustained, though
gradually decreasing, at 25 °C and 50 °C, suggesting a
temperature-filler interaction effect.

The magnetic nature and high surface energy of
NiFe;O; nanoparticles are likely to facilitate better
interaction with PVDF chains, promoting the trans-
conformation alignment necessary for [-phase
crystallization. Unlike ionic fillers, NiFe,O4 does not
ionize in solution, but its interface with the polymer

matrix can still influence crystallization behavior via
physical interactions.

These findings are in agreement with prior studies
reporting that magnetic ferrite fillers promote
electroactive f-phase crystallization due to their ability
to align dipoles during processing [6,8]. Moreover,
similar improvements have been observed with Fe;O,
and CoFe,O; fillers in PVDF matrices [7].

In both SrTiOs; and NiFe,Oy series, increasing the
processing temperature led to a notable decrease in f/a
ratios, regardless of filler content. This outcome is likely
due to the enhanced molecular mobility at higher
temperatures, allowing PVDF chains to revert to the
more thermodynamically stable but electroinactive a-
phase conformation. Low temperatures, especially 0 °C,
effectively ‘freeze’ the polymer chains in the polar f-
phase during precipitation from DMF.

These findings corroborate well with the reports of
Kim et al. [14] and Esmaeili et al. [1], who also observed
higher f-phase formation in PVDF when processed
under rapid quenching or low-temperature conditions.

4. Conclusion

This work presents a sustainable and scalable approach
for fabricating p-phase—enriched PVDF granules
through the upcycling of post-used PVDF rods. The
controlled precipitation of PVDF from DMF into
deionized water enabled systematic tuning of crystalline
phase composition. The findings demonstrate that lower
precipitation temperatures (0 °C) and higher PVDF
concentrations (1:10 PVDF/DMF ratio) significantly
promote (B-phase formation by restricting molecular
mobility during rapid solvent exchange.

The incorporation of ceramic fillers revealed distinct
effects on phase transformation. Nickel ferrite (NiFe,O4)
markedly enhanced p-phase crystallization, achieving
nearly complete 3-phase dominance (3/ac = 1.0) at 60 wt%
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loading and 0 °C, whereas strontium titanate (SrTiOs)
exhibited a suppressive influence due to its nonpolar
surface chemistry. These results confirm that both
thermokinetic parameters and interfacial filler—polymer
interactions critically ~dictate PVDF’s crystalline
behavior.

Overall, the proposed recycling-based synthesis
route contributes to polymer waste valorization and
offers a viable pathway toward the development of high-
for
actuators, and energy-harvesting devices. Future studies
should further explore granule morphology
optimization, long-term stability, and device-level
piezoelectric characterization to fully realize the
potential of recycled PVDF-based materials.

performance electroactive materials sensors,
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