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Abstract: In this report, 1-ethyl-3-methylimidazolium acetate, [EMIM][AcO] ionic liquid (IL) and
acetic acid (AA) comprised solvents were used for the thermal treatment of poly (vinylidene difluo-
ride), PVDF. Here, besides the various combinations of IL and AA in solvents, the pure IL and AA
were also applied as a solvent upon thermal treatments. The samples obtained after the treatment
were analysed for structural and crystalline phase changes, porosity, and molecular weight distribu-
tion with various analytical techniques. The Kamlet-Taft parameters measurement of the IL and AA
containing solvents with different solvatochromic dyes was also performed to examine their solvent
properties and correlate with the properties of the treated PVDF materials. The treatment of PVDF
with pure IL results in the formation of highly carbonaceous material due to extensive dehydrofluri-
nation (DHF) as well as possibly successive cross-linking in the polymer chains. Upon IL and AA
combined solvent treatment, the neat PVDF which composed of both α- and β crystalline phases
was transformed to porous and β-phase rich material whereas in case of pure AA the non-porous
and pure α-phase polymeric entity was obtained. A combined mixture of IL and AA resulted in a
limited the DHF process and subsequent cross-linking in the polymer chains of PVDF allowed the
formation of a porous material. It was observed that the porosity of the thermally treated materials
was steadily decreasing with increase in the amount of AA in solvents composition and solvent with
an AA:IL mole ratio of 2:1 resulted in a PVDF material with the highest porosity amongst the applied
solvents. A recovery method for the IL and AA combined solvent after the thermal treatment of
PVDF was also established. Hence, with varying the type of solvents in terms of composition, the
highly carbonaceous materials as well as materials with different porosities as well as crystalline
phases can be obtained. Most importantly here, we introduced new IL and AA containing recoverable
solvents for the synthesis of porous PVDF material with the electroactive β-phase.

Keywords: poly (vinylidene difluoride); ionic liquid; acetic acid; crystalline phase transition; porosity;
recoverable solvents

1. Introduction

Being electroactive due to its intrinsic piezoelectric as well as ferroelectric proper-
ties, poly (vinylidene fluoride), PVDF is the most industrially demanding fluorinated
semi-crystalline polymer from last two decades. PVDF is widely used in electronic equip-
ment, such as flexible piezoelectric sensors, energy storage devices, electroactive separator
electrolyte in Li-ion batteries, etc. [1–5]. Besides electroactive properties, PVDF has good
chemical resistance, high thermal stability, excellent mechanical strength, and an ability
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to form membranes and therefore it is an important material for several industrial pro-
cesses such as membranes for gas separation [6–8]. PVDF occurs generally in its three
main multi-crystalline phases or polymorphs such as α, β, and γ among which, α-phase
with TGTG′ (T-Trans and G-Gauche) conformation is electrically inactive. However, β
and γ- phases with TTT and TTTGTTTG′ conformations, respectively, have electroactive
properties [1,9,10]. However, when the G conformation is included in the molecular chain
of γ-phase, it reduces the polarity significantly and influences the electrical properties. On
the other hand, β phase shows the highest dipole moment per unit cell due to its special TT
conformation and possesses superior energy harvesting ability compared to γ-phase.

The commercial PVDF which is obtained by crystallisation from the melt, contains
dominant kinetically stable and non-polar α phase. Hence, to induce polarity and elec-
troactive characteristics, it is necessary to perform the phase transformation towards β

phase analogues and, in this regard, various methods have been developed. The methods
such as mechanical stretching, annealing, high pressure exposure, electrospinning, and
high-voltage electrostatic fields were applied and resulted to polar and electroactive poly-
mer chains in PVDF [10]. Besides that, synthesis of composites through the addition of
external additives such as metal oxides (ZnO, BaTiO3, Nano clays), potassium bromide,
molybdenum sulphide, graphene oxide, methylammonium lead iodide, precious metal
nanoparticles (gold, silver, etc.), metal organic frameworks (MOFs), room temperature
ionic liquids as well as carbon nanotubes are also used to induce the electroactive phases in
PVDF [10–16]. In addition to enhancement of electroactive properties, additives also intro-
duce hydrophilicity, porosity, and high ultraviolet resistance in PVDF, as well as improve
its mechanical and anti-fouling properties.

Solvents based thermal processing was also extensively applied for the phase inver-
sions or introduce polymorphism in PVDF where various types of dipolar aprotic solvents
have been applied [9,17]. Previous studies revealed that the type of crystallisation phase
forms after the dissolution as well as gelation of PVDF in solvent-based processing depends
on the dipole moment of the solvent, hydrogen bonding ability and electrostatic interaction
between polymer chains and solvent molecule as well as processing temperature [18,19].
During the dissolution, the solvent slowly diffuses or penetrate the PVDF polymeric chains
and forms a swollen gel-like layer and further diffusion continue to form solvent-gel and
gel-polymer like interfaces. The formation of these interfaces continues until complete dis-
solution of the polymer is achieved and to the formation of a single phase. The rate of this
solvation process immensely depends on the polarity of the applied solvents where dipolar
aprotic solvents due to their high polarizing ability efficiently solvates the polymer. Due to
their high polarity, the polar solvents increase the rate of solvation process of polymer to
the higher extent than in case of intermediate or less polar counterparts [20,21]. In previ-
ous reports, the Flory–Huggin’s interaction parameter (χ12) between PVDF and various
solvents based on an inverse gas chromatography technique was applied to examine the
extent of interaction between the polymer and solvent and its influence on the appearance
of the crystalline phase during dissolution-gelation process [17,22]. It was observed that
solvents with higher difference in the solubility parameters with PVDF (χ12 >> 0.5) such
as water, hexane, m-xylene, etc., are considered as non-solvents for dissolution of PVDF
due to their poor solvation ability and were thus unable to introduce phase transition. The
solvents like dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), dimethyl acetamide
(DMA), and n-methyl pyrrolidone (NMP) have χ12 values lower than 0.5 (high dipole
moment) and possess stronger solvation ability with formation of a single solvent phase
and, therefore, allow α to β phase transition. The ketones and lactones such as 3-heptanone,
3-hexanone, 3-pentanone, 3-octanone, cyclohexanone and gamma-valerolactone (GVL)
have a χ12 value closer to 0.5 (χ12 ≈ 0.5). These types of solvents have lower to medium
solvation ability (low to intermediate dipole moment) that allows the formation of thermo-
reversible gel after heating, followed by cool down the solution. GVL has the lowest χ12
value (higher solute-solvent interaction) compared to other ketone solvents, making it able
to introduce γ-phase in the treated PVDF after gelation [22]. On the other hand, other above
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mentioned ketone solvents with comparatively higher χ12 value, i.e., result in a weaker
solvent-polymer interaction with PVDF in terms of α phase crystallinity.

The renewable solvents such as triacetin, cyrene™, ethylene and propylene carbonate,
acetyl tributyl citrate, etc. also extensively applied for the processing of PVDF [23–26].
These solvents are considered as a sustainable alternative to toxic traditional solvents due
to their greener and comparatively mild environmentally hazardous nature. Similar to
traditional solvents, the renewable solvents also introduce the crystalline phase transitions
in PVDF depending on their respective dipole moment strength and solvation ability.
Supercritical fluids were also applied in dissolution of PVDF, where solvents such as
dimethyl ether, supercritical CO2 (with halogenated solvents), difluoromethane and acetone
were used [27,28]. However, this study focused mainly on the dissolution whereas the
changes in the crystalline phases were not adequately described. Hence, for the processing
of PVDF and to induce electroactive phases various physical as well as solvents induced
chemical methods have been applied. The solvent-based processing of PVDF is more
preferred compared to physical treatment as well as introducing additives, since solvent-
based methods provide a non-complicated and desired modifications in the polymer chains.
In this regards, new solvent media are being periodically developed for PVDF treatment
where solvents associated with their easy availability, cheapness, environment friendliness
and possibly renewable characteristics are considered as the most preferable choices.

Ionic liquids (ILs) are a well-studied solvent media for the thermal processing of
low to high molecular weight polymeric entities including synthetic as well as biopoly-
mers [29–31]. Besides the high molecular weights, the intra- and intermolecular hydrogen
bonding as well as cross-linking in the polymeric chains of polymer is the bottle neck
of their dissolution and derivatization process. Since high temperature treatment with
solvents facilitate the feasible processing of the polymers, the thermally stable solvents
with high polarity are more demanding in this regard. ILs are known for their high thermal
stability, highly polarity (since they are composed of ions in their structures), low vapour
pressure as well as recyclability and, therefore, considered as suitable solvents for the
processing of polymers. In this report, we describe the thermal processing of the PVDF in
1-ethyl-3-methylimidazolium acetate, [EMIM][AcO] ionic liquid (IL) and acetic acid (AA)
embedded solvents. The crystalline phase change in the processed PVDF was confirmed
by Fourier-transform infrared (FTIR), Raman and X-ray diffraction (XRD) spectroscopy
techniques. The molecular weight distribution and porous characteristics of the treated
PVDF were investigated by size exclusion chromatography (SEC) and N2 physisorption
analysis, respectively. Finally, the recovery method for the solvent comprised with IL and
AA after the treatment of PVDF is also described.

2. Materials and Methods
2.1. Materials

The poly (vinylidene fluoride) (PVDF, Kynar® 740) pellet was obtained from Arkema
whereas 1-ethyl-3-methylimidazolium acetate (97%), 4-Nitroaniline, Nile red dye (for
microscopy), D2O (99.9 atom% D) and DMSO-d6 (99.96 atom% D) were purchased from
Sigma Aldrich (St. Louis, MO, USA). N, N-diethyl-4-nitroaniline (98%) was purchased
from Apollo Scientific. Acetic acid (glacial ≥99.7%) and acetone (≥99.5%) were purchased
from VWR chemicals. All the chemicals and PVDF were used without further purification.

2.2. Methods
2.2.1. Synthesis of [EMIM][AcO] IL and Acetic Acid Containing Mixtures

The mixtures of [EMIM][AcO] IL and acetic acid (AA) were prepared to maintain
AA:IL mole ratios of 0.5:1, 1:1, 2:1, 3:1, 4:1 and 6:1 in their compositions. The required
amounts of IL and AA were mixed and stirred for 15 min at room temperature. The
obtained mixtures were further stored at room temperature in desiccator prior to use for
the treatment of PVDF and further analysis.
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2.2.2. Differential Scanning Calorimetry (DSC) of [EMIM][AcO] IL and Acetic Acid
Containing Mixtures

A Mettler DSC 821e differential scanning calorimeter (Mettler Toledo, Columbus, OH,
USA) was used to measure the enthalpy changes associated with thermal transition of the
mixtures. The desired amount of samples (5–10 mg) were sealed in ME-27331 aluminium
crucibles with pierced lids and further subjected to a thermal treatment under nitrogen
gas flow (80 mL/min). Initially, the samples were cooled down to −100 ◦C at a rate of
−20 ◦C/min using liquid nitrogen and held under isothermal conditions for 5 min, and
then heated at 10 ◦C/min from −100 to +100 ◦C.

2.2.3. NMR Analysis (Liquid State) of [EMIM][AcO] IL and Acetic Acid
Containing Mixtures

The 1H NMR spectra of the physical mixtures between IL and AA with mole ratios
from 0.5:1, 1:1, 2:1, 3:1 as well as pure AA and IL were measured. Samples (≈25 mg)
were dissolved in 0.5 mL DMSO-d6 and analysis was carried with a Bruker (Billerica,
MA, USA) DRX-400 spectrometer and data were further processed with the TopSpin 4.0.7
software from Bruker. The reaction mixtures obtained after the thermal treatment of PVDF
in solvents such as pure IL and mixtures of IL and AA (AA:IL mole ratio = 1:1, 2:1 and 3:1)
were measured upon 19F NMR analysis. Approx. 50 mg of reaction mixtures were mixed
with 1 mL of D2O and stirred at room temperature for 15 min. The precipitated PVDF was
allowed to settle at the bottom of the vial while 0.5 mL of supernatant solution was further
used upon NMR analysis. The measurements as well as processing of the data was carried
out similar to 1H NMR analysis.

2.2.4. Kamlet-Taft Parameters Measurement of [EMIM][AcO] IL and Acetic Acid
Containing Mixtures

Polarity characteristics of the pure IL and AA as well as mixtures obtained after their
combinations were evaluated in terms of Kamlet-Taft or solvatochromic parameters such
as hydrogen bond acidity (α), hydrogen bond basicity (β) and dipolarity or polarizability
(π*). Initially, the solution of Nile red dye (0.042 mM) in acetone and 0.1 mM solution of
4-nitroaniline and N, N-diethyl-4-nitroaniline in methanol were prepared. Subsequently,
100 µL of Nile red dye (NR) solution or 25 µL solution of 4-nitroaniline (4NA) or N, N-
diethyl-4-nitroaniline (D4NA) solution was transferred into a 5 mL glass vial and dried
under nitrogen gas flow. Further, 1 g of IL, AA or mixed solvents were added to a vial
containing dye and dissolved at 25 ◦C by sonication. The absorption spectra of mixtures of
dye and solvents was measured on a Mettler Toledo UV5Bio UV–Vis spectrophotometer
(300–800 nm) using a quartz cuvette. The Kamlet-Taft parameters were calculated by
Equations (1)–(4), respectively.

υ(D4NA or 4NA or NR) =
1.035(υD4NA + 2.64− υ4NA)

λmax, D4NA or 4NA or NR × 10−4 (1)

π∗ = 0.314 (27.52− υ4DNA) (2)

β =
1.035(υD4NA + 2.64− υ4NA)

2.80
(3)

α =
(19.9657− 1.0241π∗ − υNR)

1.6078
(4)

where, λmax,D4NA, or λmax,4NA, or λmax,NR, correspond to the maximum absorption wave-
length of N, N-diethyl-4-nitroaniline, 4-nitroaniline and Nile Red, respectively.

2.2.5. Thermal Treatment of PVDF in [EMIM][AcO] IL and Acetic Acid
Containing Mixtures

Pure IL and AA as well as their mixtures with various AA:IL mole ratios were used as
a solvent for thermal processing of PVDF. In this case, 2 g of the reaction mixture comprising
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of 10 wt.% PVDF pellets in various solvents were stirred at 140 ◦C for 1 h in 5 mL screw-cap
glass vials in a preheated aluminium metal block. The treated reaction mixtures were
cooled down to room temperature and further mixed with 50 mL of distilled water under
vigorous stirring to precipitate out the PVDF material. The solid material was recovered
using vacuum filtration technique and washed with fresh distilled water (4 × 25 mL). The
materials were freeze dried overnight and obtained solid was stored in desiccator prior to
the analysis.

2.2.6. Analysis of PVDF after Treatment with Various Solvents

The 13C CP/MAS NMR analysis of neat and regenerated PVDF was carried out
by Bruker 500 MHz Avance III instrument and TopSpin 4.0.7 software from Bruker was
used for the data processing. The crystallinity of neat PVDF and regenerated PVDF was
confirmed by powder XRD on PANalytical instrument in a diffraction intensity range of
2θ = 10–70◦, at a scanning rate of 10◦/min. Dispersive Raman spectra were recorded on
a Renishaw Qontor instrument (Renishaw Plc, Wotton-under-Edge, UK), using a 532 nm
laser with a maximum laser power of 50 mW, operating at 0.1–50% total power. Exposure
time was 1 s for all samples, and 10 scans were co-added. A 20 × lens was used, and
spectra were recorded in normal confocal settings in static mode, centred at 1200 cm−1.
The Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)
technique was used in the analysis of the functional groups of neat and regenerated PVDF
by a Bruker Vertex 80v FT-IR spectrometer (vacuum bench) with DTGS detector. The
molecular weight distributions (MWDs) of the neat as well as thermally treated PVDF in
various solvents were analysed by using Size Exclusion Chromatography (SEC). In this
case, the SEC instrument was coupled with Multi-Angle Light Scattering (MALS) detector
which working at 14 angles between 36 and 140◦ in DMAc as the solvent. Besides that, the
SEC system consisted of a guard column and two serial T6000M columns from Malvern.
The temperatures were set at 50 ◦C, and the flow rate was 1 mL/min. The detector system
consisted of a refractive index and MALS detector where two pullulan standards (PSS)
were used to calibrate the detectors. The obtained data were processed by using a Debye
model in the OMNISEC V11 software from Malvern.

2.2.7. Recovery of [EMIM][AcO] IL and Acetic Acid Mixture (AA:IL Mole Ratio of 3)

The reaction mixture with 10 wt.% of dissolved PVDF in solvent with a AA:IL mole
ratio 3 was used for the recovery of the solvent from treated PVDF. In this case, 2 g of
the total reaction mixture was mixed with 25 mL of acetone and stirred for 30 min. The
precipitated PVDF was separated by filtration and washed 3 times (10 mL each time) with
fresh acetone. The IL and AA was further recovered by evaporation of acetone using
rotation evaporator. The percentage recovery and purity of the recovered IL and AA
mixture was confirmed by Equation (5) and NMR analysis (in D2O), respectively.

% recovery =
(Amount of IL and AA mixture recovered)
(Amount of IL and AA mixture used)

× 100 (5)

3. Results
3.1. Differential Scanning Calorimetry (DSC) of [EMIM][AcO] IL and Acetic Acid Mixtures

Figure 1 shows the DSC curves for the pure [EMIM][AcO] IL and acetic acid (AA) as
well as their physical mixtures with AA:IL mole ratios of 2:1, 3:1 and 4:1, respectively. The
neat [EMIM][AcO] IL shows a glass transition temperature (Tg) of −72 ◦C [32]. Besides
that, pure AA also shows sharp and intense signal for its melting temperature at 14 ◦C.
For mixtures of IL and AA, the Tg values were decreased steadily, whereas the intense
characteristic signal for the melting temperature of AA disappeared. The Tg value for
the mixture of AA:IL mole ratios of 1:1, 2:1 and 3:1 decreased to −89.8, −95.3 ◦C and
−97.2 ◦C, respectively. The value with the mole ratio 4:1 was not observed since DSC
analysis was measured until −100 ◦C. Our previous study regarding the DSC analysis of
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[EMIM][AcO] IL and crotonic acid comprised mixtures also provided similar observation
where the Tg values for the IL and acid mixtures were decreased as acid amount increased
in the composition [33]. The mixtures obtained from IL and AA are the combination of
hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD) and have the ability
to form deep eutectic solvents (DESs) through hydrogen bonding interactions [34]. Since
DSC analysis shows glass transition temperatures instead of distinct melting points, the
hydrogen bonding interaction between IL and AA indicates that low temperature transition
mixtures (LTTMs) are formed, instead of DESs [35].
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varying AA/IL molar ratios 1:1, 2:1, 3:1 and 4:1.

3.2. 1H NMR Analysis of [EMIM][AcO] IL and Acetic Acid Mixtures

The 1H NMR analysis of the IL and AA containing mixtures was carried out and
obtained spectra are shown in Figure 2b. Similar to our previous reports regarding interac-
tions between IL and crotonic acid, changes in the chemicals shifts of protons of both AA
and IL were also observed in the 1H NMR spectra of the mixtures of IL and AA [33]. The
chemical shift of the C2 proton of the imidazolium cation decreased with an increase in the
AA:IL ratio. In addition, the distance between the signals of the C4 and C5 also decreased
with an increased amount of AA. In case of AA, the de-shielding of the acidic proton in
the -COOH group occurred compared to pure acid due to its possible ionic interaction
with AcO- anion in the IL (Figure 2a,b). These changes in the chemical environment of the
protons in both AA and IL are the result of the hydrogen bonding interactions between
AA and AcO- anion of the IL. As described previously, similar interactions allowed the
formation of eutectics or LTTMs between AA and IL (Figure 1).

3.3. Kamlet-Taft Measurements of [EMIM][AcO] IL and Acetic Acid Mixtures

The solvent properties such as dipolarity and hydrogen bonding ability of the IL and
AA containing mixtures were investigated by calculating Kamlet-Taft parameters. The
Kamlet-Taft parameters such as α, β and π* were quantified for their hydrogen bond donat-
ing ability (acidity), hydrogen bond accepting ability (basicity) and dipolarity or polariz-
ability, respectively, in the applied solvents and the results obtained are displayed in Table 1.
Besides that, the difference between the hydrogen bonding basicity and acidity (β-α), i.e.,
the net-basicity parameter was also calculated, which further provides more information
about the overall basicity of the applied mixtures than considering β parameter alone.
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Figure 2. (a) Structure of [EMIM][AcO] IL and possible interaction between AcO- anion and acetic
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Table 1. Kamlet-Taft parameters obtained for the applied solvents for the treatment of PVDF.

Solvent α β π* β-α

[EMIM][AcO] IL 0.41 1.03 1.08 0.62
AA/IL = 1 0.45 0.85 1.01 0.40
AA/IL = 2 0.47 0.65 0.98 0.17
AA/IL = 3 0.57 0.56 0.97 −0.01
AA/IL = 4 0.64 0.49 0.94 −0.15
AA/IL = 6 0.84 0.47 0.91 −0.37
Pure AA 0.91 0.41 0.65 −0.50

The Kamlet-Taft parameters for [EMIM][AcO] IL in previous reports were evaluated
by commonly used Reichardt’s dye (Betaine 30) [36,37]. Since the mixtures of IL and AA
as well as pure AA in the present study are acidic, the Reichardt’s dye is not compatible
to measure the Kamlet-Taft parameters. However, the parameters obtained for pure IL by
introducing Nile red dye during measurements are identical to the previous reports where
Reichardt’s dye was applied [38]. As shown in Table 1, pure IL represents a β-α value of
0.6 and it is highest amongst the applied solvents considering its intrinsic basicity. For
mixtures with an AA:IL mole ratio of 1:1, 2:1, 3:1, 4:1 and 6:1, the net basicity parameter’s
(β-α) value was progressively decreasing and turned to negative for higher AA:IL mole
ratios since the AA concentration increased in the compositions of mixtures. The value
of π* parameter was not significantly influenced with the AA amount when compared
with pure IL and, until an AA:IL mole ratio of 6:1 and remained above the 0.9. This shows
that the polarizing ability of the prepared mixtures of IL and AA have retained identical to
pure IL. Pure AA showed further reduction in the net-basicity when compared to mixtures
with IL and decreased to −0.5. Besides that, the polarizing ability of AA was also reduced,
and it decreased to 0.65. Polarity parameters measurements demonstrate that IL and its
mixtures with AA possess variable basic characteristics with high polarity and has the
ability to establish powerful solvent-solute interactions to solubilize the embedded solute
incorporated.

3.4. Thermal Processing and Recovery of PVDF in [EMIM][AcO] IL and Acetic acid
Containing Mixtures

The 10 wt.% of PVDF amount was thermally treated at 140 ◦C for 1 h in pure
[EMIM][AcO] IL and AA as well as their mixtures having AA:IL mole ratios from 1:1,
2:1, 3:1, 4:1 and 6:1. As shown in Figure 3A, considering the physical appearances of the
reaction mixtures after the thermal treatment, the applied solvents including pure IL and
AA were allowed either dissolution and/or decolouration of the PVDF. Black coloured
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solid particles were obtained after interaction of PVDF material with pure IL while com-
paratively big size black coloured solid particles suspended in black-brown viscous liquid
were observed after the treatment of PVDF in solvent with AA:IL mole ratio of 1:1. In case
of solvent with an AA:IL mole ratio of 2:1, highly viscous, transparent, and dark brown
coloured viscous liquid was obtained. The transparent and viscous liquids were observed
with remaining reaction mixtures when solvents with AA/IL mole ratios 3:1, 4:1 or 6:1
were used. The haziness in the reaction mixtures was observed after keeping them for
overnight where solvents with AA:IL mole ratio of 6:1 was used. With pure AA, the reaction
mixture was transparent and colourless at reaction temperature whereas non-transparent
and viscous liquid was observed after cooling down (Figure 3A(g)). Hence, the reaction
mixtures gave rise to different physical appearances after thermal treatment depend on
type of solvent media applied.
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Figure 3. (A) Reaction mixtures after the thermal treatment of PVDF with (a) pure [EMIM][AcO] IL,
IL and AA mixtures with AA/IL mole ratio (b) 1:1, (c) 2:1, (d) 3:1, (e) 4:, (f) 6: and (g) pure acetic acid
(AA). Amount of PVDF = 10 wt.%, Temperature = 140 ◦C, Time = 1 h; (B) Addition of water in the
thermally treated PVDF and various solvents containing reaction mixtures.

After addition of water in obtained reaction mixtures, the solid material was precipi-
tated and separated since PVDF is not soluble in aqueous medium (Figure 3B). The dense
and black coloured fine particles were settled at the bottom in pure IL comprised reaction
mixtures (Figure 3B(a’)). For solvent with an AA:IL mole ratio of 1:1, a fraction of black
coloured solid material settled at the bottom of the vial and remaining material was swelled
in water (Figure 3B(b’)). In this case, rather than fine black particles, clusters of black solids
appeared at the bottom of reaction vial. For reaction mixtures with solvents comprised
of AA:IL mole ratios of 2:1, 3:1, 4:1 and 6:1 as well as pure AA, the dissolved material
precipitated and remained swelled in aqueous medium (Figure 3B(c’–g’)).

The recovered materials obtained after the separation from reaction mixture showed
different appearances depending on type of solvent system applied during thermal treat-
ment (Figure 4). Upon use of pure IL, fine black coloured solid material was obtained
whereas black coloured solid particles similar to the size of neat PVDF were obtained after
treatment of PVDF in solvent with AA:IL mole ratio of 1:1. After cutting these particles
to small pieces, the unreacted, white coloured PVDF was observed inside. Further, the
cotton like solid materials with variable colours were observed in case of solvents with
AA:IL mole ratios of 2:1, 3:1, 4:1 and 6:1, as well as pure AA. The brown coloured solid was
obtained after treating PVDF in a solvent mix containing AA:IL mole ratio of 2:1, while
the white creamy coloured solids were obtained when solvents with AA:IL mole ratios of
3:1, 4:1 and 6:1 were used. The white coloured solid was obtained after treating PVDF in
pure AA.
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AA. Temperature = 140 ◦C, time = 1 h.

The Kamlet-Taft parameter study represents that the pure IL possesses high basicity as
well as polarity and, therefore, it possesses the dissolution capacity as well as simultaneous
degradation of PVDF by inducing extensive dehydrofluorination (DHF). As a consequence,
through the loss of hydrogen fluoride (HF), black coloured and highly carbonaceous mate-
rial is formed (Figure 5) [39]. In case of solvent with AA:IL mole ratio of 1:1 (even though
it has enough neat basicity a well as polarizing ability) the dissolution as well as DHF
of PVDF did not properly occur. Here, an equivalent interaction between the IL and AA
probably suppresses individual components interaction with the PVDF polymeric chains.
The solvents with AA:IL mole ratios of 2:1, 3:1, 4:1 and 6:1 allowed complete dissolution
of PVDF to form single phase as these solvents are combined with high polarizing ability
(Table 1). As described previously, the molecular but neutral solvents such as DMSO, DMF,
DMA, NMP possess π* values close to value of 1 and are able to efficiently dissolve PVDF to
the formation of a single phase [19,21]. Since the solvent mix with AA:IL mole ratio 2:1 has a
lower, but positive net basicity value, the DHF of PVDF probably occurred in a small extend
and hence, the brown coloured material was obtained after thermal treatment. However,
due to negligible or absence of basic characteristics, the solvents with mole ratios of 3:1,
4:1 and 6:1 were only allowed the dissolution the PVDF. In case of pure AA, even though
the π* value decreased to 0.65, it was possible to dissolve the polymer at high temperature.
However, due to lower polarizing ability compared to solvents obtained after its mixture
with IL, the dissolved polymer was further precipitated in the form of a non-transparent
gel, at room temperature. Hence, applied solvents containing IL and AA for the thermal
treatment of PVDF allowed various solute-solvent interactions which was governed by
their composition dependent properties such as basicity as well as polarizing ability.
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3.5. 19F NMR Analysis of Reaction Mixtures Obtained after Thermal Treatment of PVDF in
Various Solvents

To confirm the DHF in the polymeric chains of PVDF in pure IL as well as other
solvents comprised of IL and AA mixtures, the reaction mixtures obtained after the thermal
treatment were further analysed by 19F NMR. As shown in Figure 6, the intense peak
for the F atom can be observed at −123.2 ppm for the reaction mixture when the pure IL
was applied. It shows that IL degraded the PVDF through DHF process under thermal
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treatment and released HF in the reaction mixture, thus carbonizing the PVDF to a carbon-
rich material (Figures 4 and 5). The 19F NMR spectra of the reaction mixtures with solvents
containing AA:IL mole ratio of 1:1 also gave rise to a peak for the F atom; however, the
intensity was lower by compared to the pure IL involving reaction mixture. Hence, the
solvent mix with an equivalent mixture of IL and AA also allowed DHF of PVDF but to a
smaller extent as AA decreases the basicity of the IL through acid-base neutralization. In
this case, even though the solvent mix contains an equivalent mixture of IL and AA, at high
temperature this induces availability of the acetate anion obtained after the neutralization
and, therefore allows DHF of PVDF (Figure 2a). Similar observation was observed in
our previous report since even though excess equivalent of crotonic acid formed after
depolymerisation of poly (3-hydroxybutyrate), it did not significantly influence the rate
of IL catalysed depolymerisation to a certain extend [33]. The peak intensity in case of
reaction mixture comprised of solvent with an AA:IL mole ratio of 2:1 was significantly
lower compared to the case with reaction mixtures containing pure IL and its equivalent
mixtures with AA. In this case, overall basicity of the solvent decreased due to excess
equivalent of AA in the solvent composition and solvent introduced limited DHF of PVDF
and brown coloured solid obtained. In case of solvent with a mole ratio of 3:1, no peak
for F atom was observed as the solvent possessed negligible basicity and indicated the
lack of PVDF. Hence, solvents with alkaline characteristics allowed for the degradation of
PVDF via the DHF process, and it was observed that amounts of individual components in
the solvents influenced both the degradation ability as well as the physical appearances
of the materials obtained after the process. Further, the IL and AA mixtures with AA:IL
mole ratios more than 2:1 merely performed as a solvent where only dissolution of PVDF
occurred without its decomposition.
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3.6. ATR-FTIR Analysis of Treated PVDF

ATR-FTIR analysis of PVDF samples was performed to get insights for possible
unsaturation induced by the DHF process as well as crystalline phase changes after thermal
treatment in various solvents. As shown in Figure 7A, the broad peak in the range of
1490–1716 cm−1 for the conjugate and non-conjugated alkenes (-C=C- bond) was observed
for the pure IL treated sample [40]. The sample obtained after the treatment in solvent
with an AA:IL mole ratio of 1:1 also showed broad but lower intensity peak for -C=C-
bond in the similar spectral range. However, a similar peak did not appear in case of



Sustain. Chem. 2022, 3 465

other samples processed in solvents with higher AA:IL mole ratios as well as pure AA.
This observation is in correlation with 19F NMR analysis of the reaction mixtures as well
as physical appearance of the treated samples (Figures 4 and 6). The crystalline phase
change from α to β is previously reported in PVDF under thermal treatment in various
diprotic solvents [9,19]. Similar possible crystalline phase transition in the thermally treated
PVDF materials with various solvents was also examined. The neat PVDF material gave
rise to the characteristic absorption peaks for α-phase at 610, 761, 795 and 976 cm−1 and
for β phase at 510, 840 and 1279 cm−1 [9]. Hence, it represents that the neat PVDF is
composed of both α and β crystalline phases in its structure. For pure IL treated sample,
the peaks at 1170 and 1382 attributed to symmetrical starching of -CF2 and -CH2 groups,
respectively, were retained while the characteristics peaks corresponding to both α and β

phase were disappeared. Further, the peaks for mixed crystalline phase were prominently
visible for the sample treated in solvent with an AA:IL mole ratio of 1:1. It has been
previously described that a sample treated in a solvent with an AA:IL mole ratio of 1:1
was not fully dissolved and a part of the solid remained unreacted. In case of thermally
treated samples in solvents with AA:IL mole ratios of 2:1 and 4:1, the peaks assigned
for the α phase disappeared whereas intense peaks correspond to only β phase were
observed. This indicates that solvents capable for complete dissolution of PVDF during the
process, facilitate the crystalline phase transition and the mixed phase comprised PVDF
was converted to β phase rich material. On the other hand, the thermal treatment of PVDF
in pure AA results in the formation of pure α phase rich material, since FTIR analysis
represents that the peak corresponds to β phase disappeared and intense peaks attributed
to the α phase were observed. The previous reports regarding the polarity dependent
dissolution and phase transition described that the high dipole moment or polarity solvents
such as DMSO, DMF, NMP and DMA were able to dissolve PVDF and to form a single
phase, allowing for the α to β crystalline phase transition. On other hand, the medium to
lower polarity and ketone functionality comprised solvents tend to have weaker solvent-
polymer interaction and form α phase rich containing non-transparent thermochemical gel
after thermal treatment [22]. The Kamlet-Taft parameters measurements in this report also
provided a similar observation regarding the polarity of the applied solvents where IL and
AA containing solvents possess higher polarizing ability compared to pure AA (Table 1).
Hence, the applied solvents for the processing of PVDF are able to induce unsaturation and
crystalline phase transformation due to their basicity as well as polarizing ability.

Sustain. Chem. 2022, 3, FOR PEER REVIEW 12 
 

 

phase transition. On other hand, the medium to lower polarity and ketone functionality 

comprised solvents tend to have weaker solvent-polymer interaction and form α phase 

rich containing non-transparent thermochemical gel after thermal treatment [22]. The 

Kamlet-Taft parameters measurements in this report also provided a similar observation 

regarding the polarity of the applied solvents where IL and AA containing solvents pos-

sess higher polarizing ability compared to pure AA (Table 1). Hence, the applied solvents 

for the processing of PVDF are able to induce unsaturation and crystalline phase transfor-

mation due to their basicity as well as polarizing ability. 

 

Figure 7. (A) ATR-FTIR spectra of neat PVDF and thermally treated PVDF in pure [EMIM][AcO] IL, 

AA and their mixtures with varying AA/IL mole ratios, (a) neat PVDF, thermally treated PVDF in 

(b) pure IL, (c) AA:IL = 1:1, (d) AA:IL = 2:1, (e) AA:IL = 4:1 and, (f) pure AA. (B) Raman spectra of 

(a) neat PVDF and, (b) thermally treated PVDF in pure [EMIM][AcO] IL. 

3.7. Raman Analysis of Treated PVDF 

Raman spectra recorded for neat PVDF and pure IL treated PVDF sample can be 

found in Figure 7B. Due to the fluorescence interference during analysis, instead of de-

sired Raman spectra, strong fluorescence signals with noise were observed for the samples 

obtained after treatment with IL and AA containing solvents and pure AA. Therefore, 

corresponding spectra are not represented. As shown in Figure 7(Ba), the peaks for CH2 

group in the α and β crystalline phases were observed at 795.48 and 839.27 cm−1, respec-

tively, for neat PVDF material which is analogous to FTIR analysis [41]. Surprisingly, in 

the case of pure IL treated samples, the peaks for the pure or dehydroflurinated PVDF 

(1522 cm−1 for -C=C- bond) were not present. On the other hand, peaks at 1583 and 1336 

cm−1, characteristic for G and D bands, respectively, in highly carbon rich material such as 

graphene, graphene oxide or activated carbon were observed. The G and D bands in car-

bon rich materials attributed to the out-of-plane breathing mode of the sp2 carbon atoms 

associated with isolated double bonds (-C=C-) and defects in the structure, respectively 

[42]. Raman spectroscopy is usually employed for the analysis of above-mentioned carbo-

naceous materials in terms of structural defects by measuring the intensity ratio of D and 

G band, i.e., ID/IG. Since the intensity of the D band is lower than the G band, it represents 

that the sample obtained after treatment with IL had more isolated -C=C- bonds and the 

number of defects in the structure are low. Hence, similar to FTIR measurements, the Ra-

man study also depicted that an extensive DHF of PVDF occurred in pure IL which further 

results in the formation of carbonaceous material. 

3.8. 13C MAS NMR Analysis of Treated PVDF 

The 13C MAS NMR analysis of the PVDF samples obtained after the treatment in pure 

IL and AA, as well as solvents obtained after their combinations was performed. As 

shown in Figure 8, neat PVDF showed peaks for CH2 (44 ppm) and CF2 (121.3 ppm) func-

tional groups in its polymeric chains [43]. For pure IL treated PVDF, besides the less in-

tense peaks for CH2 and CF2 groups, new broad peaks in between 95–120, 130–145 and 

Figure 7. (A) ATR-FTIR spectra of neat PVDF and thermally treated PVDF in pure [EMIM][AcO] IL,
AA and their mixtures with varying AA/IL mole ratios, (a) neat PVDF, thermally treated PVDF in
(b) pure IL, (c) AA:IL = 1:1, (d) AA:IL = 2:1, (e) AA:IL = 4:1 and, (f) pure AA. (B) Raman spectra of
(a) neat PVDF and, (b) thermally treated PVDF in pure [EMIM][AcO] IL.

3.7. Raman Analysis of Treated PVDF

Raman spectra recorded for neat PVDF and pure IL treated PVDF sample can be found
in Figure 7B. Due to the fluorescence interference during analysis, instead of desired Raman
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spectra, strong fluorescence signals with noise were observed for the samples obtained
after treatment with IL and AA containing solvents and pure AA. Therefore, corresponding
spectra are not represented. As shown in Figure 7(Ba), the peaks for CH2 group in the α and
β crystalline phases were observed at 795.48 and 839.27 cm−1, respectively, for neat PVDF
material which is analogous to FTIR analysis [41]. Surprisingly, in the case of pure IL treated
samples, the peaks for the pure or dehydroflurinated PVDF (1522 cm−1 for -C=C- bond)
were not present. On the other hand, peaks at 1583 and 1336 cm−1, characteristic for G and
D bands, respectively, in highly carbon rich material such as graphene, graphene oxide or
activated carbon were observed. The G and D bands in carbon rich materials attributed to
the out-of-plane breathing mode of the sp2 carbon atoms associated with isolated double
bonds (-C=C-) and defects in the structure, respectively [42]. Raman spectroscopy is
usually employed for the analysis of above-mentioned carbonaceous materials in terms of
structural defects by measuring the intensity ratio of D and G band, i.e., ID/IG. Since the
intensity of the D band is lower than the G band, it represents that the sample obtained
after treatment with IL had more isolated -C=C- bonds and the number of defects in the
structure are low. Hence, similar to FTIR measurements, the Raman study also depicted
that an extensive DHF of PVDF occurred in pure IL which further results in the formation
of carbonaceous material.

3.8. 13C MAS NMR Analysis of Treated PVDF

The 13C MAS NMR analysis of the PVDF samples obtained after the treatment in pure
IL and AA, as well as solvents obtained after their combinations was performed. As shown
in Figure 8, neat PVDF showed peaks for CH2 (44 ppm) and CF2 (121.3 ppm) functional
groups in its polymeric chains [43]. For pure IL treated PVDF, besides the less intense peaks
for CH2 and CF2 groups, new broad peaks in between 95–120, 130–145 and 150–170 ppm
were observed for various aromatic functionalities such as protonated aromatic, substituted
aromatic and phenolic carbon atom, respectively [44]. Hence, analogous to the results
obtained with FTIR and Raman analysis, solid-state NMR analysis also shows that pure
IL induces the carbonization of PVDF through DHF process and forms sp2 carbon atom
rich cyclic aromatic functional groups in its structure. In case of IL and AA combined
solvents with an AA:IL mole ratio of 1:1, 2:1 and 4:1 well as pure AA treated materials, no
significant changes have been observed in NMR spectra, except peak broadening compared
to neat PVDF.
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Hence, various measurements including 1H NMR analysis of IL and AA combined
solvents, 19F NMR analysis of the reaction mixture after PVDF thermal processing, FTIR,
Raman, solid-state 13C MAS NMR analysis of the treated PVDF represents that the pure and
highly alkaline IL has introduced the significant changes in PVDF through DHF process and
benzene ring comprised activated carbon and graphene oxide like material was obtained.
These analyses also showed that the rate of PVDF degradation is steadily reduced when
solvents containing IL and AA were applied.

3.9. XRD Analysis of Treated PVDF

The phase transitions in mixed phase PVDF after the thermal treatment in various
solvents was further confirmed by XRD analysis and the obtained spectra are shown in
Figure 9. The neat PVDF shows the characteristics diffraction peaks for the α phase at
18.16◦, 18.79◦, 20.31◦ and 26.95◦, respectively, corresponding to the crystal planes such as
(100), (020), (110) and (021), respectively. Identical to Raman and FTIR analysis, the XRD
analysis also shows that the mixed phase PVDF is dominant in the α phase compared to the
β phase in its composition and, the peaks obtained for the neat PVDF in XRD spectra are not
identical to the pure α phase containing material [41]. After the interaction of neat PVDF in
a solvent with an AA:IL mole ratio 2:1, the mixed phase material was transformed to the
pure β phase since the peaks for the α phase disappeared while the characteristic peak for
the β phase, at 20.90◦, suggesting the crystal pane (200) appeared. Similar transformation
was also observed for the samples treated in solvents with AA:IL mole ratios of 4:1 and
6:1. The pure AA treated PVDF sample gave rise to intense peaks belonging to pure α

phase at 17.58◦, 18.21◦, 19.77 and 26.47◦, respectively, for the previously mentioned crystal
planes [41]. Further, it was also observed that the 2θ value of the characteristic peak for the
β phase slowly decreased from 20.90◦ for the sample treated in the solvent with an AA:IL
mole ratio of 2:1 to 20.76◦ and 20.58◦, for the samples treated in the solvents with AA:IL
mole ratios of 4:1 and 6:1, respectively. This suggests that as the AA amount increased in
the solvent’s composition, the crystalline phase transition of the mixed phase neat to pure
α phase containing material steadily increased. Hence, as observed previously in the FTIR
analysis, the XRD analysis also represented identical information regarding the crystalline
phase changes for mixed phase PVDF in IL and AA combined solvents as well as pure AA.
Considering these observations based on FTIR and XRD analysis, the selective crystalline
phase transition in mixed phase PVDF can be achieved through the selection of either IL
and AA comprised solvents or pure AA.
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3.10. N2 Physisorption Analysis of Treated PVDF

The N2 physisorption analysis study of thermally treated PVDF samples in IL and
AA containing solvents, and pure AA, were also performed to estimate their porous
characteristics. Figure 10A,B show the N2 absorption/desorption isotherms as well as BJH
(Barret–Joyner–Halenda) desorption pore size distribution curves obtained after the N2
physisorption study of these thermally treated PVDF samples.
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As shown in Figure 10A, the samples obtained after the treatment with IL and AA
combined solvents as well as pure AA gave rise to capillary condensation hysteresis
loop with type IV adsorption isotherms (IUPAC classification) which is characteristics of
mesoporous solids. In addition, it was also observed that with an increase in the AA:IL
mole ratio from 2:1 to 6:1 in the composition of solvents, the amount of adsorbed N2 was
steadily decreased. Similarly, the surface area (SA) of the treated samples is decreased
from 123 m2/g for solvents with AA:IL mole ratio of 2:1 to 111 and 100 m2/g for solvents
with an AA:IL mole ratio of 4:1 and 6:1, respectively (Table 2). Further, Figure 10B shows
that the wide pore size distribution with multi-scale pores (3–80 nm) were observed for
treated PVDF samples where maxima of the pore distribution curves in the range between
16–20 nm was obtained. The BJH desorption average pore size as well as pore volume
values were not significantly influenced in case of sample obtained after treatment in
these solvents (Table 2). However, the decrease in the SA as well as area under the pore
distribution curve with widening of pore size distribution indicates that the mesoporous
characteristics are steadily decreased as the amount of AA in the solvent’s composition
increased. The samples treated in pure AA, showed that very low amount of N2 got
adsorbed even at high pressure region (P/Po = 0.98) and non-porous material obtained
with significantly low SA (7 m2/g) as well as pore volume (0.05 cm3/g) compared to IL
and AA combined solvents treated PVDF. The high pore size in case of pure AA treated
sample could be result of interparticle distance or voids present in the particles. Hence,
N2 physisorption study shows that the besides the formation of β phase rich material, the
porous characteristics can be also introduced in PVDF after its processing in IL and AA
containing solvents.
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Table 2. Surface area, pore size and pore volume of the PVDF samples obtained after treatment with
various solvents.

Solvent BET Surface Area (m2/g) Pore Size (nm) Pore Volume (cm3/g)

AA/[EMIM][AcO] = 2:1 123 16.01 0.66
AA/[EMIM][AcO] = 4:1 111 18.17 0.64
AA/[EMIM][AcO] = 6:1 100 21.52 0.61

Acetic acid (AA) 6.68 27.40 0.05

Porous characteristics measurement study shows that the porosity of the IL and
AA containing solvents treated samples proportional to the amount of IL in solvents
composition. As described previously, due to the DHF process in pure IL, the PVDF was
extensively carbonised and graphene or activated carbon structures were formed. Pezzotti
et.al. reported previously that thermal decomposition of PVDF in KOH to activated carbon
due to extensive DHF process through the formation of the sp2 carbon containing ring
like structures [45]. The author also reported possible mechanism for the degradation of
PVDF in alkaline condition and it can be applied to the present study of PVDF treatment
in basic IL containing solvents (Figure 11). In pure IL, the PVDF initially converted to cis-
and trans- form of unsaturated PVDF compounds (reaction 1) by DHF process and trans-
forms were converted to -C=C- bond containing ring structures through continuous loss of
HF (reaction 2). These ring structures showed their characteristics peaks in FTIR, 13C MAS
NMR and Raman analysis and confirmed formation of carbon rich materials. However,
in case of IL and AA combined solvents, IL is less available due to its neutralisation and
dilution by AA therefore it is possible that the controlled DHF process probably preceded
in the PVDF polymer chains through cross-linking of PVDF (Figure 11, reaction 3). The
cross-linking of the polymer chains likely introduced porous characteristics in the IL and
AA combined solvents treated samples. Nevertheless, solvents with an AA:IL mole ratio
of more than 2:1 results in excess equivalents of AA in their compositions and the rate of
DHF process decreased which also reduced the cross-linking as well as the porosity in the
treated samples. The pure AA barely allowed the dissolution of PVDF, as well as not being
able to introduce the porosity in the treated material as the DHF process did not occur.
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sive dehydrofluorination (DHF) to sp2 ring structures in PVDF in [EMIM][AcO] IL and (3) Cross-
linking of the carbon chains in IL and AA combined solvents.

3.11. Size Exclusion Chromatography (SEC) Analysis of Treated PVDF

SEC analysis of the samples obtained after thermal processing in IL and AA combined
solvents and pure AA was carried out to examine changes in the molecular weight distribu-
tions in their structures. The SEC chromatograms (RI detector response versus elution time)
of neat as well as treated PVDF materials are shown in Figure 12 and corresponding Mn,
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and Mw values and Mw/Mn ratio are summarized in Table 3. Neat PVDF showed single
elution curve with an Mw of 209,123 g/mol, Mn of 45,983 and PDI of 4.55. In case of sample
treated in solvent with AA/IL mole ratio 2:1, the Mn and Mw values increased while PDI
value reduced to 2.61. Besides that, the broadened elution curve with less intensity was
obtained for neat PVDF was further whereas new broad elution curves for high molecular
weights polymeric entities were observed before the elution volume reach to 17 mL. Since
the Mn increased more compared to Mw, it is possible that high molecular weight poly-
meric units have formed in the polymeric chains due to combination of controlled DHF
and crosslinking process between dehydroflurinated polymeric units, which eluted before
the low molecular weight polymeric units corresponds to neat PVDF (Figures 11 and 12).
The intensity of the elution curves attributed to high molecular weight units were steadily
decreased whereas the elution curve that belongs to neat PVDF appeared again as the sol-
vents with AA/IL mole ratios 4:1 and 6:1 were applied for the processing. The PDI values
of the treated samples were also increased to 3.51 and 3.78 for the solvents with AA/IL
mole ratios 4:1 and 6:1, respectively. As observed previously, the increase in AA amount in
the solvent composition decrease the rate of DHF process and subsequent crosslinking in
the polymeric chains of PVDF. In case of pure AA treated sample, single elution curve as
well as the PDI value equivalent to neat PVDF were obtained. Hence, IL and AA containing
solvent with an AA:IL mole ratio of 2:1 not only formed material with highest porosity
amongst applied solvents but it also allows the formation of high molecular weight units in
the treated polymeric chains of treated PVDF. However, as shown in Figure 10 and Table 3,
similar to solvent with an AA:IL mole ratio of 2:1, the solvents with higher mole ratios were
also able to introduce the porous characteristics in PVDF after the processing even though
their polydispersity after treatment had not significantly changed.
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Table 3. Mn, Mw and Mw:Mn ratio of neat PVDF and samples treated with IL and AA combined
solvents and AA.

Solvent Mn Mw Mw:Mn

Neat PVDF 45,983 209,123 4.55
AA/IL= 2:1 + PVDF 327,821 856,936 2.61
AA/IL= 4:1 + PVDF 62,931 220,316 3.51
AA/IL= 6:1 + PVDF 59,277 224,365 3.78
Acetic acid + PVDF 44,247 205,918 4.65

Mn = number average molecular weight, Mw = weight average molecular weight and Mw:Mn = polydispersity
index, PDI.
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3.12. Recovery of [EMIM][AcO] IL and AA Containing Mixture (AA:IL Mole Ratio of 3:1)

The reaction mixture comprised of solvent with an AA:IL mole ratio of 3:1 and dis-
solved PVDF was selected to show the recovery approach for the solvent after the thermal
treatment. After separation of dissolved PVDF as well as extracting solvent acetone, the
solvent was obtained with 93% recovery. In this case, low vacuum was applied during the
separation of acetone from the mixture to avoid the loss of AA considering its volatility
under vacuum. The current process for the recovery of solvent containing AA and IL
was preceded with acetone considering its high volatility compared to AA. As shown in
Figure 13a,b, the 1H NMR spectra confirms that the solvent was recovered with high purity
and no significant loss of AA was observed when comparing with the neat solvent.
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4. Conclusions

The [EMIM][AcO] ionic liquid and acetic acid containing solvents were fruitfully
applied for the thermal processing of PVDF where the physicochemical properties of the
treated materials were varied based on the composition of the applied solvents. The DSC
and Kamlet-Taft parameter study showed that the ionic liquid and acetic acid mixtures with
various combinations were able to form polar low temperature transition solvents with
varying basicity. FTIR and Raman as well as 13C MAS NMR analysis showed that the highly
basic as well as polar IL allowed the dissolution as well as extensive dehydroflurination
of PVDF, resulting in highly carbonaceous material. The solvent composition with an
equivalent mixture of an IL and acid having sufficient basicity and polarizability was not
able to dissolve or dehydroflurinate PVDF effectively. The IL and acid mixtures with
more than equivalent of AA possessed similar polar characteristics to IL and was able
to dissolve PVDF with negligible or no dehydroflurination of PVDF. The FTIR and XRD
analyses confirmed the transformation of neat and mixed phase PVDF to porous and
β crystalline phase rich material, after the thermal treatment in IL and acid comprised
solvents. Conversely, the treatment of neat PVDF in pure IL leads to the formation of an
α crystalline phase containing material with non-porous characteristics. The SEC study
showed that the polydispersity of PVDF decreased with an increase in the molecular
weight after dehydroflurination and possible cross-linking in its polymeric chains, when
a solvent with an AA:IL mole ratio of 2:1 was applied upon thermal treatment. The
solvent comprised with AA to IL mole ratio of 3:1 was recovered with high purity and
recovery after the thermal treatment of PVDF. Hence, the synthesis of industrially important
electroactive β crystalline phase rich PVDF with desired porosity was achieved by thermal
processing of PVDF in IL and acetic acid containing reversible solvent media. This thermal
processing approach can be explored at industrial scale (e.g., PVDF recycle from lithium
battery) since bulk availability of the IL is possible in near future (e.g., BASF, Solvionic,
Scionix, etc.). Besides that, the process can be industrially economical since comparatively
less amount of IL is required in the solvent composition compared to cheaper AA. The
obtained electroactive phase rich PVDF material has the potential to be applied not only
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in the electronic equipment, but considering porous characteristics, it can be also used to
fabricate porous membranes for the separation techniques such as water purification and
olefin-paraffin separation.
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