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Abstract
Membrane techniques can be used to separate different compounds, i.e., toxic metal ions from waste waters. As any other 
method of separation, also this one, based on polymer inclusion membranes (PIMs), has certain limitations. One of them 
is the stability of membranes. In the present paper, the dependence of the physical and chemical properties on composition 
of PVC-based polymer inclusion membranes doped with phosphonium ionic liquids (CYPHOS IL 101, CYPHOS IL 104, 
CYPHOS IL 105 and CYPHOS IL 109) was studied. The thermal stability of investigated membranes was examined by ther-
mogravimetry together with differential thermogravimetry analysis. Obtained results showed that studied PIMs are stable to 
the temperature of about 170 °C. The membrane morphology was examined by attenuated total reflectance Fourier-transform 
infrared (ATR-FTIR) spectroscopy, as well as scanning electron microscopy (SEM). The visibility of all characteristic bands 
in the ATR-FTIR spectra confirmed the presence of individual components in the membranes: a polymer, a plasticizer and 
the carriers. It also suggested that there were no signs of the covalent bond formation between the polymer, the plasticizer 
and the carrier. Only van der Waals or hydrogen bonds could be present. Moreover, in the SEM images of the investigated 
PIMs a rough surface without pores was observed.
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Introduction

Membrane techniques are effective and selective methods, 
because they can be used to separate different compounds, 
i.e., metal ions. A scope for their application and their envi-
ronmental potential are extensive; thus, to this date they are 
the best alternative to known separation techniques. As any 
other method of separation, also this one, based on polymer 
inclusion membranes (PIMs), has certain limitations. One 
of them is the stability of membranes. To tackle this issue, 
numerous scientific studies are conducted. The key task is 
to select substrates making possible to obtain PIMs capable 
of selectively separating the studied substance with a high 
effectiveness while being characterized by a high mechanical 
strength. The main PIM components are: a polymer matrix, 
plasticizer and a metal ion carrier. Both polyvinyl chloride 

(PVC) [1] and cellulose triacetate (CTA) work well as the 
polymer matrix [2], while ethers [3] and adipates [4] are the 
most commonly used plasticizers. The compounds used as 
metal ion carriers include compounds from the imidazole [5, 
6], β-diketones [7], or phosphonium ionic liquids [8] groups.

The phosphonium ionic liquids are characterized by their 
high thermal stability (ca. 400 °C), and their temperature 
of decomposition mainly depends on an anion present in 
the ionic liquid structure. Deferm et al. [9] studied thermal 
stability of the commercially available trihexyl(tetradecyl)
phosphonium chloride (CYPHOS IL 101). The authors of 
this paper proved that impurities present and higher heating 
rates lead to an under- and overestimation of the thermal sta-
bility, respectively. Moreover, the presence of oxygen leads 
to a lower thermal stability. Studies confirmed that by adding 
metal chlorides to the ionic liquid, the thermal stability is 
increased. The chloride anions are coordinated to the metal 
ion, so that the Lewis basicity of the anions is reduced.

Keating et al. [10] studied thermostability of CYPHOS 
IL 103 (trihexyl(tetradecyl)phosphonium decanoate) 
and CYPHOS IL 109. They found out that decomposi-
tion of these compounds in the air takes place in range of 
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temperature from 200 to 475 °C. Black residues were found 
after heating to 740 °C in TG in 5.0 and 0.6 mass/% for 
CYPHOS IL 103 and 109, respectively.

Properties other than thermal stability of selected phos-
phonium ionic liquids are shown in Table 1. 

In recent years, the phosphonium ionic liquids have 
attracted a significant interest of researchers studying sol-
vent extraction [11–14] and membrane techniques [15–18], 
due to their properties.

For example, Guo et al. [15] prepared a new type of poly-
mer inclusion membrane (PIM), which was then applied in 
Cr(VI) transport. The novel PIMs are composed of three 
main components: poly(vinylidene fluoride) (PVDF), 
1-alkyl-3-methylimidazolium hexafluorophosphate or tetra-
fluoroborate  (BF4) and trihexyl(tetradecyl)phosphonium bis-
2,4,4-(trimethylpentyl)phosphinate (CYPHOS IL 104). The 
authors proved that the permeability coefficient of mem-
brane with CYPHOS IL 104 as carrier was 13 times higher 
than that of Aliquat 336. Baczyńska et al. [16] investigated 
the influence of PIMs containing CTA, o‐nitrophenyloctyl 
ether (ONPOE), and of CYPHOS IL 101 or CYPHOS IL 
104 aging on their morphology and the efficiency of Zn(II) 
transport. Pośpiech [17] used the same type of membranes 
for the facilitated transport of cadmium(II) and copper(II) 
ions from aqueous chloride solutions. She demonstrated that 
an increase in the carrier concentration results in an increase 
in the polymer membrane viscosity, and this forms an addi-
tional barrier in a diffusion mass transport through the PIM. 
Similar observations were made by Przewoźna et al. [18], 
who found that too high amount of the carrier could result 
in its secretion on the membrane surface, also forming an 
additional barrier to the mass transport through PIM.

It should be noted that all listed studies focused on mem-
branes with CTA as the polymer matrix. The studies on mem-
branes obtained from PVC or phosphonium ionic liquids are 
scarce. The polymer inclusion membranes with the PVC 
matrix and the CYPHOS IL 101 carrier were used for sepa-
ration of Zn(II) ions from aqueous chloride solutions [19].

In the present paper, the dependence of the physical prop-
erties on composition of PVC-based membranes doped with 
phosphonium ionic liquids was investigated. The membranes 

were obtained by the solution casting method. The ther-
mal stability of the membranes was examined by thermo-
gravimetry (TG) together with differential thermogravim-
etry (DTG) analysis, while the membrane morphology was 
examined by attenuated total reflectance Fourier-transform 
infrared (ATR-FTIR) spectroscopy, as well as scanning elec-
tron microscopy (SEM).

Experimental

Reagents

The reagent, i.e., suspension polyvinyl chloride (PVC), 
of an average molecular weight of 72 000, was obtained 
from ANWIL, Wloclawek, Poland. The suspension PVC is 
formed during the industrial suspension polymerization of 
vinyl chloride (VCM). Tetrahydrofurane (analytical grade) 
was purchased from Avantor (Gliwice, Poland) and was used 
without further purification. The phosphonium ionic liquids 
(CYPHOS IL 101, CYPHOS IL 104, CYPHOS IL 105 and 
CYPHOS IL 109) and bis(2-ethylhexyl)adipate (DAO) were 
purchased from Sigma-Aldrich (Poznan, Poland).

Membrane preparation and transport experiments

A total of six different membranes were obtained. Blank 
membranes, PIM 1 and PIM 2, were prepared from a mix-
ture of tetrahydrofurane with pure PVC and a mixture of 
tetrahydrofurane with PVC and DAO, respectively. Others 
membranes (PIM 3–PIM 6) were prepared from a ternary 
mixtures of tetrahydrofurane, containing PVC, DAO and one 
of phosphonium ionic liquid (Fig. 1).

Tetrahydrofurane was used only as a solvent. The obtained 
mixtures were poured out on ANUMBRA self-levelling 
dishes. After the evaporation of the tetrahydrofurane, 24 h 
later, the membranes were removed from the glass surface and 
immersed in distilled water for 12 h to obtain a film structure.

Compositions of the obtained membranes are presented 
in Table 2.

Table 1  Properties of chosen phosphonium ionic liquids

*Information comes from the characteristic cards of the studied compounds

CYPHOS IL 101 CYPHOS IL 104 CYPHOS IL 105 CYPHOS IL 109

Formula C32H68ClP C48H102O2P2 C34H68N3P C34H68F6NO4PS2

Molecular mass 519.31 g mol−1 773.27 g mol−1 549.90 g mol−1 764.00 g mol−1

Flash point 118 °C* n/d n/d 52 °C*
Density 0.895 g mL−1 at 20 °C* 0.895 g mL−1 at 20 °C* 0.900 g mL−1 at 20 °C* 1.070 g mL−1 at 

20 °C*
Assay ≥ 95.0% (NMR)* ≥ 95.0% (NMR)* ≥ 95.0% (NMR)* ≥ 95.0% (NMR)*
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PIMs characterization

The obtained PIMs were characterized by thermogravim-
etry (TG), together with differential thermogravimetry 
(DTG) analysis, attenuated total reflectance Fourier-
transform infrared (ATR-FTIR) spectroscopy, and scan-
ning electron microscopy (SEM).

Thermal analyses (TG and DTG) of the PIMs were done 
in nitrogen atmosphere (150 cm3  min−1) using Netzsch 
TG 209 F3 Tarsus at the scanning speed of 10 °C  min−1.

The ATR-FTIR spectra of the membranes were measured 
with a Bruker Alpha Spectrometer and were recorded within 
a wavenumber range of 450–4000 cm−1.

SEM images of the membranes were obtained with 
the Hitachi SU3500 SEM/EDS microscope operated at 
10.0 kV. The membranes were visualized at 10.0 × 10.0 μm 
or 200.0 × 200.0 μm magnifications.

Results and discussion

The thermal stability, the presence of functional groups of 
individual substrates, and the analysis of surfaces of the 
obtained membranes were determined with TG and DTG, 
ATR-FTIR and SEM methods.

TG and DTG analysis

The thermal stability is understood as a temperature at which 
the chemical destruction of the polymer begins. Analyses 
of the thermal properties are used to determine the long-
term life cycle of a given plastic, as well as to specify the 
maximum acceptable temperature of work. The thermal 
stability is closely related to the macromolecular structure. 
The higher stiffness of the macromolecule contributes to an 

Fig. 1  Structures of phospho-
nium ionic liquids (carriers in 
tested PIMs)
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Table 2  Composition of investigated membranes

Membranes PIM 2–PIM 6 contained 15  vol% of plasticizer, and 
membranes PIM 3–PIM 6 contained 20 vol% of carrier

Membrane Polymer Plasticizer Carrier

PIM 1 PVC – –
PIM 2 PVC DAO –
PIM 3 PVC DAO CYPHOS IL 101
PIM 4 PVC DAO CYPHOS IL 104
PIM 5 PVC DAO CYPHOS IL 105
PIM 6 PVC DAO CYPHOS IL 109



4440 K. Witt, E. Radzymińska-Lenarcik 

1 3

improvement in the thermal resistance. It can be increased, 
for example, by the presence of aromatic cycles, heterocy-
cles, or hydrogen bonds.

The symmetry of the structure, the presence of substitu-
ents in the chains, and cross-linking are also of great impor-
tance. As in PIMs, the film stiffness is an unfavorable prop-
erty; a plasticizer is added to the mixture, reducing the glass 
point and molecular interactions, and increasing polymer 
chain mobility, thus rendering the film flexible.

Studies on the polymer thermal resistance are usually 
conducted in the inert gas atmosphere. When polymers are 
heated to a high temperature, the chemical bonds in the main 
and the lateral chains are broken, low molecular gaseous 
products are generated, and, frequently, intramolecular reac-
tions of cyclization and elimination occur. In the linear poly-
mers, a depolymerization, i.e., reconstruction of a monomer, 
may also take place.

Figure 2 presents TG and DTG curves for the tested 
membranes.
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Fig. 2  TG and DTG curves of the investigated membranes
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Fig. 3  ATR-FTIR spectra of the tested membranes
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The curves shown in Fig.  2 demonstrate that when 
the plasticizer is added to pure PVC (PIM 1) at a level of 
15 vol%, the thermal stability of a membrane obtained this 
way (PIM 2) will not change significantly. The results indi-
cate that the thermal decomposition of these two membranes 
can be divided into two stages. At the first stage, occurring 
in the range of 230–360 °C, HCl is eliminated from poly-
mer chain, and mass loss is 65%. The second stage occurs 
in the range 390–520 °C, and the mass loss is 25%. In these 
conditions, condensation and cross-linking of the resetting 
polyene take place [20, 21]. Above 520 °C, total charring of 
the membranes occurs.

An addition of the carrier to the membrane causes a rel-
evant decrease in its thermal stability. Decomposition of the 
samples containing CYPHOSs (PIM 3–PIM 6) begins at ca. 
170 °C, and in most cases can be divided into three stages. 
Using of different phosphonium ionic liquids causes differ-
ences in the thermal distribution of the studied membranes. 
This is related to the various structure and thermal stability 
of the used CYPHOSs. The obtained results of the thermal 
analysis, as well as the visual evaluation of the membranes, 
indicate that the carrier plays a function of a plasticizer in 
the same way.

Studied PIMs are stable to the temperature of about 
170 °C.

ATR‑FTIR analysis

The ATR-FTIR spectra of the tested membranes are shown 
in Fig. 3. The interpretation of infrared spectra was made 
using IRPal 2.0 program.

The pure PVC membrane spectrum (PIM 1) showed that 
bands at 612 and 690 cm−1 were attributed to the bending 
modes of the C−H bonds, the bands at 1254 and 1335 cm−1 
corresponded to the stretching modes of the C−X bonds 
(where X is Cl), and the band at 1426 cm−1 and the bands 
from 2850 to 3000 cm−1 corresponded to the stretching 
modes of the C−H bonds.

In the PIM 2 spectrum (PVC + DAO membrane), the 
intensities of the bands corresponding to PVC were lower. 
Moreover, in this spectrum, an additional band was visible 
at 1725 cm−1. It corresponded to the stretching mode of the 
C=O bond in the DAO molecule.

Characteristic bands in the range from 2850 to 2960 cm−1, 
attributed to the –CH2–and –CH3 bonds in the each carrier, 
are visible in the spectra for membranes from PIM 3 to PIM 7.

Fig. 4  SEM images of tested 
membranes

PIM 1 PIM 2 PIM 3
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The spectrum for PIM 4 contained characteristic bands 
from 1100 to 1200 cm−1, attributed to the P=O bonds.

The C≡N bond gives a characteristic band in the range of 
the wavelength from 2100 to 2200 cm−1. This band is visible 
in the spectrum of the PIM 5 membrane and confirms the 
presence of CYPHOS IL 105 in the tested film.

In the next spectrum (PIM 6), a S=O bond gives a band 
at 1190 cm−1 and there are numerous bands in the range of 
1000–1350 cm−1, confirming the presence of C−F bonds in 
the membrane.

The visibility of all characteristic bands in the above ATR-
FTIR spectra confirmed the presence of individual components 
in the membranes: a polymer—PVC, a plasticizer—DAO and 
the carriers—phosphonium ionic liquids (CYPHOS IL 101, 
CYPHOS IL 104, CYPHOS IL 105, CYPHOS IL 109). It also 
suggested that there were no signs of the covalent bond forma-
tion between the polymer, the plasticizer, and the carrier. Only 
van der Waals or hydrogen bonds could be present.

SEM analysis

Scanning electron microscopy (SEM) was used to determine 
the appearance of the membrane surfaces and cross sections. 
The obtained images are shown in Fig. 4.

The surface of PIM of pure PVC contains lumps, and 
this may indicate incomplete melting of the polymer (PIM 
1). Other membranes, containing 15 vol% of plasticizer, 
had more dense structures (PIM 2–PIM 6). Moreover, in 
the SEM images of the surface and the cross section of the 
investigated PIMs no pores were found. The obtained results 
are consistent with observations of Ugur [22], who also did 
not find any pores in PIM when analyzing SEM images 
shown at the μm scale.

The images of the membranes containing carriers (PIM 
3–PIM 6) showed a clear roughness of the film surfaces. In 
the case of PIM 5, the roughness was much more visible. 
Carriers could crystallize in the membrane and, for exam-
ple, CYPHOS IL 109 molecules migrated to the membrane 
surface, causing its roughness.

Conclusions

The thermal stability of polymers is closely related to the 
macromolecular structure. It can be increased by the pres-
ence of aromatic cycles, heterocycles, or hydrogen bonds. 
Obtained results of TG and DTG analyses of tested PIMs 
showed that when the plasticizer is added to pure PVC at 
a level of 15 vol%, the thermal stability of a membrane 
obtained this way will not change significantly. An addition 
of the carrier to the membrane causes a relevant decrease in 
its thermal stability. Decomposition of the samples contain-
ing CYPHOSs begins at ca. 170 °C.

The ATR-FTIR analysis confirmed the presence of indi-
vidual components in the membranes: a PVC, a DAO, and 
the carriers—phosphonium ionic liquids. Results also sug-
gested that there were no signs of the covalent bond forma-
tion between the polymer, the plasticizer, and the carrier. Only 
van der Waals or hydrogen bonds could be present. Moreover, 
the SEM analysis indicated a rough surface of tested PIMs. 
For example, the CYPHOS IL 109 molecules migrated to the 
membrane surface, causing an increase in its roughness.
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