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ABSTRACT

This study provides a new insight into the relationships between absorption and adsorption processes that
occur during the treatment of iPP in aqueous solutions of metal-chloride salts, as well as the impact of
these processes on the electrical conductivity of this nonpolar polymer. The polypropylene films (0.5 mm)
were exposed to three-day treatments in aqueous solutions of chlorine salts of some alkali and transition
metals at temperatures of 22 °C and 80 °C. The treatments induced an increase in the electrical
conductivity of iPP, up to 800%. DC conductivity is not directly proportional to the concentrations of metals
in the treated films due to the complex relationships between diffusion and adsorption processes. The
experiment was set up to simulate the real-world conditions and the study provides practical knowledge on
the stability of the electrical conductivity of iPP under exposure to aqueous solutions. The influence of
electric aging on the electrical conductivity of the treated films was also examined.
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INTRODUCTION

Isotactic polypropylene (iPP) is a semi-crystalline polyolefin polymer with a large number of applications.
This polymer is characterized by low cost, environmental friendliness (absence of nitrogen and chlorine),
low density, non-polarity, crosslinking ability and good mechanical properties (viscoelasticity). Together
with polyethylene (another typical polyolefin polymer), iPP is widely used in packaging, household plastic
and machine products as well as in thermoelectric insulation. iPP is a particularly interesting material due
to good viscoelastic properties, which is a consequence of its semicrystalline structure [1]. On the other
hand, semicrystallinity, i.e. the existence of amorphous areas in this polymer, is a driver of degradation
processes that reduce the lifespan of this material [2-4]. Changes in the physical properties of iPP due to
treatment in aqueous solutions have not been sufficiently investigated. This study contributes to a better
understanding of the complexity of adsorption and diffusion processes that occur during the treatments of
iPP in aqueous solutions, also shows the changes in the electrical properties of this polymer induced by
these processes.

In certain cases, the diffusion of impurities into the polymer can be treated as a degradation. Diffused
impurities have little influence on the physical and chemical structure of the polymers, but at the same
time they cause significant changes in some physical properties such as electrical conductivity [5 - 7]. By
controlled impurity diffusion into a polymer, the desired modification of the properties of that polymer can
be achieved.. For this reason, the diffusion is extensively used method for modifying polymeric materials
especially in the fields of metal-plastic coatings, ionic polymer composites and organic electronics [8, 9].
There are numerous factors that may influence the process of diffusion from the environment into the
polymer: the size, polarity and chemical activity of the diffusing complex as well as the tendency of the



complex to condense on the polymer surface. For example, the dirfusion of ionic impurities from solution is
more probable than the corresponding atomic-molecular diffusion [10]. On the other hand, the
arrangement of the polymer amorphous phase and its polarity also affect the diffusion process [11]. In the
case of the processes of ion diffusion from aqueous solutions, the nature of ion hydration is the basic factor
that determines the diffusion intensity. Several studies on series of Li - Na - K aqueous solutions clearly
demonstrated an increase ion mobility with increasing in ion dimensions due to the change in their
interaction with water molecules [9,12]. Of course, this is not a general rule, since in some cases larger ions
show low mobility in aqueous solutions [10]. This study shows the effects of ion diffusion on the electrical
conductivity of iPP, which, as a non-polar polymer, represents a different environment for the ion transport
process relative to water. The presented results indicate that the effects of temperature on the structure of
hydrated ions are very important and should be taken into account. It has been shown that the shielding of
charges in hydrated ions and their polarity are of significant importance for diffusion processes. This has
also been suggested in several studies where the presence of carbon dioxide in solution and/or its pH value
was found to affect the diffusion processes [13-16].

Degradation of the electrical properties of iPP is the subject of a large number of studies. The presence of
trapped charges and changes in the amorphous phase due to various external influences are the dominant
factors that induce the degradation of its electrical properties [17-21]. iPP is a non-polar polymer and is
expected to behave well as an electrical insulator in humid conditions. But changes in its electrical
properties due to the diffusion of impurities from the humid environment are not documented, and this is
the main reason for initiating this study. Svorcik et al. [22] shows that diffusion from aqueous solutions of
alkali metal chloride salts into iPP produce a surface polarization of this polymer, which has been stable for
more than three months. The same study shows that saturation concentrations of diffused ions in iPP are
achieved after 60-minute treatments of 15 um thick iPP films at 100 °C. During the cooling of the iPP melt,
common in the industrial production of iPP products, uneven crystallization occurs in the polymer volume.
Parts of the polymer that are closer to cold surfaces contain a higher proportion of amorphous areas that
can show different morphologies, and which can affect the processes of diffusion of impurities. Under
normal cooling conditions of molten iPP, these areas reach up to 100 um from the surface of the molten
melt [23]. Having this in mind, in this experiment, we used melt pressed films with a thickness of 500 um
(0.5 mm) in order to get information about this polymer that can be used in real life applications. The time
treatment in this study of 72 h was significantly longer than in the the previously mentioned study (60 min)
[22], and nearly saturation concentration of ionic impurities in the 0.5 mm iPP films is expected. In our
previous paper, we showed that three-day treatments of iPP and polystyrene films in solutions of alkali
metal chloride salts induced a relatively small increase (up to a few percent) in the dielectric constant of
these polymers [24]. The results presented in this study show that the DC conductivity of iPP increases by
several hundred percent after three days of treatment in saturated aqueous solutions of the following
metal-chloride salts: LiCl, NaCl, KCI, MnCl,, FeCl, and NiCl,. The results also indicate the need for high-
voltage dielectric tests of polymers treated in this way.

EXPERIMENTAL SECTION
Materials

The isotropic sheets of isotactic polypropylene, HIPOLEN P EH71 (M,, = 110000), were made in a hot press
at 460 K and pressure of 1.75 MPa for 5 min, followed by quenching in water at room temperature. The
thickness of the sheets thus obtained was in the range of 0.5 = 0.01 mm and the calorimetric crystallinity
about 40%. Both sides of the obtained sheets were gently treated with sandpaper (P900) and then
sonicated in distilled water. The foils (10x10 cm in lateral dimensions) were treated at temperatures of 22
°C and 80 °C for three days in saturated solutions of the following salts: lithium chloride (LiCl), sodium
chloride (NaCl), potassium chloride (KCI), manganese(ll)chloride (MnCl,), iron(ll)chloride (FeCl,) and
nickel(Il)chloride (NiCl,), all of them from Merck, min 99% purity. After the described three-day treatment
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in metal chloride salts, the sheets were sonicated in distiiled water for 30 s at T = 30 °C and left for more
than 30 days under normal atmospheric conditions. For all the experiments, samples were taken from the
middle of the treated films. Electrical measurements were performed on disk-shape samples (D = 3 cm) and
graphite electrodes were applied.

Experimental methods

Fourier transform infrared (FTIR) spectroscopic analyses were performed at room temperature using a
Nicolet 380 FTIR (attenuated total reflectance) spectrophotometer in the spectral range 600-4000 cm™*
(step 2 cm™).

The inductively coupled plasma optical emission spectrometry (ICP-OES) method was used to determine
the concentration of metals in the samples. The measurements were performed using an iCAP 6500 Duo
ICP (Thermo Fisher Scientific, Cambridge, United Kingdom) spectrometer with iTEVA operational software.
Measurements were performed on at least three identically prepared samples. More details about the
applied experimental procedures in the above method can be found in our previous study [24].

The distribution of metallic impurities in the samples was determined by time-of-flight secondary ion mass
spectrometry (TOF-SIMS) using a TOF-SIMS 5 (Gmbh Germany) system. The cross sections of the samples
(1000x500 pm) were analyzed using a Bi*-ion beam at 30 kV; the spot was 5x5 pum, the pressure was 2 x
10~ mbar and applying 50 scans. Due to the weak and diffuse response of the CI” ion, under the given
conditions, the distribution of chlorine in the samples could not be determined.

The surface elemental compositions of the samples were investigated using a scanning electron microscope
(SEM) (Shimadzu model ZU SSX — 550 Superscan) coupled with an energy dispersive X-ray spectrometer
(EDS). The samples were fixed on conductive double sticking carbon tape without any sputter-coating, and
a low electron-beam current and 300 scans were applied.

The electrical measurements were performed using a Keithley 2401 ammeter and a DC high voltage source.
Electrical measurements and aging were carried out at room temperature using the following order:

(1) RUN 1 - Measurement of electrical conductivity of the samples during an increase in the
electric field at a speed of 1 MV m™ min™. The range of electric field changes was 0.1-10 MV m’
1

(2) Electrical aging - Immediately after the completion of the first measurement (RUN 1), a
constant electric field of 10 MV m™ was kept on the samples for 20 minutes.

(3) RUN 2 - Three days after the end of electrical aging, electrical conductivity measurements were
performed using the same conditions as before aging (RUN 1), and the previously applied
polarity on the samples was not changed.

RESULTS AND DISCUSSION

FTIR spectra of the samples did not reveal any changes in chemical composition of the surfaces of the iPP
films after the treatment. A slight staining was observed for the sample treated in FeCl, at 80 °C, but even
in this case the FTIR method gave a spectrum corresponding to that of pure iPP.

The concentrations of the metals in the iPP films were determined by the ICP-OES method, and the results
are shown in Figure 1. For each sample, only the concentrations of the metal from the chloride salt used in
the treatment are shown. The molar concentration values of the Li - Na — K alkali metal series in the films
are close in the case of Li and K, while the concentration of Na is about ten times larger. Somewhat similar
behaviour was observed for the concentrations of the Mn - Fe - Ni series of transition metals in the
samples, where the Mn and Ni concentrations are virtually identical, while the Fe concentration in the
samples is much higher (Figure 1). In order to understand the differences in metal concentrations in iPP

films after three-day treatments in saturated solutions of the metal chloride salts, it is necessary to first
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analyze the influence of water-solubility of the salts used in these experiments. Table 1 shows the water
solubilities of the metal chloride salts used [25]. Comparison of the results shown in Figure 1 and the results
on the solubility of the salts given in Table 1 reveals that significantly higher concentration values of Na and
Fe in the polymer samples with respect to the concentrations of other metals are not due to the higher
solubility of the NaCl and FeCl, salts.

Li Na K Mn Fe Ni
| | | | | |
C.[ng/d| 0.16 3.6 0.71 0.68 10.7 0.31
Cs [Mo/d| 0.21 3.3 1 0.62 355 0.87
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Figure 1. Metal concentrations in treated samples. Molar concentrations are shown graphically, while the
corresponding mass concentrations are presented numerically above the graphs. Black color — treatments
at 22 °C and red color — treatments at 80 °C.

The increase in the solubility of the metal-chloride salts due to an increase in the temperature of the
solution from 22 °C to 80 °C, was found to be about 30% except for the case of NaCl (Table 1). The samples
treated at high temperature (80 °C) in FeCl, and NiCl, solutions showed a significant increase in metal
content compared to the corresponding treatments performed at room temperature. This might be a
consequence of the thermal expansion and softening of the amorphous iPP phase after increasing in
treatment temperature from 22 °C to 80 °C, which allowed greater absorption of ions. However, we cannot
exclude possibility that the observed effects originate from the deposition of the salts onto the surface of
the films and the possibility that the sonication of the samples after treatment did not remove the salt
residues.

Table 1. Aqueous solubility of the metal chloride salts used, S,, - 20 °C and Sg, - 80 °C [25].

Salt LiCl NaCl KCl MnCl, FeCl, NiCl,
Sxg/(100ml) | 83 36 34.2 74 62.5 67
Ssog/(100ml) | 112 38 51.3 113 88.7 87

The TOF-SIMS method was used to prove the presence of metals in the bulk of the treated samples. In
addition to its high detection sensitivity, this method also enables obtaining a concentration profile of
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impurities in the material. The TOF-SIMS methoa confirmed that there was a diffusion of corresponding
metals within the entire sample bulk for all the samples. Figure 2 shows typical metal concentration profiles
along the cross-section of the treated films. Metal ion counts were normalized by the counting of ions of
similar mass originating from iPP due to irregularities (topology) of the scanned cross-sectional area of the
samples. Unfortunately, the absolute values of metal concentrations in our samples by the TOF-SIMS
cannot be obtained in this experiment. TOF-SIMS spectrometry of the samples showed that the highest
metal concentrations in the treated samples were observed in areas several tens of microns away from the
treated surface, which could be partly explained by the lower crystallinity of these areas compared to the
central areas in the film cross-section. The results also show that the type of ions (salts used) or treatment
temperature do not affect significantly the shape of the concentration profiles. Typical examples are shown
in Figure 2.

Count ratio

Count ratio

oot
0 100 200 300 400 500

Cross-section distance [um]

Figure 2. TOF-SIMS counts of a) K and b) Fe versus cross-sectional distance in the samples treated
respectively in KCl and FeCl, solutions at 22 °C, 1000x500 pum - scan area and 5x5 pum - spot (resolution).

The highest metal molar concentration was observed for the sample treated in FeCl, solution at 80 °C. In
order to qualitatively compare the content of metal (Fe) present on the surface and in the volume of the
film, this sample was tested by the SEM-EDS method (Figure 3).




Figure 3. SEM-EDS scans of the sample treated in reCl, solution at 80 °C: a) sample surface and cross-
section of the sample; b) cross-section 50 um from the surface.

Figure 3a shows a SEM-EDS image of the sample surface (up) and the sample cross-section (down). The
treated surface of the film clearly shows the presence of iron (red) and chlorine (blue), while the same
image shows that their presence in the cross-section was hardly noticeable. A significantly higher content
of impurities was observed on the sample surface than in the cross-sectional area of the iPP sample treated
in FeCl, solution at 80 °C. This indicates that the surface salt deposition influences to a high extent the
values of the molar concentrations of metals obtained by ICP-OES (Figure 1). Figure 3b shows a SEM-EDS
cross-sectional view of the same sample 50 um from the treated surface. At this depth, only the presence
of iron (green) can be noticed. Figure 3b suggests that the impurities diffused primarily through the
amorphous regions in the polymer, between the spherulites, and that they were predominantly located in
these regions. Based on the presented results, it can be concluded that the detected metal concentrations
in the samples (Figure 1) are rather due to the surface deposition than due to the diffusion processes. The
results on DC conductivity of the films can offer a better understanding of the observed phenomenon.
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Figure 4. DC conductivity of selected iPP samples versus electric field, the rate of increase of the electric
field is 1 MV m™ min™, run 2 - indicates that electrical aging has been applied.

The DC conductivities of the selected iPP films are shown in Figure 4. The untreated iPP film shows the
lowest DC conductivity (black square symbols) but the conductivity tends to increase after electrical aging
(open square symbols). All the samples treated in saline solutions showed an increase in electrical
conductivity compared to the neat iPP. The electrical conductivity of the film treated in KCl solution at 80 °C
only slightly increase after electrical aging (blue circle symbols in Figure 4). The largest increase in electrical
conductivity was observed in the sample treated in FeCl, solution at 22 °C (red triangle symbols in Figure 4).
As can be seen in Figure 4, the DC electrical conductivity of iPP increases nonlinearly with increasing applied
electric field, a well-known phenomenon typical for most low electrical conductivity linear polymers [5,18].
The electrical conductivity of iPP increases due to voltage-stimulated induction (in the polymer) and
injection (by the electrode) of charge carriers. Also, during the application of the electric field, charge traps
are formed in the polymer that stimulate electrical conductivity [20,26,27]. The shape of the dependence of
DC electric conductivity on the electric field, shown in Figure 4, depends on the rate of increase of the
electric field. The reason for this is the limited movement of the field-induced charge.

Figure 5 shows the percentage increase in DC electrical conductivity of all the samples relative to that of
neat iPP as a function of the applied electric field. The treatment-induced increases in film conductivity are
the most pronounced at electric field values around 5 MV m™ (up to several hundred percent). At the
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lowest (<1 MV m™) and highest (10 MV m ') eiectric fields the conductivity increases are generally up to
100%. The largest increases in the conductivity of the treated samples occur in the electric field range
where the pure polymer shows a pronounced increase in the o (E) dependence (~ 5 MV m™). Such behavior
suggests that diffused impurities contribute to the carrier and/or trap generation processes. Also, the
presented results indicate that the dielectric testing of such materials should be carried out at electric fields
larger than 2 MV m™ = 2 kv mm™ because the dielectric losses in the treated polymers can be significantly
higher than in the untreated ones.

d)MnCl, | e)FeCl,

- a) Licl

I-'I'I'I'l'l BN B EE BN B I B SN I I A P SL R R I )
00 24681002 4681002 46 8100 2 4 6 810
Electric field [MV/m]

Figure 5. Percentage changes of DC electrical conductivity of treated iPP films relative to DC electrical
conductivity of untreated iPP. The salts used in the treatments are indicated in the figure; RUN 2 - signifies
that electrical aging has been applied; the treatment temperatures are also indicated.

Significantly higher increase in conductivity of the samples treated in salt solutions at room temperature
(black in Figure 5) than the conductivities of the samples treated at 80 °C (red in Figure 5) are rather
strange. Based on the results in Figure 1 and the pronounced coefficient of thermal expansion of
polyolefins [28], it was expected that higher temperatures of polymer treatment in solutions will contribute
to a better diffusion of impurities and thus to a higher conductivity of the polymer. However, the results in
Figure 5 suggest an opposite effect. Existing studies indicate that increasing in temperature improves the
absorption ability of polar polymers in polar solvents (water/salt) [7,10]. Given that iPP is a non-polar
polymer, the above is obviously not valid. Two main reasons for the reduced diffusion at elevated
temperatures can be given: first, the temperature-stimulated ion dynamics in solution reduces the
probability of ion diffusion into iPP; and second, the nature of ion hydration during the 80 °C treatment
leads to a higher surface salt deposition than in the case of the room temperature treatment. Another
reason for the lower conductivity of iPP films treated at 80 °C might be the process of secondary
crystallization of iPP during the three days of treatment [29]. Secondary crystallization may affect diffusion
due to the reorganization of the amorphous phase of iPP.

Electrical aging has led to a decrease in the DC electrical conductivity of the samples treated at room
temperature (black symbols in Figure 5, RUN 2 - aged samples). A probable reason for this is the
aggregation of impurities in the polymer due to the application of an intense electric field over time
[4,5,19]. Changes in the electrical conductivity of iPP samples treated at 80 °C after electrical aging are less
pronounced, and in the case of samples treated in MnCl, and NiCl, solutions there was a slight increase in
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DC conductivity due to aging (red in Figure 5). The differer.ces in the effects of electrical aging on the
electrical conductivity of the samples treated at different temperatures indicate that the diffusion of
impurities into the polymer was less pronounced during treatment at 80 °C than during treatment at 22 °C.
In other words, the aggregation or displacement of impurities in the samples treated at 80 °C during the
prolonged electrical aging did not significantly affect the electrical conductivity. For the practical
applications of iPP as an electrical insulator, it can be concluded that the insulating properties of the iPP
films treated in the mentioned metal chloride salt solutions will not be significantly affected by electric
aging with DC electric fields up to 10 MV m™.

The resulting changes in DC conductivity of the treated iPP samples obviously do not correspond directly to
measured metal concentrations. This is due to the different intensities of the metal diffusion processes into
the polymer and processes of the adsorption onto the polymer surface. The presented results indicate that
the intensities and relative contributions of these processes are influenced by the temperature-dependent
distribution of the hydrated ions in the solutions. The previous studies on the mobility of the series of Li-Na-
K ions in aqueous solutions showed direct relationship between the size of the ion and its mobility. As the
results of the DC conductivity show (Figure 5), these is not preserved in the case of the ion motion through
iPP sample.

CONCLUSIONS

This article describes the changes in DC electrical conductivity of polypropylene films (0.5 mm) after three-
day treatments in saturated aqueous solutions of metal-chloride salts (LiCl, NaCl, KCl, MnCl,, FeCl, and
NiCl,) at temperatures of 22 °C and 80 °C. According to the FTIR results there were no chemical changes in
the samples after the treatment. The TOF-SIMS method confirmed the presence of diffused metals in all
the samples, with the highest metal concentrations at several tens of um from the treated film surface. DC
conductivities of the iPP films were measured during an increase in the electric field at a speed of 1 MV m™
min™. The salt-treatment induced an increase in the conductivity of the iPP films, with the maximum
increase of several hundred percent at electric field values of about 5 MV m™. At the lowest (<1 MV m™)
and the highest electric field (10 MV m™) values the observed increases in conductivity was about 100%.

The results indicate that the diffusion and adsorption processes, during the treatment of iPP in solutions,
depend on the type of ions and the temperature of the solution. Based on DC conductivity measurements,
it can be concluded that the diffusion of impurities in iPP was more pronounced during treatments at 22 °C
compared to treatments at 80 °C. DC electric aging using an electric field of 10 MV m™ did not significantly
change the electrical insulating properties of the iPP films treated in metal chloride solutions. This study
suggests the dielectric testing of these materials should be carried out at the electric fields larger than 2
MV m™ (2 kV mm™), since dielectric losses might be very pronounced under these conditions.
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