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ABSTRACT - The development of an environmentally friendly polymer electrolyte membrane  ARTICLE HISTORY
for lithium-ion batteries is essential. A combined membrane composed of chitosan and polyvinyl  Received: 23 May 2024
alcohol (PVA) is one of the eco-friendly polymer membrane types used for lithium-ion battery Revised: 24 Jul 2024
electrolytes. The addition of ionic liquids and additives might improve the performance of the = Accepted: 17 Sep 2024
membrane. Therefore, this study examined the effect of ionic liquid 1-hexyl-3-methylimidazolium
iodide (HMII) and lithium bis(oxalate) borate (LiBOB) electrolyte addition on the characteristics of KEYWORDS
composite membranes made of chitosan and PVA. Chitosan:PVA composition was made CMitosan
constant at 3:2, whie the LiBOB was varied at 10, 25, and 40 wt.%. The HIl was added by 0.1  © V"™ aicohl,

I . . : -hexyl-3
mL to ensure the HMII addition could be investigated. The results from scanning electron methylimidazolium iodide
microscope (SEM), Fourier-transform infrared (FTIR), stress-strain test, and electrochemical jqpc jiquid,
impedance spectroscope (EIS) revealed that the addition of LIBOB and HMIl was able to promote | ithium bis(oxalate) borate
the agglomerations and the formation of microcrystals, which increased the mechanical properties  electrolyte,
and ionic conductivities of the membranes. The membrane sample with a LIBOB composition of  Li-ion battery
25% produced the highest mechanical properties with tensile strength of 21.11 MPa and elastic
modulus of 1.93 MPa. The membrane sample with a LiBOB composition of 25% with the addition
of HMII produced the highest ionic conductivity of 7.28 x 10-9 S/cm.

INTRODUCTION

Lithium-ion (Li-ion) battery is one of the most promising secondary battery nowadays due to their wide
useability for saving electric energy, both in communication and transportation [1],[2]. The electrolyte is
considered one of the most important components of Li-ion batteries. Electrolyte facilitates lithium ions (Li*) to
transport freely between two electrodes so that the electric charge can be obtained, but electrolytes must be able
to prevent short circuits between two electrodes [3]. In the application of electric transportation, which usually is
a high-temperature system, an electrolyte that is stable in high-temperature conditions is required. Solid polymer
electrolyte (SPE) has relatively better thermal, mechanical, and chemical stability than gel polymer electrolytes
(GPE) and liquid electrolytes [4]-[6]. Recently, eco-friendly polymers, whether derived from natural substances
or not, are highly desirable to support green energy campaigns [6].

One promising eco-friendly polymer is chitosan. As one of the natural polymers, chitosan can be obtained
from living organisms like plant and animal body parts. From the exoskeletons of insects, shells of crustaceans,
or various fungi, chitinous waste can be extracted biologically or chemically to produce chitin. In particular, the
de-acetylation process of chitin will produce chitosan [7].

Chitosan is difficult to dissolve in water at neutral pH, so the ambient pH has to be lowered to facilitate the
dissolution, such as by adding a weak acid. A very small concentration of weak acid is adequate to protonate the
amine groups of chitosan to become a polar site so that chitosan can be dissolved in water [8]. Chitosan is a linear
polysaccharide composed of randomly distributed de-acetylated units (B-(1,4)-D-glucosamine) and acetylated
units (N-acetyl-D-glucosamine). Chitosan has amino groups and hydroxyl groups on its backbone, thereby giving
it the polycationic characteristic. Due to this structure, chitosan has been studied for the development of electro-
responsive materials [9].

However, the use of pure chitosan film is impractical due to its sensitivity to environmental conditions and
poor mechanical properties. The flexibility of chitosan film can be improved by combining it with other polymers
or a plasticizer [10]. There are many synthetic polymers mostly used in solid electrolytes, such as polystyrene,
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polyethylene oxide, polyvinyl alcohol (PVA), polycaprolactone, polymethyl methacrylate, polyvinyl chloride,
polyvinyl pyrrolidone, and polyvinylidene fluoride. Among them, PVA is considered one of the most promising
polymers due to several advantageous properties: relatively easy to fabricate, biodegradable, non-toxic, highly
soluble in water, inexpensive, and odorless. PVA also exhibits high tensile strength, thermal stability, dielectric
constant, and electrical capacity [11],[12]. Moreover, PVA has the hydroxyl (-OH) groups as the hydrogen
bonding source, so a polymer complex can be constructed. The dissolution of salt in PVA is easier because of its
polar group of hydroxy and its high chain flexibility [13].

Bernal et al. synthesized a nanofiber of PVA/chitosan using various compositions of chitosan. They found that
the morphological uniformity of the membrane samples was poor if the composition of PVA was twice as much
as chitosan. A ratio of chitosan:PVA of 4:5 produced better membrane uniformity. A lower concentration of
chitosan diminished the entanglement and polymer—polymer interaction, thus causing chitosan to lose its fibrous
structure and the morphological uniformity of the membrane [9]. Wardhono et al. did a similar study, but they
added a crosslinking agent to increase the mechanical properties of the membrane [14].

As the chitosan content increased, the thermal stability of the chitosan/PVA membrane decreased, but the
mechanical properties and the swelling degree of the membrane increased [9],[10]. Cheedarala and Song
confirmed that combining chitosan with PVA increased the mechanical strength of the resulting membrane. The
strain (%) and tensile modulus (MPa) of chitosan and PVA were 2.3 and 10.8 and 4 and 13.8, respectively. The
chitosan/PVA membrane produced a strain (%) of 10.8 and tensile modulus (MPa) of 15.8 due to chemical cross-
linking through the strong hydrogen bonding between chitosan and PVA [15]. Both chitosan and PVA have a
hydroxyl group, which supports ionic exchange via the membrane, and chitosan has an amine group with a similar
role. Combining chitosan with PVA will increase the membrane’s ionic conductivity based on two possible
reasons: a) the hydroxyl group of PVA increases the acidity of the membrane; b) the more the PVAs are added,
the more the hydroxyl groups react with the amine groups of chitosan to form a polyelectrolyte complex [16].

PVA and chitosan show good compatibility with each other. Still, chitosan exhibits a major flaw: it reduces
the crystallinity and strain capacity of the membrane, which increases the stiffness of the membrane [7]. To
overcome this, the chitosan membrane can be treated with several lithium, ammonium, or sodium salts to improve
its properties [8]. Previous studies have shown that the addition of Li, Ag, or Cu ions to the chitosan membrane
was able to increase its ionic conductivity. The traditional lithium salts used in polymer electrolytes are LiPF4,
LiClOs, LiBF4, etc. [17]. Lithium bis(oxalate) borate (LiBOB) is a relatively biodegradable, cheap, and non-toxic
lithium salt. It exhibits high thermal and electrochemical stability, high decomposition temperature (up to beyond
290°C), hygroscopic properties, low ionization in water, and is slightly soluble in propylene carbonates, esters,
ketones, and lactones [18]. LiBOB has been used in previous studies to modify the properties of polymer-based
membranes. For example, Khan et al. studied the effect of LiBOB addition to polymethyl methacrylate (PMMA)
and polylactic acid (PLA) gel polymer blend (PMMA:PLA 80:20) [19]. LiBOB was found to alter the PMMA-
PLA bond. LiBOB addition also affected the crystallinity of the sample, with 20 wt.% being the most amorphous.
Yuan et al. added LiBOB to a Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) membrane with
additional lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) as an ionic liquid. They observed the addition of
LiBOB to increase the tensile strength and modulus. The addition of LiBOB also improved the ionic conductivity
until a certain point where the ionic conductivity improvement was found to be insignificant [20].

Meanwhile, ionic liquids are liquids at room temperature that have low viscosity and melting point, are soluble
in organic and inorganic solvents, and exhibit high electrical conductivity and good thermal stability [21]. The
addition of ionic liquid will increase the ionic conductivity of the membrane [22]. Alkyl imidazolium, such as 1-
hexyl-3-methylimidazolium iodide (HMII), is a commonly used ionic liquid for electrolyte application. HMII has
an imidazolium group as a base structure, two alkyls with different chain lengths as side groups (6 carbon chain
as hexyl and 1 carbon chain as methyl), and iodide ion (I). Therefore, it has an organic cation as the imidazolium
group and an inorganic anion as iodide. HMII, as an ionic liquid, is a good candidate as a plasticizer for
electrochemical applications because they have negligible vapor pressure, is hon-flammable, thermally stable,
chemically stable, and has high ionic conductivity [23]. Chew et al. used HMII to improve the ionic conductivity
of gel polymer electrolytes made from polyacrylonitrile (PAN) [24]. Qin et al. found the optimum HMII addition
amount to poly(1,6-hexanediol diacrylate) (PHDA) membrane to the function of its ionic conductivity. The
miscibility of HMII to PHDA was suggested to affect the optimum HMII input to the membrane. Hence, different
membrane constituents will lead to different membrane ionic conductivity properties [25].

Herein, we studied the effect of HMII and LiBOB addition on the characteristics of composite membranes
made of chitosan and PVA. Our former sub-research already tried to make a combination of chitosan and PVA,;
the composition 9:1 for chitosan:PVA did not result in good membranes (too brittle), and 3:2 was better. Six
membrane samples with a ratio of chitosan:PVA (3:2) and varied compositions of LiBOB electrolyte were
prepared. The surface and chemical properties of the membranes were observed to determine how the addition of
HMII and LiBOB affected the mechanical properties and ionic conductivity of the membranes.
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EXPERIMENTAL METHOD

Materials and Instruments

All materials used in this study were purchased from Aldrich, including polyvinyl alcohol (PVA), ionic liquid
1-hexyl-3-methylimidazolium iodide (HMII), chitosan, and Lithium bis(oxalate) borate (LiBOB) electrolyte. All
of these materials were obtained in pro analyst grade.

The equipment used in this paper was electrochemical impedance spectroscopy (EIS) Metrohm Autolab for
electrochemical characterization, scanning electron microscope (SEM) Jeol-JSM I1T-200 for morphological
analysis, universal testing machine for mechanical characterization, and Fourier-transform infrared (FTIR) for
functional group analysis.

Method and Procedure

Firstly, PVA was diluted with deionized water, while chitosan was diluted with acetic acid of 1%. The PVA
solution was then mixed with LiBOB salts of varied compositions and poured into the chitosan solution. lonic
liquid HMII was added to several solutions but not to several others. Each solution was then cast into the petri
dish evenly and dried using silica gel for three days. The detailed composition of the samples used is displayed in
Table 1.

Table 1. Composition of samples

Sample  Chitosan P\O/A HMII L'E:’JOB
code (% wiv) e (mL) %
VIV) VIV)
KPL10 3 2 - 10
KPL25 3 2 - 25
KPL40 3 2 - 40
KPIL10 3 2 0.1 10
KPIL25 3 2 0.1 25
KPIL40 3 2 0.1 40

The properties of the membranes produced were then characterized using scanning electron microscopy—
energy dispersive X-ray (SEM-EDX), FTIR, a stress-strain test, and electrochemical impedance spectroscopy
(EIS).

RESULT AND DISCUSSION
Surface and Cross-Section Appearance of Membrane Samples

Chitosan had to be dissolved first in acetic acid separately before mixing with the other materials. Acetic acid
of 1% was used as a solvent for chitosan because chitosan is difficult to dissolve at neutral pH conditions. The
amine groups of chitosan must first be protonated to become a polar site. This site plays a role in facilitating the
solubility of chitosan in polar solvents, such as deionized water. In this stage, strong acids, such as hydrochloric
acid or sulfuric acid, are not needed as they may oxidize the hydroxyl (-OH) groups of chitosan so that the final
properties will be different. While weak acid can increase the polarity of chitosan, the degree of polymerization
(DP) affects the solubility of chitosan in polar solvent. The higher the DP value, the longer the chitosan dissolves
in polar solvents. While all materials used were mixed, ultrasonic treatment was important to decrease and control
the bubbles that appeared. If the bubbles remain in the solution until the casting process, voids will be formed on
the membranes’ surface after the drying process.

As seen in Figure 1, almost all membranes produced low homogeneity in surface morphology. This may
indicate that the LiBOB salt did not completely dissolve in the polymer matrix. This is possibly caused by LiBOB
electrolytes triggering agglomerations and the formation of microcrystals during the drying process [8]. However,
the phenomenon needs to be confirmed with a scanning electron microscope (SEM).
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Figure 1. Surface morphology of the membranes produced: (a) KPL10, (b) KPL25, (c) KPLA40, (d) KPIL10, (e)
KPIL25, and (f) KPIL40

Figure 2 displays the SEM images of the membrane surfaces. Based on the results, the surface morphology of
all samples looked dense. No clear pore was shown in all samples' surface and cross-section morphologies.
Although the structures look rougher, there was no clear pore penetrating across membranes. Cross-section images
of KPL samples were denser than the KPIL ones, confirming that the ionic liquid addition affected the structure
of membranes to become rougher. In KPL and KPIL samples, the addition of LiBOB affected the structure of the
membranes. The higher the LiBOB composition, the rougher the membrane structure morphology. Furthermore,
rougher morphology indicated that there were nanopores, and a highly porous membrane produces higher
electrolyte uptake as there are more microvoids for the electrolyte to pass through and be absorbed by the
membrane. This higher electrolyte uptake facilitates better ionic transportation between membranes so that the
ionic conductivity will increase.

Figure 2. Surface morphology images of (a) KPL 10, (b) KPL25, (c) KPL50, (d) KPIL10, () KPIL25, and (f)
KPIL40 at 1000x; Cross-section images of (g) KPL 10, (h) KPL25, (i) KPL50, (j) KPIL10, (k) KPIL25, and (I)
KPIL40 at 2000x

115 https://ejournal.brin.go.id/jsmi -



Handika et al. | Jurnal Sains Materi Indonesia | Vol. 26, Issue 2 (2025)

Atomic Content of Membrane Samples

The atomic contents of the six samples based on energy dispersive X-ray (EDX) spectra are displayed in Table
2. Boron atoms appeared in all spectra with a composition of 0% because the EDX method, in general, cannot
detect elements with an atomic number lower than 11 (Boron atomic number is 5). Although a windowless EDX
can detect elements with an atomic number from 5 upwards, occasionally, the results appear just like noise with
a composition value of 0% [26]. Carbon atoms were detected in each sample because carbon is a main component
of organic compounds, including chitosan, polyvinyl alcohol (PVA), acetic acid, and ionic liquid 1-hexyl-3-
methylimidazolium iodide (HMI]I).

Table 2. Atomic contents of membrane samples

Sample Content (%)

code Cs Os Nays Iss
KPL10 4838  48.70 292 0
KPL25  46.40 5235 1.25 0
KPL40  45.16 54.84 0 0
KPIL10  49.53 38.35 0 12.02
KPIL25 4430 4042 0 15.28
KPIL40  18.76 5491 2334 299

The oxygen atom is also a main component of the materials used, such as chitosan, PVA, acetic acid, Lithium
bis(oxalate) borate (LiBOB), and even ionic liquid HMII. The iodine atom was detected in all samples, but only
three samples with ionic liquid HMII showed iodine atom content higher than zero. This was because the iodine
atom was only present in one material, namely, the ionic liquid HMII. This result confirms that it succeeded in
adding ionic liquid HMII into the membrane matrix of three samples.

Sodium atoms appeared in several samples through the chitosan preparation process (de-acetylation) using
sodium hydroxide. In KPL samples, the content of sodium atoms decreased with the addition of LiBOB
electrolytes because sodium ions have electronegativity similar to that of lithium ions. Thus, sodium ion may be
used to stabilize BOB" ion. Meanwhile, in KPIL samples, sodium atoms only appeared in the KPIL40 sample.
This may be caused by ionic liquid HMII, whose iodine ion can join with sodium ion to form sodium iodide,
which was then dissolved in deionized water. The morphological structure of the KPIL40 sample was very uneven,
as seen in Figure 2, so this may result in a large number of sodium atoms there.

Fourier-transform Infrared Analysis (FTIR)

FTIR analysis examines the infrared spectra of the material tested. Each organic compound has at least one
specific functional group, and each functional group has a specific transmittance trough when passed by an
infrared ray. FTIR spectra analysis was conducted by comparing the spectra result with the database from [27].
The FTIR spectra of six samples are shown in Figure 3, and the functional group analysis is in Table. 3.

a) b)

wm

%T %T
m——KPL 10 =——KPL25 =——KPL40 | =—=KPIL10 =——=KPIL25 =—=KPIL40 |
T T T T T T T T T T T T
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Wavenumber (cm™1) Wavenumber (cm™1)

Figure 3. FTIR spectra of (a) KPL and (b) KPIL samples

There is no significant difference among the three variations of LiBOB electrolyte composition in both KPL
and KPIL samples. The intensity of % transmittance changed slightly with the addition of LiBOB electrolyte. This
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may indicate that the LiBOB electrolyte did not react with the composite membranes; it was mixed with the
membrane. In KPL samples, there is a broad transmittance with an intermediate intensity above 3000 cm, while
in KPIL samples, there is a double transmittance with an intermediate intensity above 3000 cm. Broad
transmittance with intermediate intensity above 3000 cm™ is attributed to the hydroxyl group (-OH) of PVA and
chitosan. Double transmittance with intermediate intensity above 3000 cm™ is attributed to the amine group (-
NH) of chitosan and ionic liquid. Double vibration of the amine group appeared in KPIL samples as we added
ionic liquid HMII, as seen from the chemical structure of ionic liquid HMII in Figure 4. The transmittance trough
below 3000 cm™ (2700-2800 cm™) is attributed to the hydrocarbon group (-CH) of chitosan, PVA, acetic acid,
and ionic liquid HMII. The trough at 1600-1800 cm! is attributed to the primary amine group (—~NH,) of chitosan.
The trough at 1400-1500 cm™ is attributed to the double bond carbon group (C=C) of PVA and ionic liquid HMII.
The trough at 1300-1400 cm™ is attributed to the C-N group of chitosan and ionic liquid HMII. The trough at
1000-1100 cm is attributed to the secondary alcohol group of PVA and chitosan.

Table 3. FTIR transmittance troughs as a characteristic of the functional groups [27]

Wavelength (cm™) Intensity Trough Type Functional group
Above 3000 Medium, High Broad O-H
Above 3000 Medium, High Double N-H
2700-2800 Medium, High Sharp C-H
1600-1800 High Sharp -NH:
1400-1500 High Sharp -C=C
1300-1400 High Sharp C-N
1000-1100 Medium, High Sharp Secondary alcohol (-C-
OH)

The addition of ionic liquid HMII, which has an amine group, increased the concentration of amines so that the
transmittance trough of KPIL membranes looks sharper and nearly like a double trough. That means amine groups
were more dominant in KPIL, with assistance from the amine group of HMII shown in Figure 4.

\/\/\/ o
NWN\
@

©
I

Figure 4. Chemical structure of ionic liquid HMII

Stress and Strain Analysis

A solid polymer electrolyte (SPE) membrane needs to exhibit excellent mechanical strength, considering its
application in folding and pulling repeatedly to fill up a particular space. Thus, analysis of maximum stress and
maximum strain of the membrane is very important to ascertain its quality. Table 4 displays the maximum strain,
tensile strength, and elastic modulus of each sample of SPE. There is no characteristic value of the KPL10 sample
because it broke during handling even before the test started, indicating a very brittle characteristic of this sample.
KPIL25 sample produced the highest maximum strain value, 1.14%, while KPIL40 produced the lowest maximum
strain value, 0.3%. The membrane dimension affects its maximum strain: the larger the dimension, the higher the
maximum strain. By possessing the highest thickness, the KPL40 sample produced the lowest maximum strain
value, indicating that the mechanical strength of this sample greatly failed to meet the desired criteria.

On the tensile strength value, the KPIL25 sample produced the highest result (21.11 MPa), while the KPL40
sample produced the lowest result (2.20 MPa). A similar result was given by the previous study for the ionic liquid
effect conducted by Ndruru et al. (2021), which used [EMIm]Ac ionic liquid for cellulose-based membranes; the
optimum ionic liquid addition resulted in high mechanical strength with 20.83 MPa for tensile strength [28]. These
results reflect the size effect: when the thickness of the membrane increases, its tensile strength and elastic
modulus will decrease. However, based on general results, KPIL samples produced higher mechanical properties
than KPL samples. This indicates that the addition of ionic liquid HMII to the membrane increased its mechanical
properties. On the other hand, increasing the composition of LiBOB electrolyte to the membrane produced an
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unspecified effect. There might be any other specific interaction between HMII ionic liquid and LiBOB
electrolyte.

Electrochemical Impedance Spectroscopy (EIS) Analysis

~N

Table 4. Mechanical properties of membrane samples

Sample Thickness Max Strain ~ Tensile Strength  Elastic Modulus
Code (mm) (%) (MPa) (MPa)

KPL10 - - - -

KPL25 0.11 0.60 4.42 0.25
KPL40 0.4 0.54 2.20 0.25
KPIL10 0.06 1.08 13.01 1.10
KPIL25 0.09 1.14 21.11 1.93
KPIL40 0.17 0.30 3.76 1.12

To analyze the electrochemical properties of membrane samples, especially the interfacial area,
electrochemical impedance spectroscopy is a simple and suitable technique. The impedance spectra from the EIS
analysis result were fitted in the Nyquist plot and shown in Figure 5.
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Figure 5. Impedance curve of (a) KPL10, (b) KPL25, (c) KPL40, (d) KPIL10, (e) KPIL25, and (f) KPIL40

From Figure 5, a semicircle pattern was found in the high-frequency region of all KPIL samples but not in
KPL samples. The semicircle pattern appears as a parallel combination of both resistance and capacitance of the
bulk electrolyte, which resulted from the migration process of proton ions and the immobilized state of polymer
chains, respectively [29]. The absence of semicircle pattern in impedance analysis can be attributed to various
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factors, including material homogeneity, frequency range selection, complexity of electrochemical processes, and
measurement methodology [30]-[33]. The diameter of semicircles is the bulk resistance of the material, so the
highest bulk resistance is in KPIL40, and the lowest is in KPIL25. lonic conductivity can be calculated using

Equation (1) to complete Table 5.
1 t
—_ (2, (L 1
7 (Rb) X (A) @

Rb is the bulk resistance of the polymer electrolyte film, o is the ionic conductivity, t is the polymer electrolyte
film thickness, and A is the film surface area.

Table 5. Electrical resistivity and ionic conductivity of KPIL membrane samples
Item Rb (Q) A(cm? t(m) o (S/cm)
KPIL10 1.96x10° 2.8364 0.0172 3.10x10°
KPIL25 5.57x10° 2.8364 0.0115 7.28x10°
KPIL40 6.85x10° 2.8364 0.0271 1.40x10°

Table 5 shows the results of Equation (1). The highest ionic conductivity of KPIL samples is with 25%
composition of LiBOB electrolyte, with 7.28 x 10 S/cm. Increasing LiBOB electrolyte composition from 10%
to 25% also increased the ionic conductivity of the membrane. In contrast, increasing it from 25% to 40% reduced
the ionic conductivity of the membrane. Theoretically, adding more electrolytes to the membrane composition
will improve ion mobility through the membrane so that the ionic conductivity of the membrane will be increased.
The reduction of ionic conductivity from KPIL25 to KPIL40 may be influenced by ionic liquid viscosity,
crystallinity, and ion aggregation, which were usually increased with adding LiBOB electrolyte composition [34]-
[38]. No semicircle in KPL samples means that the ionic mobility occurred by diffusion mechanisms, or maybe
the frequency range is not suitable [29]. However, this condition indicated that the bulk resistance of all KPL
samples was higher than that of KPIL samples. Therefore, another type of ionic liquid needed to be tried to
minimize viscosity, crystallinity, and ion aggregation potency in further studies. Making more variations of
LiBOB electrolyte composition between 25% to 40% is also an option to determine the optimal composition of
LiBOB electrolyte composition.

CONCLUSION

No differences were identified between the three variations of Lithium bis(oxalate) borate (LiBOB)
composition in Fourier-transform infrared (FTIR) transmittance troughs, which indicated that LiBOB
concentration did not affect the functional group of membranes. There was a change in the FTIR spectra trough
above 3000 mm™. A single trough for KPL samples and double troughs for KPIL samples indicated the addition
of an amine group from ionic liquid 1-hexyl-3-methylimidazolium iodide (HMII) in KPIL samples. Scanning
electron microscope (SEM) images show us that the addition of ionic liquid HMII decreased the compactness of
membranes and improved the porosity of membranes. In this research, adding ionic liquid HMII significantly
improved the mechanical strength of membranes, particularly tensile strength and modulus elasticity. The
impedance plot of the KPL samples indicates a diffusion process, while the KPIL samples indicate an ionic
migration process. The highest ionic conductivity is in KPIL25 with 7.28 x 10 S/cm, and the lowest is in KP1L40
with 1.40 x 10° S/cm.
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