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Abstract—Water-channels were generated into cellulose acetate (CA) via the addition of polyethylene glycol (PEG)
and water-assisted pressures. It was found that the PEG used as the plasticizer could enable pores in CA to be con-
trolled. Since the PEG had a relatively small molecular weight, it easily penetrated into polymer chains and formed
abundant free volumes in the CA, enabling the pore control. In addition, the PEG enhanced the thermal stability of CA
by forming new bipolar interactions and hydrogen bonding between the CA chains and the hydroxyl groups of PEG.
From these results, it could be expected that due to the low cost and eco-friendliness of PEG and CA, they could be

widely used to manufacture separators used in batteries.
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INTRODUCTION

With an increase in the growth of the electric vehicle market,
the demand for separators, which are major components in sec-
ondary batteries, is expected to increase by 40% by the year 2025.
According to SNE research, the annual growth rate of the second-
ary battery separator market in 2020 was 38% [1-3]. The separa-
tor, which is one of the four major components of lithium ion
batteries [4-7], physically prevents the contact between the positive
(cathode) electrode and the negative (anode) electrode [8,9]. This
is done by preventing the flow of electrons through the electrolyte
and allowing only the passage of desired ions through the fine pores
[10-13]. To improve the insulating property of the separator, a micro-
porous polyethylene (PE)-based separator was developed, wherein
the size of the pores was adjusted to a micrometer or less [14-17].
Commercially available separators, such as PE- or polypropylene
(PP)-based separators, are expensive with low thermal stability and
electrochemical performance, and a very important technical issue
that affects their stability and battery cycle [18,19].

PE and PP membranes are used extensively as lithium-ion bat-
tery separators [20]. However, several factors limit the practical appli-
cation of these separators. Ying et al. improved the moisture per-
meability to approximately 396-683 L/m’h using water treatment.
The improved moisture permeability was due to the excellent dis-
persion of BUT-8 (A) and good compatibility between MOF and
polymer. To compensate for the low melting point of PP and PE
materials, the materials were subjected to a ceramic coating pro-
cess [21]. However, the high-cost of this method limits its practi-
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cal application [22].

In this study; to overcome these limitations, cellulose acetate (CA)
was used as the separator to enhance the durability and heat resis-
tance of the battery. In addition, to form a straight pore, the pore
size and volume of the polymer matrix containing a plasticizer were
adjusted using water pressure treatment. The water pressure treat-
ment is an ecofriendly and energy efficient method.

However, due to the poor mechanical strength of CA, it is prone
to tearing during the water pressure process. To increase the effi-
ciency of the water treatment method, a plasticizer is added to the
polymer to increase the flexibility of the polymer during the water
pressure treatment. Plasticizers such as the metal salts of Mg and
Ni are usually used to improve the mechanical strength of CA; how-
ever, the high cost of these metal salts limits their practical applica-
tion [23-26]. The poor mechanical strength of CA membrane can
be attributed to the weak intermolecular strength of its hydrogen
bond. The addition of polyethylene glycol (PEG) to CA can im-
prove the mechanical strength of CA by increasing the intermo-
lecular attraction of its carbonyl group. In this study, PEG, which
is highly soluble in solvent (acetone : water=8:2) and is unreactive
with CA polymer was selected as the plasticizer and expected to
be effective for pore-generation. PEG has a high mechanical strength
and low-cost synthesis process. In addition, compared to other plasti-
cizers, (DOP, DBP), PEG is environmentally friendly.

The dispersion in the membrane was confirmed by Fourier
transform infrared (FT-IR) and thermogravimetric analysis (TGA).
Scanning electron microscopy (SEM) and porosimeter were used to
confirm the formation of pores after the water pressure treatment.

EXPERIMENT

1. Separator Fabrication
First, a 10% (w/w) solution of CA was obtained by dissolving
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CA in acetone/water (w/w 8:2). To prepare the polymer matrix,
the amount of PEG added to the polymer matrix was determined
according to the optimal molar ratio of PEG to CA. Then, the
final mixture was stirred for two days at room temperature. Subse-
quently, the resulting solutions were cast on glass plates using a
doctor blade to form freestanding films with a thickness of approxi-
mately 200 pm, and then the films were dried for 30 min in a
thermo-hygrostat at 25 °C and 50% humidity. The dried film con-
taining PEG was then subjected to water pressures ranging from 2
to 8 bar. The water flux of the films with varying porosities was
measured and expressed in units of L/m’h (LMH).

2. Characterization

The porosity of the porous CA membrane was examined using
the mercury adsorption method (MicroActiveAutoPore V9600,
Micromeritics). The pores generated in the polymer were investi-
gated using SEM (JSM-5600LV, JEOL).

FT-IR measurements were carried out on a Varian FI'S3100 spec-
trometer; 64-200 scans were averaged at a resolution of 4 cm™".
TGA was performed with Mettler Toledo TGA devices at a heat-
ing rate of 10 °C/min.

RESULTS AND DISCUSSION

1. Porosity of the CA Polymer

To investigate the effect of PEG on the number of pores and the
pore size, the water flux of the neat CA and CA : PEG at different
water pressure was measured. As reported in previous studies, CA
showed low water flux and neat CA shows little change in the water
flux even after hydrostatic treatment.

In this experiment, due to the addition of PEG as the plasticizer,
water flux was observed in the CA : PEG. To control the pore size
in the CA, the CA : PEG was fixed at a ratio of 1:0.01, and the water
flux of the sample subjected to water pressure from 2 to 8 bar was
compared. As shown in Fig. 1, the water flux gradually increased
from 30 LMH at 2 bar to 120 LMH at 8 bar. These measurements
showed an error range of +34 values. This result indicates that the
water flux constantly increased with an increase in the water pres-
sure, suggesting that the number of formed pores increased with
an increase in the water pressure. This confirms the pore control
ability of the water pressure treatment, indicating that the pore size
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Fig. 1. Measured water flux of the neat CA and 1:0.011 CA :PEG
from 2 to 8 bar water pressure.

can be easily adjusted using this method to suit various application.
2. Surface Morphology

SEM analysis was used to investigate the effect of PEG on the
generation of pores in the CA membrane and the pore control
ability of the water pressure treatment. Fig. 2(a) shows the surface
morphology of the neat CA without additives and water pressure.
As shown in Fig. 2(a), no pores were observed in the neat CA. In
contrast, as shown in Fig. 2(b) and (c), pores were observed in the
CA:PEG at 5bar and 8bar, respectively. The radius of the ob-
served pores in Fig. 2(b) and (c) was 1 pm and 2.5 pim, respectively.
These pores were generated homogeneously on the surface of the
CA due to the presence of PEG and the application of the water
pressure.

The SEM images confirm the generation of pores by the addi-
tion of PEG as the plasticizer and the application of water pressure.
These results will be useful for controlling the pore size or poros-
ity in the CA membrane. To further understand the pore control
ability of the water pressure treatment, the pores in the samples
treated at different water pressures were examined. As shown in
(Fig. 2(c)) and (Fig. 2(b)), in the SEM image of the sample treated
with 8bar of water pressure, more pores were generated in the
CA :PEG at 8 bar compared to the CA: PEG at 5bar (Fig. 2(b)).

J
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Fig. 2. SEM images: (a) pores observed in the neat CA membrane, (b) pores observed in the CA : PEG at 5 bar, and (c) pores observed in the

CA :PEG at 8 bar.
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Fig. 3. Cross-sectional image of the CA : PEG at 8 bar.

These results indicate that pore size and porosity can be controlled
by adjusting the water pressure. This is consistent with the water
flux data in Fig. 1. It shows the relationship between the degree of
water pressure and pore control.

Cross-sectional SEM images were obtained to investigate the
cross-section of the CA : PEG polymer. As shown in Fig. 3, pores
were uniformly generated inside the CA : PEG polymer. In addi-
tion, the SEM image shows that the pores formed nearly straight
lines inside the polymer.

3. Plasticization Effect and Improved Strength of the Polymer

FT-IR data were used to confirm the coordinative interaction of
the CA with PEG. The FT-IR spectra of the samples obtained in the
range of 1,742-1,745cm™" in Fig. 4 show the change in the strength
of carbonyl bonding. The peak of the neat CA was observed at
1,742 cm™ and that of the 1:0.01 CA/PEG (0 bar) was observed at
1,745 cm™, while the peak at 1,743 cm™ corresponds to the 1:0.01
CA/PEG (8 bar).

The peak of the neat CA shifted with the addition of PEG, indi-
cating the weakening of the carbonyl bonding. This is because the
hydroxyl group of the PEG formed new interactions in the CA
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Fig. 4. FT-IR data of the neat CA, 1:0.01 CA:PEG at Obar, and
1:0.01 CA : PEG at 8 bar.

matrix, leading to the weakening of the existing carbonyl bond-
ing. Furthermore, these interactions formed stronger bonds than
the existing bonds, thereby increasing the thermal stability of the
CA. Neat CA membranes have poor mechanical strength and
thermal stability due to the relatively weak interaction between the
polymer chains. However, the addition of PEG as a plasticizer to
the neat CA induced the formation of new bonds such as the for-
mation of dipolar attraction and new hydrogen bonds. These bonds
increased the intermolecular force of the polymer, which led to an
improvement in the mechanical strength and thermal stability.

However, the CA related peak of the CA treated with water
pressure at 8 bar was higher than that of the neat CA, indicating
that the added PEG was not completely removed after water treat-
ment. A more detailed explanation of these phenomena is dis-
cussed in the following deconvolution data:
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Fig. 5. IR deconvolution data of (a) neat CA, (b) 1:0.01 CA : PEG at 0 bar, and (c) 1:0.01 CA : PEG at 8 bar.
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Table 1. Deconvolution data of (a) neat CA, (b) 1:0.01 CA : PEG at
0bar, and (c) 1:0.01 CA : PEG at 8 bar

1:0.01 CA:PEG 1:0.01 CA:PEG

Peaks Neat CA

at 0 bar at 8 bar
1,731.33cm™  43.11% 43.45% 34.70%
1,737.02 cm™ 2.71% 5.22% 8.41%
1,751.04cm™  54.18% 51.34% 56.89%

The IR peaks were analyzed by deconvolution, as shown in Fig.
5. Table 1 shows the area ratio of the carbonyl peak of each sam-
ple in the 1,732-1,751 cm ™ region in Fig, 5. In the neat CA, the peak
area at the 1,732-1,735 cm ™" region was 43.11%, while the peak area
at the 1,732-1,735cm™" region of CA:PEG at 8 bar was 34.70%,
indicating a 9% decrease after water treatment in the presence of a
plasticizer. This decrease in peak area can be attributed to the new
interaction generated by PEG, indicating that the carbonyl group
peak was weakened. Due to the strength of the new bond, the
PEG was retained in the CA even after the water treatment.

Since PEG existed in the CA matrix, solvation by the solvent
molecules became easier and the polymer became more flexible.
As shown in Fig. 6, since the PEG had a relatively small molecular
weight (MW 400) and high mobility; it could form a flexible region
in polymer matrix according to the free volume theory, thus in-
creasing the plasticization effect in the PEG. The flexibility of the
CA polymer increased because it formed strong interactions with
the solvent molecules (water and acetone). Consequently; the increase
in the flexibility of the polymer facilitated the formation of pores
during the water pressure treatment.

4. Thermal Stability

TGA was performed to examine the thermal stability of the
porous polymer matrix using a Universal V4.5 A (TA Instruments).
Fig. 7 shows that the neat CA, CA : PEG at 0 bar, and the CA : PEG
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Fig. 6. Scheme of the plasticizing effect by PEG in CA.
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Fig.7.TGA data of the neat CA, 1:0.01 CA:PEG at Obar, and
1:0.01 CA : PEG at 8 bar.

at 8 bar decomposed at a temperature of approximately 320 °C.
Specifically, Fig. 8 shows the decomposition difference for neat
CA, CA:PEG at Obar, and the CA:PEG at 8 bar. The neat CA
shows approximately 3% more weight loss than the CA : PEG at
Obar. This can be attributed to the new interaction generated
when PEG was added, which in turn strengthened the neat CA
chains.

Additionally, at 200 °C before decomposition, the neat CA and
CA:PEG at 8bar showed a 2% weight loss difference. Further-
more, at 400 °C, there was a 10% difference in weight loss due to
the retained PEG in the CA even after the water treatment. This
increase in thermal stability indicates that the retained PEG mole-
cules formed strong bonds in the CA membrane, which is consis-
tent with the IR analysis. We believe that the increase in the thermal
stability of the CA : PEG after water treatment at 8 bar was due to
the removal of some of the PEG content by water treatment.
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Fig. 8. TGA data: the enlarged area of Fig. 7.

CONCLUSION

PEG was added as a plasticizer to CA polymer, after which water
pressure treatment was performed to enable the generation of pores
in the CA matrix. It was found that the PEG addition and water
pressure treatment had pore control abilities, thereby affecting the
generation of pores. In addition, it was observed that the PEG was
retained in the CA membrane after water pressure treatment at
8 bar, thus reinforcing the mechanical strength and thermal stabil-
ity of the CA by forming new dipolar interactions and hydrogen
bonding between the CA chains and the hydroxyl group of PEG.
The high thermal stability and abundant pores of the CA:PEG
after water pressure treatment indicates that the CA : PEG can be
utilized in various industrial applications, especially in battery sep-
arators and water-treatment membranes used in microfiltration.
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