<BRNE

? Kobe University Repository : Kernel

R
4ope

PDF issue: 2025-12-05

Study for removing of silica nanoparticle in
pure i1sopropyl alcohol with a cation exchange
membrane

Fujimura, Yu ; Kawakatsu, Takahiro ; Morimoto, Masayuki ; Asakawa,
Hitoshi ; Nakagawa, Keizo ; Yoshioka, Tomohisa

(Citation)
Journal of Molecular Liquids, 367(A):120441

(Issue Date)
2022-12-01

(Resource Type)
journal article

(Version)
Accepted Manuscript

(Rights)

o 2022 Elsevier B.V.

This manuscript version is made available under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International Llicense.

(URL)
https://hdl. handle. net/20.500. 14094/0100478219

KOBE
\f].\]'l'l'.lihl Y
AN




O© 0 N O O oA~ W N

W W W W W DN DN DD N DD NN P PR s R =R s =
O N =R e ~ RN ) W S) B O\ =N R e <IN B e) U &) B N S =

Study for removing of silica nanoparticle in pure isopropyl alcohol with a cation exchange

membrane

Yu Fujimura,'>" Takahiro Kawakatsu,! Masayuki Morimoto,>* Hitoshi Asakawa,>** Keizo

Nakagawa,>® and Tomohisa Yoshioka®*®

! Basic Technology R&D Group, Innovation Division, Kurita Water Industries Ltd., 3993-15 Haijima-
cho, Akishima-shi, Tokyo 196-0002, Japan

2 Nanomaterials Research Institute (NanoMaR1i), Kanazawa University, Kakuma-machi, Kanazawa
920-1192, Japan

3 Graduate School of Natural Science & Technology, Kanazawa University, Kakuma-machi,
Kanazawa 920-1192, Japan

4 Nano Life Science Institute (WPI-NanoLSI), Kanazawa University, Kakuma-machi, Kanazawa-shi,
Kanazawa 920-1192, Japan

5 Graduate School of Science, Technology, and Innovation, Kobe University, 1-1 Rokkodai, Nada,
Kobe 657-8501, Japan

6 Research Center for Membrane and Film Technology, Kobe University, 1-1 Rokkodai, Nada, Kobe
657-8501, Japan

Keywords: Silica nanoparticle; Cation exchange membrane; Tentacle effect; Atomic force

microscopy; Molecular dynamics; Zeta potential

*Corresponding: y.fujimura95@kurita-water.com

Abstract

Semiconductors are becoming increasingly miniaturized and structurally complex. During their
manufacture, isopropyl alcohol (IPA), which has a low surface tension, is often used to prevent
structural corruption during cleaning. A previous study examined the removal of impurities (silica
nanoparticles (SNPs)) in IPA/water solutions using an anion exchange membrane and reported the
removal mechanism. That study found that SNP removal in high ratio IPA was difficult. In the present
study, SNP removal in IPA was tested using three different cation exchange membranes, and the
differences in their removal performance were evaluated. Zeta potential measurements and molecular

dynamics (MD) simulations were performed to elucidate the removal mechanism, and membrane
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surface-SNP interactions were evaluated by atomic force microscopy (AFM). The zeta potential of the
cation exchange membrane in IPA was positive. The reason for this phenomenon is discussed based on
the results of MD simulations. The results suggested that Na®, which is the counter ion in the ion
exchange group, remains near the membrane surface. The difference in the removal ratio between the
cation exchange membranes was examined by AFM, suggesting that the tentacle effect of the graft
chains on the surface suppressed the re-desorption of SNPs once adsorbed, contributing to the high
removal ratio. These results are expected to contribute significantly to developing membranes with a

high removal ratio of SNPs in [PA.

1. Introduction

The transistor, which was invented at AT&T Bell Labs in 1947, has brought great benefits to the world
and promoted the information society. The personal computer and the smartphone that emerged from
this invention have become indispensable tools in contemporary business. Among these,
semiconductors occupy an essential position and have evolved remarkably. Although they are now
deviating from Moore’s law [1], extensive research on new materials, miniaturization, and the
development of 3D devices is being conducted to improve their performance [2—6]. Because the
technology node has reached 3 nm and the structure has become very complex [2—4,6-9], not only
ultrapure water, but also liquid IPA [10-14], which has a lower surface tension, is employed for wafer
cleaning. This is to prevent the complex structure from disruption by the surface tension of cleaning
liquid. The International Roadmap for Devices and Systems (IRDS) indicates that the control standard
for particulates in IPA should be less than 50 particles/L for 50 nm or smaller particles [15]. A previous
study [16] examined the removal mechanism of silica nanoparticles (SNPs) in IPA/water solutions using
an anion exchange membrane by experiment, analysis, and simulation. These results provided important
insights into SNP removal in water/IPA. On the other hand, SNPs cannot be removed at high [PA ratios
using an anion exchange membrane due to the influence of Cl™ ions, which are counter ions of anion
exchange groups. Using these insights, a new removal mechanism was assumed to achieve a high
removal ratio of SNPs in IPA, applying an opposite concept of the removal mechanism of SNPs in water.
As a removal material, a cation exchange membrane that generally had the same charge as SNPs was
employed for the removal tests. Zeta potential measurements of a cation exchange membrane in IPA,
MD simulations of ion behaviors, and Si-membrane force curve measurements using AFM were
performed to elucidate the removal mechanism and consider optimal membrane structures. While
previous studies evaluated only one type of membrane, this study compared the removal performance

and the influence of the surface structure of the membranes of three different cation exchange
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membranes and one anion exchange membrane. AFM measurements were performed to provide a more

detailed evaluation of the effects.

2. Experimental, analysis, and simulation method

The following procedure is based on the method presented elsewhere [16], with slight modifications of

the substances, concentrations, and models.

2.1. SNP removal in IPA

SNP removal tests in IPA were performed using ion exchange membranes. In this paper, removal tests
were performed with four different ion exchange membranes and five different sizes of SNPs, and the
removal ratios on each membrane were compared. Table 1 lists the three cation exchange membranes
and one anion exchange membrane. The SNPs were 30, 50, 100, 300, and 1000 nm of Micromod
Partikeltechnologie's sicastar®. The ion exchange membranes used for the test were 100 cm?. The
membrane was immersed repeatedly in IPA to displace the internal water content. After that, the
immersed membrane was put into a solution inholding 10 ppm SNPs and shaken for 30 minutes. After
the removal test, the solution was analyzed for the concentration of total silica by heat dissolution using
sodium carbonate—molybdenum blue absorbance spectrophotometry, and the removal ratio was
calculated. The equation for calculating the removal ratio is shown in Equation 1. Note that the SNP
removal test with AMVN was performed only with the 30 nm SNP because the purpose of the test was

to compare the SNP removal with CMVN, which has grafted chains.

Table 1 Membrane type used in the experiment

Name Manufacture Ion exchange group  Grafted chain  Size of SNPs used [nm]
Neosepta CMB Astom —SO;Na* No 30, 50, 100, 300, 1000
Selemion™ CMTE AGC —SOs; Na* No 30, 50, 100, 300, 1000
Selemion™ CMVN AGC —SOs; Na* Yes 30, 50, 100, 300, 1000
Selemion™ AMVN AGC —NR;"Cl™ Yes 30

__ (Csnp before test) — (Csyp after test)

Removal ratio [%] X 100 (Equation 1)

(Csnp before test)
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2.2. Zeta potential and AFM measurement in IPA

The zeta potential measurement for the cation exchange membrane in IPA was performed with a
Zetasizer Nano ZS (Malvern Panalytical), and ZEN1020 measurement cell. ZEN1020 cell is an optional
equipment which allowed for the measurement a flat material. The membranes used were Neosepta
CMB (Astom Corporation) and Selemion™ CMTE (AGC Corporation), and the tracer particles were 1
um models of Micromod Partikeltechnologie's sicastar®. The concentration of tracer particles in the

measurement was set to 1 ppm.

2.3. Force curve measurement with static-mode AFM

Force curve measurements with the static-mode AFM were performed to evaluate the interaction forces
between the cation exchange membranes and SNPs in IPA. The Si cantilever (HQ:NSC19, MikroMasch,
nominal spring constant: 0.5 N/m) with a guaranteed tip radius of less than 35 nm was used. Before the
force curve measurements, the tip side was coated with 15 nm Si using a magnetron sputter coater
(Q150TS, Quorum Technologies). The Si-coated tip was used as a model of SNPs because the coated
Si layer was oxidized to form the thin silicon oxide layer in the air. Before the force curve measurements,
the cation exchange membranes immersed in IPA were cleaned with ultrasonic treatment three times
for 3 min.

Force curve measurements were performed using a laboratory-built atomic force microscope equipped
with a commercially available AFM controller (ARC 2, Oxford Instruments). The AFM system was
operated in static-mode to measure the interaction forces acting on the tip. The tip was scanned in the
Z direction for 100 nm with a speed of 100 nm/s. The direction of tip scanning was inverted when the
repulsive force acting on the tip reached 2.5 nN at the surface during the tip approach (Fig. 1a). Two
thousand points of interaction forces were recorded in each approach and retract curves. The approach
and retract force curves were collected by changing lateral positions over 700 points for each cation
exchange membrane. The distances between the adjacent lateral positions were 15 nm.

Fig. 1b shows a typical force curve with frequent ruptures obtained at the CMVN surface in IPA. The
sawtooth patterns originating from ruptures are observed in the retract curve. The retract force curves
were analyzed to determine the rupture points (Fig. 1c). First, the maximum noise of each curve was
defined as the threshold to eliminate the influence of noise in the rupture identification. The local
minimum points were selected as candidates for rupture by comparing two proximal points on either
side in the region of a more significant attractive force than the threshold. Finally, the candidate points

were identified as ruptures when the difference between the candidate point and the proximal point on
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the far side from the surface was more significant than the threshold value.

(a) Force curve measurement (b) Typical force curves with ruptures
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Fig. 1 Force curve measurement of cation exchange membranes in IPA

2.4. Molecular dynamics simulation

MD simulations were performed to investigate the difference in the changes in the position of the Na*
ion, the counter ion of the cation exchange membrane, for IPA or water. The simulation software was
BIOVIA Materials Studio® 2020. The Amorphous Cell module was used for membrane modeling and
solvent molecule packing. The Forcite Plus module was used for structural optimization and for
followed NVT (constant volume and temperature) and NPT (constant pressure and temperature) MD
simulations. COMPASS 11 [17,18] was used for the force field; the potential functional forms are given
in Supplementary Materials. The potential parameters and validation of COMPASS II are reported in
[17] and [18], respectively. The validation of the properties using COMPASS II is reported elsewhere

[19-21], which we consider appropriate for use in this simulation.

2.4.1. Membrane model
The cation exchange membranes used in the experiments in this paper are different in terms of the base
material part. However, the basic structure related to ion exchange is a polymer based on Styrene-DVB

monomer. Hence, there is no difference among the three types of cation exchange membranes shown in
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Table 1 in terms of modeling. Because the DVB to styrene polymerization ratio is 7%—8% [22,23],
monomer chains containing styrene and DVB in a mol ratio of 14:1 were formed, and 20 monomer
chains and 280 counter ions of Na' ions were packed in a unit cell with d = 1.35 g/cc. The lattice
parameter was set to a = b = 60 A, and ¢ = 20.64 A was automatically calculated based on the input
density. Note that three-dimensional boundary conditions were applied to the unit cell for this study.
After performing structural optimization calculations for the developed polymer model, NPT MD
simulations[24,25] were conducted for 40 ps (Pressure = 2.0 GPa, Temperature = 298 K, and Time step
= 1.0 fs). The unit cell size was determined to be a =5 =59.91 A, ¢ =20.61 A, and the density was 1.36
g/cc. Bereandsen [26] was applied as the pressure adjustment/control method (a decay constant = 0.1
ps, and cutoff distance = 1.55 nm). Fig. 2 shows the chemical structural formula and the produced
polymer model, and Table 2 lists the count of atoms in the monomer chain model and the membrane

simulation model.

H,C CH — CH, CH, SO;
20 polymer chains
@ @ 280 Na~ ions
so; CH,—— CH,— CH
m

CH;

n

m=10,n=4
Fig. 2 The Styrene-DVB monomer model and the membrane simulation model (Atom or ion colors:

white, H; gray, C; red, O; yellow, S; purple, Na*)

Table 2 Count of atoms of simulation model

Kind of atom and ion ~ Styrene-DVB monomer chain model =~ Membrane simulation model

C 122 2440
H 112 2240
O 42 840
S 14 280
Na* 14 280

The model developed in this study focuses on a limited part of the actual system, and it is hard to
replicate the macroscopic physical properties of the ion exchange membrane. The physical properties
of the ion exchange resin, which are closely related to the behavior, are important because the purpose
of this simulation was to evaluate the behavior of Na* ions around the ion exchange group. The density

of a typical cation exchange membrane ranged from 1.2 to 1.35 g/cc. Therefore, it is acceptable to
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assume no significant deviation in density.

2.4.2.  Model for evaluating the position of Na" ions

A 60 A vacuum layer was installed on the membrane simulation model developed in the previous
section, and H>O and IPA molecules were packed in the empty space with 0.998 g/cc and 0.786 g/cc
[27-29] as solvent molecules, respectively. The unit cell size was a =b=159.91 A and ¢ =82.31 A, and
three dimensional periodic boundary conditions were applied. Fig. 3 shows the simulation model with
IPA as the solvent molecule. MD simulations under NVT ensemble conditions (298 K, Time step = 1.0
fs) were conducted for 1500 ps, and the position of the Na* ion, the counter ion of the cation exchange

group, was evaluated at 0, 500, 1000, and 1500 ps.

Fig. 3 Simulation model to evaluate the position of Na' ions in IPA (Atom and ion colors: white, H;

gray, C; red, O; yellow, S; purple, Na*)

3. Results and discussion about the mechanism of removal

3.1. Differences in SNP removal ratio between anion and cation exchange membranes

Fig. 4 shows the SNP removal ratio as a function of the SNP size. All cation exchange membranes could
remove the smallest 30 nm SNP to some extent. The highest removal ratio of 72.17% was observed in
the removal test of 30 nm SNP by CMVN. The removal ratio decreased with increasing SNP size for
all cation exchange membranes, and an almost zero removal ratio was observed for the 1000 nm SNPs.

On the other hand, the anion exchange membrane, AMVN, which has grafted chains as well as CMVN,
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could not remove even the smallest 30 nm SNP. These results were consistent with a previous report
[16]. CMB showed no removal performance for SNPs larger than 50 nm, and CMTE had a removal
ratio of less than 5%, indicating that it had little removal performance. As for 30 nm SNPs, CMB had
greater removal performance than CMTE (CMB: 29.35%, CMTE: 12.88%). To study the difference in
the SNP removal performance of CMB and CMTE, the surface elemental properties of CMB and CMTE
were measured by X-ray Photoelectron Spectroscopy, XPS (ULVAC Phi PHI 5000 Versa Probe II,
JAPAN). The normalized values of S/C obtained by dividing the S atom composition of the functional
group by the C atom composition of the base material were CMB: 7.48% and CMTE: 5.45%. From Fig.
4, the removal ratio for 30 nm SNPs is higher for CMB. Both membranes have a similar structure, but
there is a difference in S/C. The higher S/C value for CMB suggests that it has a higher functional group
density. Therefore, the 30 nm SNP removal ratio is CMB > CMTE. All XPS data were presented in
Supplementary Materials.

80

0 ° e CMVN ACMTE CMB ¢ AMVN

60
50

40

Removal ratio [%]

30

10 100 1000
Particle size [nm]

Fig. 4 SNP removal ratio of various sizes using each cation exchange membrane

Table 3 lists the zeta potential of the cation exchange membranes, Neosepta CMB and Selemion™
CMTE, an anion exchange membrane (Neosepta AHA), and SNPs in IPA. The zeta potential of the
cation exchange membrane in IPA was positive, which is an opposite potential of a cation exchange
membrane in water. The SNPs had a negative zeta potential, suggesting that SNPs could be removed
by the interaction of opposite potentials of cation exchange membrane and SNPs. Since the absolute
value of zeta potential is CMB > CMTE and the removal ratio for SNP size 30 nm in Fig. 4 is CMB >
CMTE, it is assumed that the absolute value of zeta potential is correlated with the removal ratio. Note
that we also tried to measure the zeta potential of CMVN, but the tracer particles, SNPs, were adsorbed

and we could not obtain the data with reproducibility. On the other hand, anion exchange membranes
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have negative zeta potentials in IPA. Therefore, anion exchange membranes could not remove SNPs

because of the repulsive interactions between anion exchange membrane and SNPs.

Table 3 Zeta potential in IPA

Materials Zeta potential in IPA [mV]
Neosepta CMB 7.39
Selemion™ CMTE 5.06
Anion exchange membrane” -5.52"
SNP* -3.75"

*Reference [16]

3.2. Simulating for evaluating the position of Na" ions

The reason for the positive zeta potential of the cation exchange membrane in IPA could be discussed
from MD simulation results. Fig. 5 presents the change in the position of Na" ions (a-1 and a-2) and the
local density distribution of Na* in the perpendicular direction to the membrane surface calculated for

every 2 A (b-1 and b-2) at 0, 500, 1000, and 1500 ps.
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Fig. 5 The c-coordinate profiles and local density distribution of Na* ions in IPA (a-1, 2) and HO (b-

The behavior of Na™ ions was different in HO and IPA. When the solvent was H,O, Na* ions diffused
from the inside of the membrane to the solvent. On the other hand, when the solvent was IPA, most of
the Na* ions remained in the membrane. The remaining Na" ions in the case of IPA solvent moved or
diffused slightly to the interface of the [PA and membrane and remained in the vicinity of the inside of
the membrane surface. This suggests that cation exchange membranes with Na* ions as counter ions
have a positive zeta potential in the TPA solvent because Na* ions accumulated near the membrane
surface. Comparing the results at 1000 and 1500 ps, the position of Na* ions did not change significantly.

Therefore, this simulation system reached an almost steady state and could express an actual state of

the membrane-IPA interface.

1,2)

10

local density distribution [/nm?*]
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3.3. Effect of grafted chains: suppression of desorption

The reason the SNP removal ratio was different among the three types of cation exchange membranes
could be explained by the force curve in the AFM measurements. Fig. 6 shows the relative probability
of the number of times the probe tip ruptured from the cation exchange membrane in the retract curve
of one force curve measurement. Fig. 7 shows the recalculated relative probability of the number of
ruptures with the horizontal axis set to the distance from the membrane surface when the rupture
occurred. Note that the calculation of the relative probability includes the measurement results with
zero ruptures. The rupture distances in Fig. 7 were 2.5 nm, and the relative probabilities were calculated
from the number of ruptures in each range. The rupture distance was 0 nm when the number of ruptures

was zero, but it was excluded from Fig. 7 for graph viewability.

1
0.9 ECMVN mnCMTE = CMB
0.8 .
= %
= 0.7 i
2 |
3 0.6 i
0.5 .
L *f\
2 04 L
203 B
0.2 3‘
0.1 ?;;
0 —
0 1 2 3 4 5 6 7
Number of rupture [Counts]

Fig. 6 Relationship between the number of ruptures and relative probability of each cation exchange

membrane in the retract curves

11
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Fig. 7 Relationship between rupture distance and relative probability of each cation exchange

membrane during retraction

The force curve measurements using AFM showed that the number of ruptures of CMVN was more
than twice that of the other two membranes, suggesting that the cation exchange membrane interacts
with the probe tip at multiple points. The rupture distance of CMVN was far from the membrane surface,
indicating that its influence extends far. These results suggest that the grafted chains of CMVN contact
the SNPs at multiple points and inhibit their desorption once adsorbed (tentacle effect [30—33]). The
existence of these graft chains is the main reason for the difference in the removal ratio among the three
types of cation exchange membranes. The removal ratio decreased with increasing SNP particle size; it

was assumed that the particle size was larger than the distance affected by the graft chain.

4. Conclusion

This study examined the mechanism of SNP removal in pure IPA using cation exchange membranes
through removal tests, zeta potential measurements, MD simulations, and AFM measurements. Among
the three types of cation exchange membranes, CMVN had the highest removal ratio, and as the SNP
size was increased, the removal ratios decreased for the cation exchange membranes. The removal test
using AMVN, an anion exchange membrane with grafted chains and CMVN, showed no removal
performance. This is consistent with the author's previous report. The zeta potential in [PA was
measured first to examine the removal test results in more detail. The zeta potential of the cation

exchange membrane in IPA was positive, which could explain the removal of SNPs with a negative zeta

12
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potential in IPA. MD simulations were performed to examine why a cation exchange membrane with a
negative zeta potential in water reversed to a positive one in IPA. The Na" ions in the membrane diffused
to the bulk side when the solvent molecule was H>O. However, when the solvent molecule was IPA,
they moved from inside the membrane to near the membrane surface and remained there. This can
explain the positive zeta potential of the cation exchange membrane in IPA. The reason for the
difference in removal ratios among the three cation exchange membranes was assessed using AFM
measurements of the cation exchange membrane in IPA. The number of ruptures and rupture distance
obtained from the AFM measurements indicated that the grafted chains had a tentacle effect on the
SNPs. This effect inhibited SNP desorption and explained why CMVN had the highest removal ratio.
The results of this paper are expected to contribute to the development of filters with a membrane

structure appropriate for removing impurities from organic solvents.
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