452 1EEE TRANSACTIONS ON SEMICONDUCTOR MANUFACTURING. VOL, 22, NO. 4. NOVEMBER 2009

A Novel Filter Rating Method Using Less Than
30-nm Gold Nanoparticle and Protective Ligand

Takehito Mizuno, Akihisa Namiki, and Shuichi Tsuzuki

Abstract—This paper describes a novel filter rating method
beyond the current 30-nm limit by combining dynamic light
scattering and inductively coupled plasma mass spectrometer
technique and proposes the use of gold nanoparticle as the stan-
dard challenge particle. Furthermore, the effect of protective
ligand addition is investigated in order to decrease the adsorbing
effect between gold nanoparticle and membrane surface.

Index Terms—TFilters, gold, membranes, metals, particle mea-
surements.

[. INTRODUCTION

S SEMICONDUCTOR device design rules continue to
A shrink, particle contamination control becomes increas-
ingly important, driven by ever decreasing critical particle sizes
on Si wafers. Finer filters for various liquids are required to
support increased demands outlined in the International Tech-
nology Roadmap for Semiconductors each year: now 30 nm
and finer rated filters are critical for leading-edge semiconductor
manufacturing facilities.

Fig. | shows the comparison of various membranes with re-
gard to rating. particle sizing instrument, and standard chal-
lenge species. Despite microfiltration (MF) and ultrafiltration
(UF) membranes’ having already overlapped each other, dif-
ferent rating techniques are used. MF rating has been defined
by particle removal efficiency using hard particles such as poly-
styrene latex (PSL) spheres. Meanwhile, UF rating is defined
by challenging with some organics, including proteins and vita-
mins. using molecular weight cutoff concept [1]. Thus, there is
no common indicator regarding particle removal capability be-
tween MF and UF membrane.

However, useful filter rating methods below 30 nm have not
been reported. In general, filter ratings larger than 30 nm are
typically detined by particle removal efficiency using laser light
scattering particle counters and PSL as a standard challenge
particle (test particle). But particle-counting technology has
reached a limitation for particles less than 30 nm in size due
to the very low counting efficiency at these small sizes. Also,
PSL smaller than 20 am has not been developed yet because
of production difficulty. About six years ago, a filter rating
method using fluorescence PSL was developed by using a
fluorescence spectrophotometer instead of particle counters in
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Fig. l. Comparison of various membranes with vegard to rating and standard
challenge species, RO and NF means reverse osmosis and nanofiltration. respec-
tively.

order to improve detection sensitivity. However, the minimum
particle size obtainable is basically equal to the conventional
PSL one. Consequently, this method could not be applicable to
a filter rating below 20 nm.

Generally, to make nanosized particles disperse stably in
liquid phase is extremely difficult due to the reduction of
electrostatic repulsion in proportion to particle size, as Der-
jaguin-Landau—Verway-Overbeek (DLVO) theory describes
[2]. There are some nanosized rigid particles such as SiOg,
TiO,, CeQs, and precious metals. and whose sizes of primary
particle nearly equal each catalog value by electron microscopy
[3], [4]. But. almost all of the nanoparticles easily aggregate
and create secondary particle or precipitation if there are dis-
turbances such as concentration change, extraneous substance.
pH fluctuation, and temperature change. Considering pros and
cons of various particles, gold nanoparticle is adopted as the
standard challenge particle because of the high stability, narrow
particle size distribution, and roundness.

Gold nanoparticle is one of the oldest developed nanoparti-
cles: it was originally used for stained glass beginning in about
the seventeenth century [5], [6]. Faraday scientifically devel-
oped the synthesis method by using some chemicals in the nine-
teenth century [7]. Recently. precious-metal nanoparticles in-
cluding gold nanoparticle has been expected for the purpose of
microfabrication of thin films and line patterning as an alternate
technique of plating.

0894-6507/$26.00 © 2009 IEEE
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Other advantages of gold nanoparticle are as follows.

— About 1 nm to submicrometer particle sized gold particles

are obtainable.

—1It has been said that particle size distribution of gold

nanoparticle less than 30 nm is narrower than that of PSL.

— High density of electrons causes high detectivity using op-

tical methodology.

— Gold nanoparticle is harmless and nontoxic.

According to DLVO theory, it i8 expected that the aggrega-
tion and/or precipitation of colloidal nanoparticles easily occurs
because their surface zeta potentials decrease in proportion to
the particle size [2], [3], [8]. Thus, to monitor the particle size
of challenged colloidal suspension is indispensable for accurate
measurement of the filter’s particle removal capability.

There are some instruments determining particle size in nano-
sized colloidal suspensions. Especially, small-angle X-ray scat-
tering (SAXS), differential mobility analyzer (DMA), ultracen-
trifuge separator, and dynamic light scattering (DLS) are widely
used. SAXS is often used to determine the crystalline particle
size and structure by analyzing the scattered X-ray intensity in
small angle. The particle size as intensity-weighted mean can be
obtained by Guinier plot [9]. Since the wavelength of X-ray is
generally smaller than the diameter of a colloidal particle, it is
preferable to analyze nanoparticles [10]. However, X-ray intrin-
sically tends to penetrate into various materials and has very low
scattering capability, especially against low-density materials
such as PSL and colloidal silica. Thus, relatively highly con-
centrated (more than 5 wt%) samples are needed to detect suf-
ficient scattered X-ray intensity and calculate accurate particle
size data. Meanwhile, small-angle neutron scattering (SANS)
is a similar technique to SAXS. DMA plays an important role
in sizing of aerosol involving a particle larger than sub-10 nm
[11]-[13].

Recently, some colloidal particles dispersed in liquid have
been applied by vaporizing. But the particle size of gas phase
is possibly different from that of liquid phase because aggrega-
tion or dispersion may occur in the phase transition from liquid
1o gas. Ultracentrifuge separator method is used with a scanning
absorption optical system such as ultraviolet/visible (UV/VIS)
in bioindustry for the purpose of protein separation and determi-
nation of particle size [ 14]. The resolution of determined particle
size distribution is high in angstrom order if dense colloidal sus-
pension is measured. However. the detection limit is relatively
high due to the usage of UV/VIS, which needs a condensed
sample. DLS. also named quasi-elastic light scattering or photon
correlation spectroscopy. is the established instrument for the
particle size measurement of colloidal particles in the range of
about | nm to a few micrometers by in situ analyzing the fluc-
tuation of the scattered light from colloidal particles [15]-[22].
The detection limit is relatively low. For instance, in the case of a
20-nm-sized particle, DLS can detect at the concentration on the
order of a few parts per billion. Considering the pros and cons
of the above four instruments, a DLS instrument was adopted
because of its high sensitivity, short measurement time, and in
situ measurement in liquid phase.

Inductively coupled plasma mass spectrometer (ICP-MS)
technique is adopted as an alternative method of determining
quantity to particle counter because a nanosized metal particle

is used as a standard challenge particle and ICP-MS has the
highest sensitivity of diluted metals. The particle counter has
a fatal problem to detect even fine bubbles and contamination
in liquid as if they were real particles. However, the ICP-MS
instrument can only detect the used gold nanoparticle because
the contamination of gold element is negligibly small, and this
method can demonstrate accurate particle removal efficiency.

Hence, we investigated alternative techniques and concluded
that combining DLS and ICP-MS with gold nanoparticle, as a
challenge contaminant, was effective.

A challenge particle size below 30 nm in colloidal solution
could be in situ measured with DLS, and it enables us to confirm
the real particle size distribution and whether or not the colloidal
system is stable. Thus, ICP-MS could measure concentrations of
challenged gold nanoparticle in upstream and downstream with
a high detectivity. Additionally, adding protective ligands for
reducing the adsorbing effect between particle and membrane
surface was examined and the mechanism of the repulsive force
investigated.

II. EXPERIMENTAL

A. Gold Nanoparticle

Gold nanoparticles (EMGC series, 5, 10, 20 ,and 30 nm)
supplied by British Biocell international, U.K., were sus-
pended in dilutions of deionized water to test for efficacy as
standard challenge particles. In order to prevent them from
aggregating and decrease the adsorbing effect between the
gold nanoparticle and the high-density polyethylene (HDPE)
and nylon6,6 membrane surfaces, protective ligands (sta-
bilizer), mercaptosuccinic acid (97%, Wako, Japan). and
2-amino-2-hydroxymethyl-1,3-propanediol (Wako, Japan),
were used. respectively. Also, 3-mercaptopropionic acid,
2-mercaptopropionic acid, mercaptoacetic acid, and p-mer-
captobenzoic acid were used to investigate the mechanism
of adsorbing effect between gold nanoparticle and the
HDPE membrane surface by comparing particle removal
efficiencies. For nylon6,6 membrane, 3-mercapto-1,2-propane-
diol, 2-mercaptoethanol, 1-mercapto-2-propanol, 3-mer-
capto-1-propanol. 2-amino-2-methyl-1,3-propanediol.
2-amino-2-methyl- | -propanol, 2-amino-1,3-propanediol,
3-amino-1,2-propanediol, (R)-(—)-2-amino-1-propanol, and
(S)-(+)-2-amino- I -propanol were used.

As areference, 33 nm PSL, 3030A. supplied by Duke Scien-
tific, was also used in challenging these membranes.

B. Membrane

Polytetrafiuoroethylene (PTFE) membranes of UltiKleen Ex-
cellar ER (filter rating 20 nm, Pall) filter and UltiKieen Excellar
(filter rating 30 nm, Pall) filter were used. Instead of a particle
challenge test, ratings of 20 nim were estimated by extrapolation
of the linear relationship between KL value—the critical pres-
sure where isopropylalcohol (IPA) liquid film separated from
the membrane pore—and reciprocal number of rating in the
range of 30-200 nm, obtained by challenge testing as shown
in Fig. 2. HDPE membranes of PE-Kleen UGO0O01 (filter rating
10 nm. Pall) filter and UGO003 (filter rating 30 nm, Pall) filter.
nylon6,6 membranes of Ultipleat P-Nylon ANM (filter rating
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Fig.2. Correlation between KL-value and 1/(rating) of various PTFE filters.
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Fig. 3. Schematic drawing of the filter evaluation apparatus using 47 mm ¢
disk membrane.

20 nm, Pall) filter, and (filter rating 40 nm, Pall) filter were
also used for the proposed evaluation. Each membrane was cut
into 47-mm-diameter disks, and the filtration was performed
by challenging with gold nanoparticle suspension after prewet-
ting the membrane with IPA at a flow rate of 5 ml/min, corre-
sponding approximately to 10 L/min when using a 10-in car-
tridge. Schematic drawing of the filtration apparatus is shown
in Fig. 3. The challenge solution dispersed with gold nanopar-
ticle was pressurized by regulated air and sent to the membrane
holder.

C. Characterization

1) Particle Size Determination: DLS and Electron Mi-
croscopy: Particle size distributions of challenge gold nanopar-
ticles were measured with DLS (Zetasizer Nano ZS, Malvern,
U.K.) installed with a semiconductor laser operating at 532 nm
and at an output power of 50 mW. The scattered light from the
Brownian suspended particles was detected with an avalanche
photodiode at the fixed back-scattering angle of 173°. The
temperature of the sample cell holder was maintained constant
at 296 K with a peltiert device. Analyzing the time-correlation
function originating from the fluctuation of the scattered light,
the diffusion coefficient D can be obtained by using the non-
negative least squares method. Then, hydrodynamic diameter d
is calculated by following the Stokes-Einstein ¢quation using
solvent viscosity (),

d = kT/(37nD) (N

where k is Boltzmann’s coefticient and T is absolute tempera-
ture in kelvin.

For comparison. electron microscopy observation was carried
out with in-lens field emission scanning electron microscopy
(FE-SEM) (S-5200, Hitachi, Japan), which could observe
without the deposition of conductive material such as gold
and carbon. Thus, the accurate size and shape of original gold
nanoparticle could be demonstrated. The particle size distri-
butions were determined by counting more than 100 particles.
Gold nanoparticle suspensions were dropped on Si wafer, and
the wafer sample was dried at room temperature for 24 h.

Transmission electron microscopy (TEM) observation was
also carried out to elucidate the crystalline structure of 5 nm
gold nanoparticle with high-resolution TEM (H-9000UHR, Hi-
tachi, Japan) at an accelerating voltage of 300 kV.

2) Zeta Potential Measurement: Zeta potential is the elec-
tric potential difference between the bulk of solvent and ionic
diffusion layer of fluid attached to the dispersed particles. The
surface zeta potential of dispersed particle in liquid is one of
the indexes predicting the stability of aqueous colloidal suspen-
sions. If the zeta potential is more than 30 mV or less than —30
mV. the repulsive force is induced between suspended particles,
which increases electrical repulsive force and the suspension
stability. On the other hand, if the absolute value of zeta poten-
tial decreases less than about 30 mV, colloidal particles become
unstable and aggregation occurs. The surface zeta potential of
gold nanoparticle was obtained from the electrophoresis mo-
bility using the optional function of the DLS instrument. Phase
analysis light scattering and mixed mode measurement methods
were used for eliminating the effect of electroosmotic flow. The
zeta potential z was calculated using Henry equation

Ug = 2zef(Ka)/3n (2)

where Ur means electrophoretic mobility and ¢ and n are di-
electric constant and solvent viscosity, respectively. Since the
gold nanoparticles were dispersed in water, then Henry coeffi-
cient f(Ka), was setto 1.5 by applying Smoluchowski approx-
imation.

3) Quantity Determination of Challenge Gold Nanoparticle:
The quantity of gold in the feed and filtrate solution was deter-
mined with ICP-MS (HP-4500, Agilent Technologies). In order
to make a calibration curve, gold standard solution (HAuCl,,
Wako, Japan) was used.

III. RESULTS AND DISCUSSION

A. Particle Size Distribution

Fig. 4 shows the particle size distributions of 10-, 20-, and
30-nmn gold nanoparticles measured with (a) DLS and (b) in-lens
FE-SEM. PSL (33 nm) result by DLS is also shown in Fig. 4(a).
FE-SEM images of the gold nanoparticles are shown in Fig. 5.
The sizes of each challenge material are roughly the same, and
the mean diameters of gold nanoparticle and PSL determined by
DLS measurement were 11.3, 21.6, 30.7, and 32.5 nm, respec-
tively. The distribution of the PSL was a little broader than the
gold nanoparticles. From the FE-SEM observation. the average
particle size of 10, 20, and 30-nm gold nanoparticles was 8.6.
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Fig. 4. Particle size distributions of 10-, 20-, 30-nm gold nanoparticle and 33
nm PSL measured with () DLS and (b) in-lens FE-SEM except PSL (shown in
Fig. 5).

18.8, and 28.6 nm, respectively. According to the National Insti-
tute of Standards and Technology (NIST), 10-nm gold nanopar-
ticle supplied by British Biocell International was certified as
reference material. NIST has released the average particle size
of 10-nm gold nanoparticle (RM8011) as 9.9 = 0.1 nm by SEM
and 13.5 + 0.1 nm by DLS, and also has released the 30-nm re-
sult (RM8012) as 26.9 £ 0.1 nm by SEM and 28.6 £ 0.9 nm by
DLS. Table I summarizes these results, including the NIST re-
port. In general, the particle size of DLS is larger than that of
electron microscopy because DLS measures the hydrodynamic
diameter of the colloidal particle covered with molecules. ions,
and solvent.

B. 30-nm Gold Nanoparticle Versus 33 nm PSL Chullenge Test

Fig. 6 indicates the removal efficiencies of Excellar ER
(20 nm) membrane versus total particle concentration using the
30-nm gold nanoparticle and 33 nm PSL. Removal efficiencies
by both have nearly the same values, which are asymptotically
close to 100% in the measured range.

Thus, the proposed rating method using 30-nm gold nanopar-
ticle showed equivalent removal efficiency for 20-nm PTFE
filter as compared to the conventional rating method using
33-nm PSL.

Fig. 5. In-lens FE-SEM images of the (a) 10-. (b) 20-, and (c) 30-nm gold
nanoparticles. Since no deposition such as Pt, Au, and carbon is conducted. the
increase of particle size is not expected.

C. Evaluation of the Excellar und Excellar ER PTFE
Membrane

Fig. 7 shows the result of applying the proposed method to
Excellar ER membrane estimated as 20 nm by KL extrapola-
tion method (Fig. 1) using 0.5 ppm (3.5E+9 pcs/ml) suspen-
sion of 20-nm gold nanoparticle, with the particle size con-
firmed as shown in Figs. 2 and 3. Filter membranes of 30 nm
rating showed lower removal efficiency, while the Excellar ER
(20 nm) membrane shows more than 99% removal efficiency, as
expected based on the membrane design.

D. Effect of Ligand Addition for the Reduction of Adsorbing
Effect

Gold nanoparticle is generally prepared by the reduction of
chloraulic acid (HAuCl,) with citric acid physically adsorbed to
the surface of gold and makes gold electrically stable in water
[5]1, [6], [23]. As PTFE has very low surface energy, no inter-
action between the gold nanoparticle and the PTFE surface is
expected. However, higher than expected particle removal effi-
ciency might be found when challenging HDPE and nylon6,6
membranes due to surface interactions. In other words, these
membranes could trap particles by adsorbing effect as well as
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TABLE [
SUMMARY OF COMPARISON OF PARTICLE SIZE BY DLS AND TEM. THE RESULT REPORTED BY NIST ALSO IS DESCRIBED

Sample DLS (nm) FE-SEM (nm) by N]IJSLTS (nm) B stlzr(nm)

10 nm gold 11.3 8.6 13.5 9.9

20 nm gold 21.6 18.8 - -

30 nm gold 30.7 28.6 28.6 26.9

33 nm PSL 33.5 - - -
9 using PSL, Triton X-100 as surfactantis also used in order to de-
; crease the removal efficiency [24], [25]. Hence, some protective
g 100 BBl @@ W e ligands were investigated to reduce the attractive force between
3 998l nanoparticle and membrane.
% 99 6 |- e 33 o P L It is well‘known that the precious metal surface selectively
s : adsorbs sulfur and nitrogen [26]-[36] and has a strong binding
g 99,4 |- <13 30 nm Gold energy of Au-S estimated to be about 170 kl/mol [37]. There-
g 992 fore, the gold surface can be easily modified by thiol or amino
= functional groups [38], [39]. and various properties such as hy-
B ome  Lomes 20ms  somos aomos drophilic/hydrophobic and cationic/anionic can be added. In-

Total number of particles (pes/icm?)

Fig. 6. Particle removal efficiencies of Excellar ER (20 nm) membrane by
30-nm gold nanoparticle and 33-nm PSL as a function of challenged particle
concentration.

100
S0 |

80
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Excellar A filter

B filter
(30 nm)

Excellar
ER
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(Filter rating)

Fig. 7. Average particle removal efficiencies of PTFE membranes measured
using 20-nm gold nanoparticle shown in Figs, 4 and 5. Challenge particle co-
centration is 0.5 ppm (= 3.5E + 9 pes/ml).

filtration. Generally, almost all filters trap particles by both fil-
tration and adsorption, but the adsorption in intensity highly de-
pends on the properties of liquid. particle, and membrane sur-
face. The ideal function of filter is to catch particles by only the
filtrate function even at the condition of no adsorption effect ex-
pected. Actually, there are many kinds of particles and fluids at
real filtration field, and thus gold nanoparticle and conventional
PSL in deionized water (DIW) cannot always be the model par-
ticle representing these countless particles. But it is very impor-
tant to prove the particle removal capability even when nonad-
sorbing particle comes to filter. Meanwhile. in the challenge test

vestigating some protective ligands., we concluded that mer-
captosuccinic acid for HDPE and 2-amino-2-hydroxymethyl-
1.3-propanediol for nylon6,6, respectively, are very effective
for reducing particle adsorption and eventually effective for re-
ducing higher than expected particle removal efficiency. Fig. §
shows the result of particle removal efficiency with the addi-
tion of ligands to the gold nanoparticle dispersion liquid at the
various concentrations noted. Without protective ligands, high
removal efficiencies of all membranes were observed. For ex-
ample, UG003 (rating = 30 nm) could trap 10-nm gold nanopar-
ticle at nearly 100%. This result means that adsorbing effect
is dominant at this condition. On increasing the concentration
of the ligands, the particle removal efficiencies of (b) UG003
(30 nm) and (d) AND (40 nm) membranes were decreased and
approached certain values. On the contrary, (a) UG001 (10 nm)
and (¢) ANM (20 nm) membranes have high removal capability
even when challenging gold nanoparticle with a dense ligand
concentration. Thus. this result means that UG001 and ANM
have high filtration removal capability against 10- and 20-nm
particles, respectively, without adsorbing effect.

E. Mechanism of the Reduction of Adsorbing Effect by Adding
Protective Ligands

DLVO theory, accomplished in the middle of the twentieth
century [2], describes aggregation/dispersion phenomenon
regarding van der Waals interaction and electrostatic repulsion
originated from double layer force. Electrostatic repulsion
force, so-called zeta potential, needs to be increased to obtain
a stably dispersed colloidal system. Absolute value of zeta
potential is well known to be proportional to the particle size
dp as following repulsive potential using Debye—Huckel ap-
proximation

Vi = 32kTnodpy? exp(—rh) /6% x dp 3)
where X is Boltzmann's constant. ng and ~ are the number den-
sity of ion in the bulk solution and the reduced surface poten-
tial, respectively. 1/ and h are the Debye length, the thickness
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Fig. 8. Particle removal efficiencies of polyethylene and nylon6,6 against 10-, 20-, and 30-nm gold nanoparticle with protective ligands.

Fig. 9. High-resolution TEM image of 5-nm gold nanoparticle dried on Si
wafer without protective ligand. Some crystalline facets are observed. S- and
N-elements could combine with the surface elements of gold nanoparticle.

Fig. 10, Schematic iltustration of $- or N-element possible adsorption site on
the Au (111) surface. The most stable site is expected to be atop or bridge site.

of electrostatic double-layer. and a distance between interfacial
particles.

The smaller the particle size is, the smaller the absolute value
of zeta potential is. and therefore aggregation and sedimentation
easily occur. The gold nanoparticle used in this paper is uni-
tormly covered by citric acid, which can electrostatically and

Maxinum length of the
molecule

_ COOH
HS—CH 0.8881 nin
\ CH, —COOoH
mercaposuccinic acid
HS—CH, —CH, — COOH 0.8482 nm

J-mereaptoprupionic acid

HS—CH< =

COCH

2-poercaptopropionic acid

0.7606 nm

HS—CH, —COCH 0.7606 nm
mercaptoacetic acid
HS—@— COOH 1.1180 nm

pemurcaplobenzoic acid

Fig. 11. Molecular structure of ligands used for HDPE membrane to examine
the adsorbing effect.

physically stabilize colloidal system. Even if the gold nanopar-
ticles are stably dispersed in liquid phase, they tend to adsorb
on the membrane surface due to low freedom of motion.

The van der Waals attractive interaction energy between
sphere particle and surface is theoretically describes as follows:

particle-surface  Vi,qw = H.adp/Gh 4)
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Fig. 12. Average particle removal efficiencies of 30 nm rating of HDPE membrane against 10-nm gold nanoparticles covered with various ligands. Challenge
particle concentration is 0.5 ppm (= 2.85E + 10 pcs/ml); ligand concentration is 0.1 mmol/L

where H , is the Hamaker constant. H 1 is dependent to some
degree on the electronic density of the particle and surface and
the solvent intervening between particle and surface. Particu-
larly, the H 4 value in the case of PTFE membrane is smaller
than that of other resins. Therefore, the adsorbing effect between
particle and PTFE surtace could be ignored. On the other hand.
HDPE and nylon6.6 membrancs have relatively high H 4: thus
particles could easily adsorb on their membrane surfaces.

In the previous section, some specific protective ligands have
an effect on decreasing adsorbing effect. The mechanism of the
reduction of adsorbing effect was examined by comparing some
protective ligands in regard to chain length and straight/branch
chain. Meanwhile, Triton X-100 as non-ion surfactant has been
used for PSL particle challenge test in order to decrease ad-
sorbing effect. It can decrease the attractive interaction between
particle and membrane by the steric effect as one of the non-
DLVO forces [24}], [25].

A TEM image of 5 nm gold nanoparticle is shown in Fig. 9.
Gold is well known as a face-centered cubic lattice (FCC)
crystal; thus some ordered crystalline facets are observed.
Thiol (SH) and NHs could combine with Au element at
bridge or atop site with a kind of covalent bond. as shown in
Fig. 10 [39]-[41], and produce the self-assembled monolayer
(SAM)-like Langmuir-type adsorption on the gold surface
[42]. [43]. Furthermore. Petri showed evidence that the second
layer can be made on the first SAM by the driving force of the
intermolecular hydrogen bonds [44]. Also, Nara reported that
the ligand combining with Au element could change the bond
angle [45].

HDPE membrane, which has a rating of 30 nm, was chal-
lenged with the [0-nm gold nanoparticle covered with mer-
captosuccinic acid. 3-mercaptopropionic acid, 2-mercaptopro-
pionic acid. mercaptoacetic acid, and p-mercaptobenzoic acid
to examine the influence of molecular structure by varying with
molecular length. straight/branch chain. and functional group.
Schematic drawings of each protective ligand with maximum
length of the molecule are shown in Fig. 11. As a result, mer-

captosuccinic acid and p-mercaptobenzoic acid could decrease
the particle removal efficiency to the same degree as shown in
Fig. 12. The hydrodynamic diameters and zeta potential of each
10-nm gold nanoparticle treated with each protective ligand are
summarized in Table I1. Although the zeta potentials are main-
tained almost constant below —25 mV except 2- and 3-mercap-
topropionic acids, the particle size is greatly varied due (o the
ligand adsorption on the particle surface. Table II also indicates
the calculated hydrodynamic diameter considering the first and
second layer of protective ligands. These actual hydrodynamic
diameters measured with DLS may represent the second layer
except 2- and 3-mercaptopropionic acids.

In Fig. 13, schematic drawings of the atomic configurations
of straight and branched chain structure of protective ligands
(3-mercaptopropionic acid and mercaptosuccinic acid) are
shown. A branched or bulky protective ligand has a structure
of thick chain and tends to create the perpendicular structure to
gold surface due to the physical closeness and each repulsive
interaction force of the neighboring ligand. On the other hand,
straight chain ligand has a lot of freedom in geometry and could
tilt the chain structure, as shown in Fig. [3. Accordingly, the
gold nanoparticle covered with bulky ligand. which has a long
chain and branched/bulky structure, tends to have a large hydro-
dynamic diameter and physically restrain the gold nanoparticle
from approaching the membrane surface. Templeton reported
the difference of reactivity comparing various ligands bonded
on the surface of gold and concluded the steric effect caused
the affect of reactivity [43].

Thus, the gold nanoparticle treated with a straight chain
ligand could approach the membrane surface more closely
than a branched or bulky ligand and have a high possibility
to adsorb. Consequently, the reduction of particle removal
efficiency is mainly caused by the steric effect as non-DLVO
force. However. the particle removal etficiency of the particle
covered with 2-mercaptopropionic acid is still high in spite of
the large hydrodynamic diameter. The reason for high removal
efficiency is not clear, but the branched methyl group may
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TABLE I1
PARTICLE SIZE (HYDRODYNAMIC DIAMETER) AND ZETA POTENTIALS MEASURED WITH DLS ADDING VARIOUS LIGANDS TO 10-nm GOLD NANOPARTICLE
FOR HDPE MEMBRANE

» Zeta Expected particle size  Expected particle size by
. Particle . ] .
Ligand . potential by first-layer adsorption  second-layer adsorption
size (nm)

(mV) (nm) (nm)
mercaptosuccinic acid 14.6 -33.8 13.1 14.9
3-mercaptopropionic acid 11.5 -27.2 13.0 14.7
2-mercaptopropionic acid 14.9 -40.5 12.8 14.4
mercaptoacetic acid 13.3 -35.3 12.8 14.4
p-mercaptobenzoic acid 16.4 -27.1 13.6 15.8

Expected particle sizes are calculated by using maximum length of molecule shown in Fig. 11 and the particle size of 10 nm gold nanoparticle written in Table 1.
Zeta potentials measurements were conducted with 20 n gold nanoparticle due to the lack of the scattered intensity from 10 nm gold nanoparticle.

mercaptosuceinic acid

? s

J-morcaptopropionic acid

Fig. 13. Schematic drawing of atomic configurations of straight and branched
chain structure of protective ligands combining with Au element (3-mercapto-
propionic acid and mercaptosuccinic acid).

have a hydrophobic attractive interaction with the polyethylene
group. Thus, an investigation of the membrane surface would
be needed using atomic force microscopy or another technique.

Nylon6,6 membrane. which has a rating of 20 nm,
was challenged with the 10-nm gold nanoparticle treated
with various ligands that have a thiol group or amino
group; protective ligands are 3-mercapto-1.2-propane-
diol, 2-mercaptoethanol, l-mercapto-2-propanol, 3-mer-
capto- 1-propanol. 2-amino-2-methyl-[,3-propanediol,
2-amino-2-methyl-1-propanol, 2-amino-1,3-propanediol,
3-amino-1,2-propanediol, (R)-(—)-2-amino-1-propanol, and
(S)-(+)-2-amino--propanol. The purpose of using their pro-
tective ligands is to examine the root cause of reduction of
adsorbing effect; which element of S and N is effective; or
which end-group and end-structure is effective. Schematic
drawings of these protective ligands are shown in Fig. 14. Par-
ticle challenge test results using these ligands are summarized
in Fig. 15. The particle removal efticiencies of all the ligands
including thiol group were extremely high. This means the
nylon6,6 membrane adsorbed the gold nanoparticles combining
thiol group. On the other hand. the particle removal efficiencies
of all the ligands including amino group were lower than 60%.

H
(¢]
H | H OH OH
0 cH;, O | |
I | HS~CH, -CH—CH;
CH,- clz—CHE 3-mercapto- 1,2-progancdiol
NH;
2~gtniic2-lydtoxymethyls 1 3-gropaediol
?H
H H
0 HS-CH,—CH—CH;
? ?H’ ] L-mercapto-2-peopancl
CH:-C—CH;
|
NH,
Z-anninc-2-metbyl( J-propamediol (l)H
HS-CH; -CH;—CH,;
H H 3-mercapto- 1 -propanol
(1] (o]
| (
CH;-CH—CH;
NH, HS-CH;-CH,~OH
2-sin-1 3-peopavediol Ao el
H
CHy O
| |
CHy= C—CH:
|
NH;
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H H U
i $ ¢
CH;- CH_(!:[-[2 NH;~CH,;~ CH~CH,
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7
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(SM+}2-amine- <propanal

Fig. 14. Schematic drawing of ligands used for nylon6,6 membrane to examine
the mechanism of adsorbing etfect.

The hydrodynamic diameters of 10-nm gold nanoparticle and
zeta potential of 20 nm treated with each protective ligand are
summarized in Table III.

Therefore, the NH group in nylon6,6 molecular structure
probably has the repulsive force against the amino group in
ligand. which directly combines with the gold surface. It seems
that outer molecular structure in ligands such as methyl and
alcohol group does not have any effect on the interaction with
nylon6,6 membrane.
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