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Size separation of silver nanoparticles was investigated in counter-current chromatography (CCC) based
on a unique step-gradient extraction process. Carboxylate anions were modified on silver nanoparti-
cles to produce water-dispersible nanoparticles. The aqueous nanoparticles were readily transferred to
the organic phase (toluene/hexane = 1:1, v/v) together with the phase transfer catalyst, tetraoctylam-
monium bromide (TOAB), owing to the ion-pair adduct formation between silver nanoparticle anions
and tetraoctylammonium cations. Smaller nanoparticles were found to be more readily transferred to
ounter-current chromatography
ilver nanoparticles
ize separation
on-pair
hase transfer
tep-gradient extraction

the organic phase compared to larger nanoparticles. Various concentrations of TOAB in the organic elu-
tion phase were used in the CCC extraction experiments. It appeared that a concentration of 0.02 mM of
TOAB was adequate to achieve optimum separation and recovery for the aqueous Ag nanoparticle sample
(1.5 mg) in the CCC extraction experiments. Samples of 15.8 ± 5.3 nm were separated; the distributions of
four fractions collected were 13.7 ± 1.9, 14.1 ± 3.5, 19.2 ± 4.3, and 22.2 ± 4.9 nm. Compared with the step-

d in
wise extraction performe
size discrimination.

. Introduction

In the last decade, many separation techniques, including size
xclusion chromatography [1,2], ion-pair chromatography [3], field-
ow fractionation [4], gel electrophoresis [5,6], and diafiltration

7], have been developed for the size separation of nanoparticles.
to et al. [8,9] demonstrated particle and cell separations using
ounter-current chromatography (CCC) in a non-synchronous coil
lanet centrifuge. Moreover, Fedotov [10] successfully fractionated
icro-size particles suspended in single phase CCC using J type

ynchronous coil planet centrifuge. However, size separation of
anoparticles has not been reported using CCC. CCC is known as
support-free liquid–liquid chromatography [11,12], where irre-

ersible adsorption would not occur. Accordingly, CCC is often
pplied in purifying crude extracts of natural products before regu-
ar HPLC/MS analysis [13,14]. In a typical CCC separation, a solvent
ystem is made by mixing two or more solvents in a separatory
unnel. After settling, two separate liquid layers (the upper and the
ower phases) are formed. One of the two layers acts as the station-

ry phase and the other one is the mobile phase. Sample molecules
re distributed in these two phases and separated during the elu-
ion. Typically, one of the phases is rich in water, i.e. hydrophilic; and
he other one is rich in organic solvent, i.e. hydrophobic. However,

∗ Corresponding author. Tel.: +886 3 573 1673; fax: +886 3 572 3764.
E-mail address: tyu@faculty.nctu.edu.tw (T. Yu).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.06.002
this study, the step-gradient extractions using CCC provided much better

© 2009 Elsevier B.V. All rights reserved.

water-dispersed nanoparticles are insoluble in hydrophobic media;
thus, modifications of the solvent system are needed to adjust the
partition between the two phases.

Hydrophobic surfactant, such as bis(2-ethylhexyl) sulfosucci-
nate (AOT) has often been applied as the stabilizing agent in
the synthesis of metal nanoparticles in organic solvents [15,16].
Reverse micelles formed by AOT aggregates provide hydrophilic
environments for nanoparticles. In addition, surfactant tetraocty-
lammonium bromide (TOAB) is a common cationic agent for phase
transfer in nanotechnology. For example, HAuCl4 can be transferred
from water to toluene in the presence of TOAB and reduced to
yield gold nanoparticles also stabilized by the surrounding TOAB
molecules in toluene [17]. In addition to being a transfer agent for
precursors and a stabilizing agent for nanoparticles, TOAB demon-
strated extraction ability for noble metal nanoparticles that were
modified by carboxyl groups possessing highly negative charges.
The surfaces of gold or silver nanoparticles were usually capped by
a monolayer of thiol molecules with Au–S, or Ag–S covalent bind-
ing. Thiol compounds, such as 11-mercaptoundecanoic acid (MUA)
and mercaptosuccinic acid, were easily immobilized on gold and
silver nanoparticles [18,19]. The extraction was attained through
ion-pair formation between tetraoctylammonium cations (TOA+)

and the carboxyl group on nanoparticle surfaces [20]. Without
TOAB, nanoparticles in the aqueous solution would not be trans-
ferred to toluene. With a low concentration of TOAB, relatively
small-sized particles in the aqueous solution could be transferred
more easily to the toluene. After the amount of small-sized particles

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:tyu@faculty.nctu.edu.tw
dx.doi.org/10.1016/j.chroma.2009.06.002
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ecreased owing to the first extraction, more relatively large-sized
articles would readily move to the organic layer during the second
xtraction. Therefore, size separation could be performed by step-
ise extractions using the organic solvents with the same TOAB

oncentration. In addition to the concentration of phase transfer
gent, organic solvents used as the extraction media played an
mportant role on the phase transfer. Chloroform and carbon tetra-
hloride exhibited higher extraction efficiency for larger particles
han toluene [21]. Thus, size-selective extraction of silver nanopar-
icles could be achieved using a series of different organic solvents
ontaining the same surfactant.

In addition to chromatographic separations, CCC was used as a
ontinuous extractor, for example, in removing surfactants from
aste water [22]. The scale-up of dynamic extraction has been
emonstrated and improved through the modification of CCC cen-
rifuges [23]. The phase distribution in a CCC column used as a
ontinuous extraction vessel has been studied recently in order
o enhance extraction efficiency [24]. In the present study, size-
eparation of Ag nanoparticles using CCC was performed with
olvent systems containing TOAB. Solutes dissolved in the aque-
us stationary phase were eluted with the organic mobile phase.
lthough the extraction signal monitored using an on-line detec-

or looked a little similar to chromatograms, the separation was
chieved through a batch extraction process of Ag nanoparticles
sing a step-gradient of TOAB in the mobile phase.

. Experimental

.1. Reagents and solvents

HPLC-grade n-hexane and toluene were purchased from Tedia
Fairfield, OH, USA). Sodium borohydride, TOAB, and MUA were all
urchased from Sigma–Aldrich (St. Louis, MO, USA). Silver nitrate,
ydrochloric acid, potassium dihydrogenphosphate (KH2PO4), and
ipotassium phosphate (K2HPO4) were obtained from Showa
Tokyo, Japan). Water was purified using a Milli-Q apparatus (Mil-
ipore, Bedford, MA, USA).

.2. Preparation of aqueous Ag nanoparticles

Silver nanoparticles modified by MUA (Ag-MUA) were prepared
sing the method similar to the steps reported in the literature [18].
t the beginning, 1.7 mg of MUA was added into 25 ml of freshly
repared sodium borohydride aqueous solution (20 mM). After stir-
ing for 5 min, 25 ml of silver nitrate solution (5 mM) was added by
rops into the aqueous solution with vigorous stirring. The color of
he clear solution turned to light yellow at first and finally to dark
ellow due to the formation of silver nanoparticles. After 24 h of stir-
ing, the solution was adjusted to pH 2 by adding 0.1 M HCl and the
anoparticles was precipitated by a centrifuge (Hermle Z323K cen-
rifuge, Wehingen, Germany) running under 6000 rpm for 10 min.
he precipitate (15 mg) was re-dispersed in 50 ml of phosphate
uffer (20 mM, pH 11) as the stock solution. Because aggregates
f silver nanoparticles would be enhanced by higher salt concen-
ration [25], the phosphate buffer used in this experiment should
e limited to 20 mM.

.3. Analysis of Ag nanoparticles

.3.1. Optical spectroscopy
The Ag-MUA stock solution (0.30 mg/ml) was diluted 30 times
owing to the high absorptivity) with deionized water to be charac-
erized using a UV–vis spectrophotometer (Hewlett-Packard 8453,

aldbronn, Germany). In addition to the measurement of Ag-
UA in the aqueous solution, Ag-MUA in an organic solvent was

lso investigated. Phase transfer was also operated by mixing
A 1216 (2009) 5962–5967 5963

10 ml of the stock solution with 10 ml of 1 mM TOAB-containing
toluene/hexane (1:1, v/v) solution for 20 min. The upper organic
phase was diluted 15 times with the hexane/toluene mixture and
was measured with the UV–vis spectrophotometer.

To identify the functional groups on the surface of nanoparti-
cles, a KBr pellet of the Ag-MUA powder dried under vacuum was
made for measuring IR spectrum using a Bio-Rad FTS 165 infrared
spectrophotometer (Philadelphia, PA, USA). A KBr pellet of the MUA
powder was made to provide a blank measurement.

2.3.2. Electron microscopy
The synthesized Ag-MUA was diluted 100-fold by water and a

small drop was tipped on a glass substrate and dried under vacuum.
The substrate was sputtered to form a 2 nm platinum thin film in
order to enhance the image resolution. The diameters of Ag-MUA
were measured by a JEOL JSM-7401F (Tokyo, Japan) field emission
scanning electron microscopy (SEM) system. The collected Ag-MUA
nanoparticles from stepwise extraction and the CCC separations
were also examined using the same instrument. In addition, the
energy dispersive X-ray (EDX) spectrum was measured for the ele-
ments C, O, Ag, and S at the acceleration voltage of 10 keV.

2.4. Batch extraction using CCC instrument

The chromatograph used was a Model CCC-1000 (Pharma-
ech Research, MD, USA) high-speed CCC that was mounted in a

temperature-controlled oven. It contained three spool-shape col-
umn holders; only one holder was used which was coiled with a
19-m long, 1.6-mm I.D. polytetrafluoroethylene (PTFE) tubing, with
a total volume of 38 ml.

The coil was first filled with hexane/toluene (1:1, v/v) mobile
phase solution without TOAB. The Ag-MUA stock solution prepared
for the analytical purpose was also used as the sample solution
for separation. The sample solution dispersed in phosphate buffer
(20 mM, pH 11) was injected through a six-port injection valve with
a coil of 5 ml into the tail end of the column. The rotation of the
chromatograph was set at 700 rpm and the oven temperature was
controlled at 20 ◦C. After sample loading, the extraction solution
(TOAB-containing organic phase) was then pumped in using the
tail-to-head mode. Flow rate was 1 ml/min for all experiments. The
mobile phases were mixtures of hexane/toluene (1:1, v/v) contain-
ing various concentrations (0.1, 0.03, 0.02, and 0.01 mM) of TOAB.
The effluent was monitored using a Bio-Rad Model 1801UV detector
(Hercules, CA, USA) at 427 nm, and every 2 ml was collected using
an Advantec CHF 121SA fraction collector (Tokyo, Japan).

2.5. Stepwise extraction of Ag-MUA nanoparticles

The aqueous solution of 1.5 mg Ag-MUA dispersed in 5 ml phos-
phate buffer (20 mM, pH 11) was mixed with the organic solution
of 10 ml TOAB (0.02 mM)-containing hexane/toluene (1:1, v/v).
After vigorous stirring for 20 min, the upper phase was removed
and another fresh 10 ml organic phase was added for the second
extraction. The process was repeated four times and the extracted
portions were analyzed by SEM for the size distribution.

3. Results and discussion

3.1. Characterizations of Ag-MUA nanoparticles
The UV–vis spectra of the silver nanoparticles are shown in Fig. 1.
The Ag-MUA nanoparticles in aqueous solution gave a maximum
wavelength of surface plasmon resonance absorbance at 416 nm.
In the absence of TOAB, mixing of the Ag-MUA aqueous phase with
the hexane/toluene phase did not result in the successful transfer of
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ig. 1. UV–vis spectra of Ag-MUA nanoparticles in aqueous solution (a) and after
xtraction to hexane/toluene (b).

he Ag-MUA to the organic phase. The organic layer remained col-
rless after thorough mixing and showed no UV–vis absorbance
t 416 nm. To estimate the amount of MUA molecules, elemen-
al analyses of the sample using EDX were conducted to estimate
he atomic percentage. The average S/Ag ratio was ∼0.07 and the
eight fraction of MUA molecule was about 12.4 wt%. After elimi-
ating impurities and H2O molecules combined with the carbonyl
roups [26], the calculated amount of MUA in the sample for the
V–vis absorbance measurement was ∼1.5 �mole. Compared with

he TOAB (10 �mole) in the organic phase, a quantitative transfer
as thus observed using UV–vis absorbance measurement.

The organic layer turned into dark yellow after 20-min stir-
ing while the aqueous layer became colorless. The maximum
bsorbance of organic layer appeared at 446 nm. An 30-nm red shift
n the surface plasmon resonance absorbance was observed. Red
hifts were also observed from 4 to 22 nm, while gold nanoparticles
ere transferred from the aqueous to the organic phase [27]. There-

ore, the red shifts in the present experiment might have resulted

rom the change in the refractive index of the Ag-MUA nanoparti-
les. The IR spectra of the Ag-MUA nanoparticles and pure MUA are
hown in Fig. 2. The FTIR spectra of Ag-MUA nanoparticles showed
ignificant vibration peaks of carboxylic acid stretching (1740 cm−1)
28] and CH stretching (2917, 2852 cm−1). It was noted that the S–H

Fig. 2. FT-IR spectra of the MUA molecules (a) and Ag-MUA powder (b).
Fig. 3. (a) Size distribution and SEM image of the Ag-MUA nanoparticles and (b)
EDX spectrum of the Ag-MUA nanoparticles.

stretching signal (2550–2600 cm−1) shown on the MUA IR spec-
trum was absent in the Ag-MUA sample. This suggested that the
S–H stretch of the MUA molecule would have been eliminated and
replaced by Ag–S formation [18]. The particle size distributions of
300 nanoparticles were measured using SEM and the images are
shown in Fig. 3a. The average diameter and standard deviation of
nanoparticles were 15.8 ± 5.3 nm. The EDX spectrum for C, Ag, O, S,
Si, and Pt is shown in Fig. 3b. The Si and Pt signals emerged from the
glass substrate and the Pt sputtering. The unusually high intensity
of O might also result from the glass substrate in addition to the
COOH moiety of the MUA molecule.

3.2. Size-fractionation of Ag-MUA nanoparticles using CCC
At the beginning of the study, we tried to find a conventional
aqueous-organic solvent system that might provide adequate parti-
tion coefficient for different sizes of Ag-MUA nanoparticles. Because
the pKa of monolayer MUA self-assembled on the metal surface
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Table 1
Size distributions of nanoparticles for the fractions of the continuous extractions
and the stepwise extraction (synthesized sample = 15.8 ± 5.3 nm).

Fraction 1 Fraction 2 Fraction 3 Fraction 4

a 15.6 ± 3.1 nm 16.0 ± 3.5 nm 15.9 ± 4.0 nm 16.1 ± 4.2 nm
b 13.8 ± 2.5 nm 15.4 ± 3.3 nm 16.2 ± 4.1 nm 19.2 ± 5.0 nm
c 13.7 ± 1.9 nm 14.1 ± 3.5 nm 19.2 ± 4.3 nm 22.2 ± 4.9 nm
d 13.1 ± 2.3 nm 14.5 ± 2.6 nm 15.2 ± 3.5 nm 15.5 ± 4.2 nm
e 14.2 ± 3.0 nm 15.1 ± 3.3 nm 15.9 ± 4.1 nm 17.5 ± 4.4 nm

a. Continuous extraction using 0.1 mM TOAB solution.
b. Continuous extraction using 0.03 mM TOAB solution.
C.-W. Shen, T. Yu / J. Chrom

as 5.7 under 0.1 M ionic strength and was 4.4 under higher ionic
trength [29], the Ag-MUA nanoparticles in aqueous phase were
ery hydrophilic, while the pH was above 6. No detectable Ag-MUA
articles were found transferred to the hexane/toluene phase. The
H of the aqueous layer was then lowered to increase the hydropho-
icity of the particles. Unfortunately, no partition of Ag-MUA was
bserved even when the pH was adjusted to below 2. Instead of
oving into the organic layer, precipitate of Ag-MUA formed at the
ater–hexane/toluene interface. Under higher pH values, Ag-MUA
anoparticles were subjected to greater electrostatic repulsion and
ere dispersed well in the aqueous layer and prevented from aggre-

ation. Accordingly, surfactant TOAB was added to the organic layer
o promote the Ag-MUA partition into the organic layer.

The partitions of Ag-MUA between the aqueous and TOAB-
ontaining hexane/toluene solutions were examined. With the
resence of TOAB, ion-pair adduct [Ag-MUAn−·nTOA+] would form
etween MUA anions and TOA+ cations [20] after mixing. This
dduct was insoluble in water, thus once it entered the organic
hase during the mixing, it would not return to the aqueous phase.

n the mean time, phosphate anions might also move into the
rganic phase due to the ion-pair formation. However, the Ag-MUA
hould be transferred into the organic phase more favorably than
hosphate anions due to the hydrophobic interaction between the

ong alky-chains of Ag-MUA and TOAB. Therefore, a partition CCC
as not feasible in this application. If the solvent system was pre-
ared in the conventional way by mutual saturation of the aqueous
nd the organic portions, the Ag-MUA particles would move into
he organic mobile phase quantitatively during the elution without
ize separation. Accordingly, a batch extraction was performed, as

escribed in Section 2.4, using the TOAB-containing organic phase,

nstead of a conventional partition CCC.
The Ag-MUA extraction signals and the fraction collection times

re given in Fig. 4. Only one large peak, shown in Fig. 4a, was

ig. 4. Batch step-gradient extraction experiments of Ag-MUA nanoparticles using
he solvents of 0.1 mM (a), 0.03 mM (b), 0.02 mM (c), and 0.01 mM (d) TOAB in hex-
ne/toluene (1:1, v/v). The starting collection times (marked by arrows) for the four
ractions were 42, 50, 58, and 62 min for (a); 58, 62, 78, and 90 min for (b); 60, 74,
8, and 110 min for (c) and 60, 74, 88, and 90 min for (d).
c. Continuous extraction using 0.02 mM TOAB solution.
d. Continuous extraction using 0.01 mM TOAB solution.
e. Stepwise extraction using 0.02 mM TOAB solution.

obtained at ∼50 min by elution of the extraction liquid containing
0.1 mM TOAB. This could have resulted from the high concentra-
tion of TOAB in the organic phase. Since the sample contained only
0.75 �mole MUA, most Ag-MUA particles were transferred into the
organic mobile phase of ∼25 ml (equivalent to 2.5 �mole TOAB) in
the dynamic process. All Ag-MUA particles with different diameters
were transferred from the aqueous phase to the organic phase at
the same time. Consequently, only a single peak appeared almost
at the solvent front.

The TOAB concentration was then reduced in the following
experiments to facilitate better size discrimination. An extraction
peak with a shoulder, shown in Fig. 4b, was observed by eluting
with a 0.03 mM TOAB solution. Furthermore, two even lower TOAB
concentrations (0.02 and 0.01 mM) were studied. The extraction
signals extended to a much greater range as the concentration was
lowered. This occurred because of the lower solvation power (less
ion-pair formation) of the lower concentration. While extraction
solutions of higher TOAB concentrations carried more Ag-MUA par-
ticles into the organic phase with less extraction volume, those of
lower TOAB concentrations took longer time (more elution volume)
to bring all particles into the organic phase, thus could give better
size discrimination.

The size distributions of the collected fractions for all four
experiments measured by SEM are listed in Table 1. The average
diameters in the four portions showed no significant difference in
the elution using 0.1 mM TOAB. In fact, the distributions (∼16.0 nm)

of these fractions were similar to those of the original samples.
Only the deviations of the fractions became greater when collected
at the longer elution time. When the extraction solvent front just
arrived at the sample zone, small-sized particles were still favored

Fig. 5. UV–visible absorption spectra of silver nanoparticles collected fractions dur-
ing the CCC process (0.02 mM TOAB). The spectra were normalized by the maxima
of each peak. Blue shifts were found in the collection order.
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o enter the elution solvent, thus resulting in a narrow distribution
n the first fraction. As more solvent was delivered into the column,
arger-sized particles also started moving into the elution solvent,
hus resulted in greater deviation but without size selectivity. No
ractions were collected after 75 min owing to the negligible signal
mplitude.

The four fractions of the second experiment, shown in Fig. 4b,
ere collected across the two unresolved peaks and at the peak

ail. The size distributions changed more significantly from 13.8 to
9.2 nm along with the elution time. Apparently, the size discrim-
nation was improved through lower TOAB concentration. While
sing 0.02 mM TOAB, the extraction signal, Fig. 4c, showed an irreg-

lar broad band and extended tailing to ∼200 min. The average
ize became broader for the four fractions collected under the
arge peak. When the TOAB concentration was further reduced to
.01 mM, the elution signal intensity became significantly reduced
ith a tailing peak recorded at ∼62 min (Fig. 4d). When the elution

ig. 6. Particle size distributions and the SEM images of fraction 1 (a), fraction 2 (b), frac
OAB.
A 1216 (2009) 5962–5967

was completed, the liquid in CCC was purged using nitrogen gas.
Some black precipitates appeared in the water–organic interface
and on the inner surface of the PTFE tubing, probably because of
nanoparticle aggregation. The extraction phase might not provide
enough solvent power for the charged nanoparticles and the water-
dispersion ability of nanoparticle might be spoiled, thus forming
particle aggregates. The relatively small average sizes for the col-
lected fractions, listed in Table 1, also reflected the low intensity
of the on-line signal. Large-sized particles remained in the column
without being extracted and formed aggregates.

Extraction using 0.02 mM TOAB gave the best result among the
four experiments. The collected four fractions were measured using

the UV–vis spectrophotometer and the normalized absorbance
spectra are shown in Fig. 5. Blue shifts (10–20 nm) were observed.
It indicated increasing particle size in the order of collected frac-
tions [30,31]. The SEM images and particle size distribution of the
four fractions under this experiment are shown in Fig. 6. Basi-

tion 3 (c), and fraction 4 (d) for the batch step-gradient extraction using 0.02 mM
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ig. 7. Particle size distributions (without standard deviations) for the fractions of
he batch step-gradient extractions and the fractions of the stepwise extraction.

ally, the average size became greater as the elution time increased.
n the first fraction, the average diameter 13.7 nm was smaller
han that of the synthesized 15.8 nm sample and the standard
eviation 1.9 nm was also appreciably smaller than the 5.3 nm sam-
le. The particle images revealed a relatively uniform distribution.
he size distribution of the second portion appeared similar to
hat of the first portion. Size discrimination was not very pro-
ounced between these two portions. The third portion collected
t the right edge of the broad peak, shown in Fig. 4c, gave a much
roader distribution (standard deviation 4.3 nm) with the average
ize of 19.2 nm. The proportion of the smaller size particles had
een greatly reduced in this fraction considering the population
f small particles (�18 nm) that dominated in the original sam-
le. The fourth fraction (22.2 ± 4.9 nm) further reflected this trend.
maller particles had been removed to a large extent in the pre-
ious three collections. While large particles further dominated in
his portion, those very large particles (>30 nm) were, on the con-
rary, reduced to an undetectable level. Those very large particles

ight have been already eliminated during the early extraction
tages.

.3. Size-fractionation of Ag-MUA nanoparticles using stepwise
xtractions

A stepwise extraction was also carried out using the 0.02 mM
OAB solution for comparison. It was assumed that TOAB molecules
ere paired with MUA molecules on the Ag-MUA particles by 1:1

atio. The total amount of MUA molecules on the nanoparticle sur-
aces could not exceed the number of moles (0.75 �mole) added for
ynthesis. By calculation, extraction volume 39 ml of 0.02 mM TOAB
equivalent to 0.78 �mole) solution was more than enough to trans-
ort all Ag-MUA particles from the sample solution to the organic
hase. Accordingly, a four-step extraction was operated with 10 ml

rganic phase for each step. The size distributions are listed in
able 1. In addition, particle size distributions of the batch step-
radient and the stepwise extractions are illustrated in Fig. 7. The
tepwise extraction appeared to prevail compared with the batch
tep-gradient extractions using 0.1 and 0.01 mM, i.e. the highest

[
[
[

[
[

A 1216 (2009) 5962–5967 5967

and lowest TOAB concentrations. Surfactant concentration obvi-
ously played a very important role in size discrimination, as stated
before. As for the batch step-gradient extraction using 0.03 mM, the
isolation of large particles became better than that of the stepwise
process. The fourth portion of this batch step-gradient extraction
gave a value of 19.2 ± 5.0 nm contrasted with 17.5 ± 4.2 nm of the
stepwise process. Under the same TOAB concentration (0.02 mM),
the batch step-gradient extraction showed much better size dis-
crimination than either the stepwise extraction or other batch
step-gradient extractions. Especially, the average sizes of the third
and the fourth fractions shifted to 19.2 and 22.2 nm, which were
significantly greater than those of all other extractions.

4. Conclusions

We employed surfactant-containing organic solvent using CCC
to separate the sizes of the Ag-nanoparticle samples. The CCC col-
umn can be considered as a batch multi-stage extraction system
using a step-gradient of TOAB in the mobile phase to enhance effi-
ciency. The concentration of the surfactant TOAB in this dynamic
extraction controlled the size distribution of the collected fractions.
This study showed the viability of improving the size discrimination
of using surfactant-containing solvent for nanoparticle separation.
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