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Abstract

Capillary isotachophoresis (ITP) was used for the separation of Ag nanoparticles
according to their size. For this purpose the ethanol-water dispersions of Ag nanoparticles
stabilized by gelatin were prepared. The ITP separations were performed in a column-
coupling system filled with two electrolytes with pH of leading electrolytes of 7.1 (system I —
LE: 10 mM HNOs, g-aminocaproic acid, TE: 10 mM caproic acid) and 4.5 (system II — LE:
10 mM HNOs, imidazole, TE: 5 mM 2-(N-morpholino)ethanesulfonic acid). In the both
electrolyte systems the four main peak-mode zones of Ag nanoparticles migrating at zone
boundaries were identified, however, the better separation was achieved in the system II. The
Ag nanoparticles dispersions were also examined by dynamic light scattering (DLS) and
transmission electron microscopy (TEM). Zeta potential and thickness of gelatin double
layers adsorbed on the nanoparticles were found to depend on pH. The TEM analysis revealed
the four size fractions of 4 nm, 10 nm, 16 nm and 22 nm, which correspond to the zones
separated by ITP. Other migration zones of the electrolyte systems, such as impurities and/or
products of the nanoparticle synthesis, served as spacers separated the peak zones of Ag

nanoparticles.
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Introduction

Over more than 30 years nanomaterials have been intensively studied due to their excellent
properties utilized in many science and industrial fields, such as optics, electronics, magnetic
applications, solar energy conversion, medicine, environmental protection, chemistry
including catalysis etc. For all these applications nanoparticles size distribution is the basic
characteristic. It can be determined by several common methods, such as transmission and
scanning electron microscopy, atomic force microscopy, dynamic light scattering, laser
diffraction, photon correlation spectroscopy, field flow fractionation' and asymmetrical flow
field flow fractionation,” centrifuged particles size analysis®, hydrodynamic chromatography,
size exclusion chromatography4 and also by gel and capillary zone electrophoresis (CZE).”

Utilization of CZE for the study of nanoparticles size distribution has been recently
reviewed in several papers.®'* Quantum dots, noble metals (gold and silver) nanoparticals,
carbon nanotubes, metal-oxide particles (Al,O3, TiO,, Fe,03), latex and polystyrene particles,
silica nanoparticles and nanoparticle-biomolecule conjugates were the most often separated
nanoparticles.

Capillary isotachophoresis is well developed electrophoretic technique in which a
sample is injected between leading and termination electrolyte. Ions are separated in zones
with sharp boundaries moving with the same velocity. The concentrations of separated ions in
their zones are adapted to the concentration of the leading ion. The loading capacity of ITP is
several times higher than capacity of CZE, therefore, both methods are also used to be
connected (ITP-CZE) with very high separation efficiency. ITP and/or ITP-CZE were applied

61519 and gold nanoparticles.16 ITP was also tested for the

for separation of quantum dots
separation of micelles of cetyltrimethylammonium bromide® and micron sized particles.’

By our best knowledge silver nanoparticles have not been separated by ITP yet.
Therefore, the aim of this paper was to use ITP for determination of the size distribution of
silver nanoparticles stabilized by gelatin in ethanol-water colloid dispersions. The ITP
experiments were completed with TEM and DLS analyses. Electrophoretic mobilities of

separated fractions were calculated from the ITP records and discussed in context of the

theory of electrophoretic mobility of colloidal particles.
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Experimental

Chemicals

All chemicals were of analytical reagent grade: nitric acid, caproic acid, e-aminocaproic acid
(EACA) (all from Lachema, Czech Republic), B-alanine, 2-(N-morpholino)ethanesulfonic
acid (MES) (Serva, Germany), imidazole (Sigma-Aldrich), silver nitrate (Sigma-Aldrich),
gelatin (Fluka), ethanol (LachNer), ammonia (Sigma-Aldrich), sodium hydroxide (Penta) and
maltose (Sigma-Aldrich). Twice distilled and deionised water by a mixed-bed ion-exchanger
was used for preparation of all ITP electrolytes. The compositions of leading (LE) and

terminating (TE) electrolytes are given in Table I.

Table I ITP Electrolyte systems

Parameter Electrolyte systems

I I
Leading anion NOs’ NOs
Concentration (mmol 1) 10 10
Counter ion Imidazole EACA
pH (LE) 7.10 4.50
Terminating anion MES Caproic acid
Concentration (mmol 1) 10 5
pH (TE) 4.30 3.80

Preparation of silver nanoparticles

Silver nanoparticles in ethanol-water solvent (ethanol mixed with demineralised water 2:3)
were prepared by the modified Tollens process® and stabilized by natural polymer gelatin to
prevent their aggregation. 5 ml of 5-mmol I AgNO; was diluted with 2.75 ml of gelatin
solution (72.7 g 1'1), placed on a magnetic stirrer and vigorously stirred. Then, 10 ml of
ethanol was added into the solution. Still under vigorous stirring, 1.25 ml of 0.1 mol 1
ammonia was rapidly injected and a solution mixed by 5 ml of 0.05 mol I"" maltose with 1 ml
of 0.24 mol I"" sodium hydroxide was added. After adding of the reaction components, the
solution was stirred for a further 30 minutes, than the prepared dispersion of silver

nanoparticles was placed into plastic tubes and left aged for 24 hours.
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Isotachophoretic separation

An isotachophoretic analyzer EA 102 (Villa-Labeco, Slovakia) in the column-coupling
configuration was employed. The capillaries were made from a fluorinated ethylene-
propylene copolymer (FEP): a pre-separation capillary 90 x 0.8 mm I.D and an analytical
capillary 200 x 0.3 mm [D. Both capillaries were equipped with contact conductivity
detectors and, in addition, the analytical capillary was equipped with an UV detector. The
driving current in the pre-separation capillary was set at 250 pA and in the analytical capillary
at 50 pA in all experiments. Samples were injected through a 30 ul sampling loop. The pH
values of the electrolyte systems were measured with a pH metre WTW InoLab (Weilheim,

Germany).

Absorption molecular UV-VIS spectrometry

UV-VIS absorption spectra were measured by a double-beam spectrometer Lambda 25
(Perkin Elmer, USA). All spectra were recorded using 1 cm quartz cuvettes within the range
of 200 nm to 800 nm. The cuvettes were filled with the 10 times diluted Ag aqueous

dispersions with water and their absorption spectra were recorded.

Electron transmission microscopy
Transmission electron microscopy of Ag nanoparticles was performed by a JEM 220FS
microscope (Jeol, Japan) operating at 200 kV. The Ag nanoparticles were dispersed in ethanol

and with ultrasonic sprayer deposited on a TEM grid with carbon holey support film.

Zeta-potential measurement

Zeta-potential of silver nanoparticles was determined using Zetasizer Nano ZS (Malvern
Instruments Ltd, England) instrument in disposable capillary cell via Electrophoretic Light
Scattering method. The zeta-potential of silver nanoparticles was measured in the primarily
prepared dispersions after dilution 1:9 using demineralised water and the leading electrolytes

to modify their pH values.

Results and discussion

In general, electrophoretic mobility m of colloidal particles is not easy to express. Colloidal
particles can be considered as spherical particles with radii » surrounded by electric double
layers of the thickness 1/, where the parameter x is proportional to the square root of ionic

strength of bulk solution. Depending on dimensionless quantity xr, two limiting cases were
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theoretically derived. First, when xr is very small (xr < 1) the charged particles can be

considered as point charges, Hiickel derived the electrophoretic mobility as follows™

— 81_80%
1.5n

)
where ¢, and g are the relative and vacuum permittivity, respectively, C is the zeta potential, #
is the dynamic viscosity of dispersion medium. Second, when «r is large (x7 >> 1), the double

layer is supposed to be flat and Smoluchowsky derived the electrophoretic mobility as

m = EEE05 3)

n

In these limit conditions the electrophoretic mobility does not depend on the particle radius.
For, let us say, real conditions, Henry derived the equation taking into account the particle

radius as well as the double layer thickness as
m =051 4 A (o] )
1.5

where 4 depends on conductivity of bulk solution and the function F(rx) varies from 0 to 1.

For nonconducting particles the Henry equation (4) can be simplified as
=1 () 5)
1.5n

where f(rx) is a dimensionless function varying from 1 to 1.5 and also depending on shape of
particles. For the product rx in the interval from 0.1 to 10° the function f(rx) is increasing for
spherical particles. For cylindrical particles the function f{rx) can increase or decrease
depending on their orientation towards electric field.?**

These classical models were completed by Wiersema et al.”> who showed that in the
range of 1 < rx < 10 for zeta potentials higher than 78 mV the electrophoretic mobility of
colloid particles has a minimum. This model explains reciprocal relationships between the

electrophoretic mobility and the particles sizes reported in several papers.'’%2®



RSC Advances

6

Isotachophoretic separation

Isotachophoretic separations of Ag nanoparticles dispersions containing 40 % (v/v) of ethanol
and stabilized by gelatin were performed by the two columns coupled system using two
electrolyte systems with the different pH values (Tab. I) and with no additives for suppression
of electroosmotic flow. Gelatin was used for the stabilization due to its long term stability in a
broad range of pH.*

The isotachophorestic separations recorded by conductivity and UV-VIS detectors are
shown in Figures la and 1b. One ITP run the two-columns system took about 25 minutes.
These figures also show ITP records of blank separations, in which the terminating electrolyte
was injected instead of Ag dispersions. The time difference between the conductivity and UV-
VIS detector was about 39 seconds. Therefore, the ITP records in Figures 1 were shifted to
correct this difference and to simplify the zone identification. The zones were also identified
by the separation of Ag dispersions of different dilutions. In order to verify the ITP steady
state was reached the calibration plots of absorption peak area against the reciprocal value of
dilution of the origin Ag colloid were constructed (Fig. 2). It was performed for the separation
in the system II when the resolution of Ag nanoparticles peaks was better than in the system L.

Their good linearity proves the correct ITP separation.

Table II Electrophoretic mobilities of Ag nanoparticles in systems I a II

Zone No./syst. | Mag X 107 (m*V's™) Average x 107 (m*V's™)
1 -66.0 to -55.5 -60.8
2 -54.0 to -49.3 -51.7
3 -49.3 to -45.6 -47.5
4 -45.6 to -41.7 -43.7
Zone No./syst. 11 Mag X 107 (mZV'1 s'l) Average x 107 (sz'1 s'l)
1 -61.3 to -47.5 -54.4
2 -47.5 to -42.6 -45.1
3 -42.6 to -35.5 -39.1
4 -31.9to -25.7 -28.8

In both electrolyte systems, four main peak-mode zones®® of Ag nanoparticles were
observed at the boundaries between other ITP zones of electrolyte impurities (denoted as x

and xx), ions left from the nanoparticles synthesis and free gelatin. The similar peak-mode
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zones have been observed in case of gold nanoparticles'® as well as micron sized particles.?!
In general, the separation of nanoparticles in their pure ITP zones is not possible due to
approximately Gaussian distributions of their sizes which is visible in the UV-VIS detector
records.

In order to determine the electrophoretic mobilities of Ag nanoparticles my, their
upper and lower mobility limits were estimated from conductivity signals of neighbouring

zones as follows

m. = LE i (6)

where my is the electrophoretic mobility of leading anion which was nitrate (-74.1 10° m*V™!
s, x; and x.z are the conductivity signals of a zone i and leading zones, respectively. The
results are summarized in Table II. The average mobilities from the lower and upper ones
were calculated as well. The silver nanoparticles mobilities were determined with uncertainty

of RSD =5.9 % (n=27) and RSD = 11.9 % (n = 16) in the system I and II, respectively.

IIP signal

Time (s) b

Figure 1a ITP separation records in electrolyte systems I. a — blank, b — Ag nanoparticles.

The zones x and xx are impurities of the electrolyte system.
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ITP signal

Time (s)

Figure 1b ITP separation records of Ag nanoparticles in electrolyte systems II. a — blank, b —

Ag nanoparticles. The zone x is an impurity of the electrolyte system.
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Figure 2 Dependence of absorption peak area on reciprocal value of dilution of the original

Ag colloid separated in the system II (r — regression coefficient)
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Figure 3 UV-VIS spectra of Ag colloids stabilized by gelatin in water and ethanol

The detection wavelength of 410 nm corresponded to the absorption maxima of the Ag
dispersion stabilized by gelatin in the ethanol-water solutions (40 % ethanol) shown in Figure
3. Due to dilution of the Ag dispersions during the ITP separation the absorption spectrum of
Ag nanoparticles of a lower concentration in water (also stabilized by gelatin) was added for
comparison. As obvious the absorption maximum was shifted to 415 nm which is not
significant for the detection. None of the used electrolytes absorbed light in this range of

wavelengths.

Transmission electron microscopy

Ag nanoparticles were studied using TEM micrographs (Fig. 4). The histogram of their sizes
is shown in Figure 4c. Four main size fractions with the mean (median) values of 4 nm, 10
nm, 16 nm and 22 nm were recognized. The last and largest peak of the UV-VIS record in the
system II (Fig. 1b) indicates that the predominating smallest nanoparticles had the lowest
mobility. Based on this idea the average electrophoretic mobilities were correlated with the
mean sizes of the Ag nanoparticles and the relationships with good linearity were obtained as
shown in Figure 5. Most of papers describing separation of gold and silver nanoparticles

reported the similar relationships.*' .
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Figure 4 TEM micrographs of Ag nanoparticles. a) Micrograph with resolution of 50 nm, b)

micrograph with resolution of 20 nm and c) histogram of Ag nanoparticles.

Electrophoretic mobility of Ag nanoparticles

As mentioned above, the ITP separation in the both electrolyte systems revealed the four
zones mutually separated by other migrating zones acting as spacers. The number of separated
Ag zones likely depends on the number of the spacers.

The better separation of all four Ag fractions was achieved in the system II with lower
pHs of leading electrolyte and, thus, in all migrating zones. Ag nanoparticles were supposed
to be covered by adsorbed gelatin polymers forming electric double layers. An isoelectric
point of gelatin is about 4.5-5 and, therefore, the ionization at pH = 4.5 is lower than that at
pH = 7.0. It follows from this adsorbed gelatin gave Ag nanoparticles different negative zeta
potentials depending on a degree of ionization of gelatin function groups. This situation is

similar to the separation of e.g. weak acids according to their pK.
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Figure 5 Dependence of average electrophoretic mobilities on mean Ag nanoparticles sizes (r

— regression coefficient)

One of fundamental characteristics of the ITP separation of negatively charged species
is elevating pH in their zones from leading to terminating one. In case of the separations
shown in Figures 1a and 1b pH in the zones can be ordered as pH(1) < pH(2) < pH(3) <
pH(4). The data in Table II indicate that the electrophoretic mobilities decreased with
increasing pH and, consequently, a degree of gelation ionization. Therefore, the zeta potential
of Ag nanoparticles expressed in Eq. (5) cannot play a decisive role for their ITP separation.
In addition, the effect of pH on viscosity of gelatin solutions was experimentally verified but
was found to be very low to influence the electrophoretic mobility of Ag nanoparticles.

In order to understand the ITP separation and to explain the role of gelatin, the
hydrodynamic size and zeta potential measurements of the silver nanoparticles dispersions
with different pH were performed (Tab. III). At pH = 7.05 gelatin formed larger structures
with higher zeta potential than at pH = 4.50. The explanation is that at the higher pH the
negative charges of gelatin chains caused stronger repulsion forces among them forming
thicker gelatin double layers. This assumption was verified by the DLS experiments.

The gelatin double layer thickness 1/x corresponding to pH = 4.50 and 7.05 can be
simply estimated as the difference of the mean hydrodynamic radii determined by DLS of
61.5 nm and 144 nm and the mean nanoparticles radius estimated from the TEM images of

cca 4 nm.
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Table III Zeta potentials and mean hydrodynamic size of Ag/gelatin nanoparticles

pH Zeta potential (mV) Mean size (nm)
4.50 -7.3 123
7.05 -20.4 288

The 1/x values were estimated at 57.5 nm and 140 nm, respectively. The
corresponding rx values were calculated at 0.070 and 0.029 for pH = 4.5 and pH = 7.05,
respectively. Therefore, we can conclude that the 7« values corresponding to the ITP zones 1-
4 can be order as rx(1) > rx(2) > rx(3) > rx(4). Taking into account the electrophoretic
mobilities in Tab. II this relation is in agreement with Eq. (5).

Both the zeta potential and the thickness of gelatin double layers, which determine
mobility of Ag nanoparticles according Eq. (5), depends on ionization of gelatin function
groups and thus on pH. Amount of adsorbed gelatin should depend on the size of nanoparticle
and, therefore, we can suppose two basic variables influencing the ITP separation: i) size of
Ag nanoparticles and ii) a degree of ionization of gelatin groups. In addition, mutual
interactions of gelatin double layers of the nanoparticles can also influence their migration. As
outlined above, the separation process is very complex to be unambiguously described. From
the practical point of view, ITP was demonstrated to be an efficient tool for the separation of

Ag nanoparticles according to their sizes.

Conclusion
Capillary isotachophoresis was used for the separation of silver nanoparticles stabilized by
gelatin in ethanol-water colloid dispersions. The ITP separations were performed in the two
separation systems with pH of the leading electrolytes of 7.1 (system I) and 4.5 (system II). In
the isotachophoretic records the four peak-mode zones of Ag nanoparticles were identified at
the boundaries of other ITP zones. The electrolyte system II provided the better separation.
The electrophoretic mobilities of the Ag nanoparticles varying from -66.0 x 10° m*V™!
s1t0-25.7x 107 m*V™' s were found to be proportional to the four size fractions of 4 nm, 10
nm, 16 nm and 22 nm evaluated from the TEM images. The DLS experiments demonstrated
that thickness of gelatin double layers as well as zeta potentials depended on pH. Since the Ag
nanoparticles migrated at the boundaries of other zones, these zones can be considered as the

spacers necessary for the ITP separation.
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The obtained experimental results showed that capillary isotachophoresis is able to
separate the gelatine stabilized Ag nanoparticles according to their size due to different zeta
potentials and thicknesses of the gelatin double layers. These findings extend common ITP
applications from separation of organic and inorganic ions to separation of nanoparticles
stabilized by polymers like gelatin. Based on these results off-line connections of ITP and/or
ITP-CZE with TEM will be investigated in the future for the better characterization of metal

and semiconductor nanoparticles.
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