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Abstract—Colloidal silica is prepared by hydrolysis of TEOS, direct oxidation of Si powder, condensation of silicic
acid, etc. There are differences in surface reactivity of silica particle due to the preparation routes. Therefore, it is useful
to evaluate surface properties accurately in order to understand the physiochemical properties of the products. The surface
charge density, site density and zeta potential with respect to three types of colloidal silica were estimated and discussed.
The surface charge density was different depending on preparation method. It is decreasing in the order of direct oxi-
dation, ion exchange, TEOS hydrolysis. The zeta potential is decreasing in the order of ion exchange, TEOS hydrolysis,
direct oxidation. The order in surface charge density is different from that in zeta potential because of the difference
in stability depending on the particle size and surface charge density.
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INTRODUCTION

Colloidal silica has been used as a suspension that is stably dis-
persed in an organic solvent or water of acidity or neutrality and
basicity [1]. Silica particle with high hardness, strong bonding char-
acteristics has been used in many applications such as ceramic coat-
ings, finishing of fiber or textile, steel surface treatment, organic-
inorganic hybrid coatings, refractory binder, chemical mechanical
polishing slurry of silicon or sapphire wafer, and investment cast-
ing binder.

Colloidal silica may be prepared by various methods including
hydrolysis and condensation of TMOS (Tetramethyl orthosilicate)
or TEOS (Tetraethyl orthosilicate) [2], direct oxidation of silicon
powder [3,4], peptization [5] or milling of silica gel or powder, ion
exchange of sodium silicate [1], electrodialysis of aqueous silicates
[6], etc.

Ion exchange method has a process whereby cation exchange
resin removes the sodium ion of liquid sodium silicate. The liquid
sodium silicate as a starting material is diluted to SiO, content of 2-
6 w%. When the sodium ion in the diluted sodium silicate is re-
moved by passing through the cation exchange resin, active silicic
acid is generated. Silica sol is then prepared through the condensa-
tion of silicic acid and growth.

The hydrolysis and condensation method produces the silica sol
through hydrolysis and condensation of the alkoxy silane with alkox-
ide group in the presence of base catalysts. Colloidal silica prepared
by this method consists of uniform silica particle and high purity.
Direct oxidation method for preparing colloidal silica is started by
Si precursor, which is directly oxidized under the base catalysts and
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water. This method has advantages of concentrated colloidal silica
with uniform particle size through simple preparation process.

Properties of the colloidal silica such as surface charge density,
zeta potential, particle size distribution, purity, morphology, con-
centration of the counter ion, and stability of suspension could be
changed in accordance with preparation method or precursors.

When the colloidal silica is mixed with different chemical mate-
rials such as dispersant, binder, hardener in order to formulate a paint-
ing, stability and compatibility of the silica is also changed due to
the surface properties of the particles. Thus, we have to accurately
understand the surface properties of the particles according to the
preparation method. This understanding may help to choose the
silica sol that is the most appropriate for the application being con-
sidered. In hydrolysis of TEOS, Blaaderen et al. studied the change
of particle morphology (measured by SLS, DLS, TEM) and micro-
structure measured by NMR-spectroscopy on the component ratio
of materials [1]. Dove et al. measured the surface charge density of
fumed silica in alkali chloride and alkaline earth chloride solutions,
and explained the relationship between surface charge density and
the radius of alkali and alkaline earth cations [7]. Also, Labbez et al.
investigated the charging (i.e., ionization fraction, surface charge
density, etc) and electrokinetic (i.e., zeta potential) behavior of cal-
cium silicate hydrate [8]. There are many research results about each
preparation method of colloidal silica and measurement of surface
charge properties on the particles. However, until today, there is no
study to compare surface properties in accordance with the prepa-
ration method of the silica sol.

In this study, the surface properties over three kinds of colloidal
silica were investigated using an acid-base titration method and elec-
trophoretic light scattering method. The surface charge density and
zeta potentials of colloidal silica were compared. We studied the
correlation between the particle charge properties and zeta poten-
tials in accordance with preparation method of colloidal silica.
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Table 1. Properties of the colloidal silica provided from suppliers
i i ICP analysis’ BET

Sample  SiO, concentration y _ Product code Supplier
name (wt%) Na,0 (Wt%) C (Wt%) Suer (m*/g) Dy (nm)
Si 100 40 10.5 0.364 0.027 33.9 81 YGS-40XL Young il Chemical
SS 100 50 8.8 0.355 0.033 26.7 102 ST-ZL (SNOWTEX) Nissan Chemical
TE 100 35 6.8 <0.01 0.105 26.9 101 SG-S0O100 Suk gyung AT

“ICP analysis was measured in stock silica sol
“Dysr was calculated from Dy, =6000/(0, SSA), p,=2.2 g/cm’

MATERIALS AND EXPERIMENTAL METHODS

Three types of ~100 nm colloidal silica, which were prepared
by direct oxidation of Si powder, ion exchange of sodium silicate
and hydrolysis of TEOS, were provided from Youngil Chemical,
Nissan Chemical, Sukgyung AT, respectively. As shown in Table 1,
properties of commercial silica sol were summarized by counter
ion content, pH, BET, and D, values measured by ICP, pH meter
and BET analyzer, respectively. The pH and ionic strength of three
types of 20 wt% diluted suspension were adjusted by using NaOH
and NaCl in order to maintain the same as pH and ionic strength of
each sample. Ion conductivity and pH of the adjusted suspension
was 10 mS/cm and pH 10, respectively.

Also, for carrying out acid-base titration experiments, the diluted
suspensions of 20 wt% silica were once more diluted using a 0.1 M
NaCl solution to a silica concentration of 50 g/L.. Each sample was
agitated by a magnetic stirrer and purged with pure N, (99.999%)
for 12 hr, to avoid contamination by atmospheric CO,. To avoid
the troublesome region, the titration was carried out from pH 3 to
10. Above pH 10, the solubility increases markedly and below pH
3, colloidal silica is coagulated. So, the diluted suspension was first
acidified using the 0.1 M HCl to a pH 3 and then back-titrated with
the 0.05 M NaOH at the rate of 0.5 ml/min, until the pH 10. Also,
acidimetric supernatant, prepared by centrifuging the acid-titrated
suspension at 18,000 rpm for 5 hr and separated by filtering the su-
pernatant using a 0.1 pm membrane filter, was utilized as the blank
solution.

The samples for zeta potential measurement were diluted to 1-
10 wt% (volume fraction of 0.005-0.048). All concentrations were
made by diluting the 20 wt% suspension with 10~ M NaCl solution.
Volume fraction was calculated by Eq. (1) and p,,, was calculated

by Eq. (2) [9]:
D=wpy,/p, M

1
R\'us = pe—_—_—_— (2)

1+a)(&—1)

Pp

where, @ is the volume fraction, @ is the concentration of silica,
Pus 1s the density of diluted suspension, p, is the density of silica
(22 glem?’), p, is the density of water (1.0 g/cm’). These diluted sam-
ples were stirred for 1 hr and sonicated for 1 min to remove air bub-
bles. And then, zeta potential and ion conductivity of the samples
were measured. The zeta potential of the particles was analyzed by
using an ELS-Z (Otsuka Electronics, Japan). To improve reliability
of measurements, four measurements of the mobility were aver-

aged. The mobility of particles was measured between two station-
ary layers where electro osmotic flow was zero in an electric field
of 70 V/m’. The surface charge density and site density of the sam-
ples were analyzed using a 719-S Titrino (Metrohm, USA) to evalu-
ate the surface charge properties of particles. The titration curve
was converted to gran plot, and surface properties of the particles
were evaluated by calculating the oH (surface charge density), Hs
(surface site concentration), Ds (surface site density). Also, the mor-
phology of silica particles was observed through TEM (transmission
electron microscopy, JEM-2000, JEOL). The sample was diluted
to 5 wt% for TEM measurement. The samples were dropped on
the TEM grid, the grid which was dried in an oven at 60 °C for at
least 6 hrs. Then, samples were observed at 200,000 magnification.

RESULTS AND DISCUSSION

1. Comparison of Surface Charge between Different Colloi-
dal Silicas

Acid-base titration was conducted to study the surface proton
reactions of colloidal silica in Table 1. Three different colloidal silica
of ~100 nm are shown in Fig. 1 as TEM images. By data of the sig-
moid curves obtained from titration of the samples and blank solu-
tions (supernatant solution without silica particles), the blank solu-
tion (i.e., acidimetric supernatant) showed a certain pH buffering
capacity. This implies that some reactions consuming the added OH™
occur in the solution phase, such as the hydrolysis of silicic acid, of
which arise from disassociation of silica particle substrate during
the acid attack. To subtract the influence of solid dissolution on the
estimation of proton or hydroxide ion consumption, it is needed to
regard titration blanks. To do Gran plots, the values of the G on acidic
side or alkaline side are given by function (3) and (4):

On the acidic side : Ga=(V,+V,,+V,)-1077-100 3)

On the alkaline side : Gb=(V,+V,+V,)-10"3%79-100 @

where, V, represents the initial volume of the suspension, V,, and
V, are the total volume of acid solution and OH™ added at the dif-
ferent titration points, respectively.

Thus, the Gran plot has an acid region and alkali region, and will
have a linear region before equivalence, with acidic slope and a linear
region after equivalence, with alkaline slope. Fig. 2(a)-(c) are pre-
sented as Gran plot regarding Si 100, SS 85, TE 100 samples and
blank solutions. The x-intercept, V,,, or V., corresponds to the equiv-
alence volume obtained by linear regression analysis of the slopes
in the Gran plots. Apparent volumes of consuming OH™ in surface
reactions except simple acid-base neutralization of surplus protons,
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Fig. 1. TEM images of (a) Si 100 by direct oxidation, (b) SS 100
by ion exchange and (c) TE 100 by hydrolysis.

namely VV=(V,,,—V,,,)~(V.,,— V) are 4.483, 2.160, 1.859 ml
in Si 100, SS 85 and TE 100 samples, respectively. Also, the point
of zero charge (pzc) as electrical describes the condition when the
electrical charge density on a surface is zero, e.g., it is the pH value
at which a particle in an electrolyte exhibits zero net electrical charge
on the surface. pH at Vebl that is starting point of reaction on the
particle surface is referred to as PZC (point of zero charge), and
PZC of Si 100, SS 85, TE 100 is pH 4.34, 4.62, 4.80, respectively.
These PZC values are higher than intrinsic IEP (iso electric point)
of the silica. PZC of silica sol is commonly reported to be pH 2-3
in many references, but some references have higher values than it,
Schwarz et al. [10] reported a value of 4.1 and Dove et al. [7] the
value of ~3, where surface charge density is below 0.01 C/m2 and

November, 2014

7 1.2
|
¢ 1.0
1 Reacted pH range :
51 pH 4.34~pH 9.40 0.8
44 AV G-AV 1 4.4833
o
& 1 -0.6 Q
3
1 0.4
2
1) 0.2
04 ———————10.0
0o 1 2 3 4 5 6 7 8 9 10
Volume of NaOH (0.05 mol/L) added (Vb, mL)
(a)
7 1.2
SS 100
1.0
0.8
-0.6 g
Reacted pH range :
pH 4.62~pH 9.42 [ 04
0.2
b L | ICb':l'l'l'IU‘o
0o 1 2 3 4 5 6 7 8 9 10
Volume of NaOH (0.05 mol/L) added (Vb, mL)
(b)
7 1.2
6 1.0
TE 100§ Reacted pH range :
5 pH480-pH93 Lo
44 AVG-AV g 1 1.8594
- -0.6 g
(U]
3
1 0.4
2
1] 0.2
1 Vena
04 a2 Y

0 1 2 3 4 5 6 7 8 9 10
Volume of NaOH (0.05 mol/L) added (Vb, mL)
(©

Fig. 2. Gran plot of (a) Si 100 by direct oxidation, (b) SS 100 by
ion exchange and (c) TE 100 by hydrolysis.

the graph of it is plateau at vicinity of the PZC not to be clear. But
PZCs of each sample are pH 4.34, 4.62 or 4.80, respectively, and
the values were somewhat higher than the above expected values.

We have calculated the surface charge density taking BET value
under the equation shown below [11].

F
C,SgE

oH= ( (TOTH-[H']-[OH]) )
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Fig. 3. Surface charge density of (a) Si 100 by direct oxidation, (b)
SS 100 by ion exchange and (c) TE 100 by hydrolysis.

where, F is the Faraday constant (96,485 Coulomb/mol), C, is silica
concentration, S, is specific surface area of silica.

Calculated surface charge density graph according to Eq. (5) is
depicted in Fig. 3. Si 100 has more negative surface charge per unit
area than SS 100 and TE 100. This effect can be explained by greater
replacement of surface H" by Na at 0.1 M of NaCl. This result is
ascertained through calculation of Hs (surface site concentration)
and Ds (surface site density) using Egs. (6) and (7). To calculate
the values of sites of samples, it should be considered to subtract
the value of blank solution from the value of sample. In this study,
Hs was derived from two equivalent points in the Gran plots of the
back-titration, as expressed by Eq. (6).

_ (VebZ - Vebl)mmplg i Cb(VebZ - Vebl)b]ank : Cb

-1
Hs v, (molL ) ©)
where, C, is the concentration of NaOH.
And the equation for Ds is shown below:
Ho-N _
Ds= (S—A)lg (sites nm ) ©)
Sper-C,e 10

where, N, is Avogadro’s number (6.022- 107 sites mol ™), S, is
specific surface area of'silica and C, is the silica concentration.
The Hs and Ds on the each silica sol are presented in Table 2 and

Table 2. Surface site concentration (Hs) and Surface site density
(Ds) of colloidal silica prepared by different method

Si 100 SS 100 TE 100
Hs (mmol/L) 3.7361 1.8000 1.5495
Ds (sites/nm?) 1.3257 0.8121 0.6933

they are in the order of Si 100>SS 100>TE 100. From among these
colloidal silicas, TE 100 having a few sites was prepared by hydrol-
ysis and condensation of TEOS. Then, ethanol was produced from
TEOS with ethoxy group through hydrolysis. The hydrolyzed TEOS
is converted into a mineral-like solid via the formation of Si-O-Si
linkages. Thus, it is estimated that the number of TE 100 sites is
fewer than the number of Si 100 and SS 100 because OH™ ion of
NaOH reacted incompletely with surface site due to hydrogen-bond
between produced alcohol and silanol group of particle surface. Table
1 shows that the existence of ethanol or ethoxy group on the silica
particles could be confirmed from C contents of ICP results on the
each stock silica suspension. Also, when the particles grow, the num-
ber of available silanol groups slowly decreases [1]. As mentioned
above, in Fig. 3, the surface charge density of Si 100, SS 100 and
TE 100 follows the same trends as expected. The surface charge of
the particles increases with the number of surface site and the Si 100
is considered to have the highest surface charge because of having
large number of sites while TE 100 have a relatively lower surface
charge due to smaller number of sites than other samples. Result-
antly, the concentration of the surface site related to the surface charge
density is very dependent on the particle production methods.
2. Effect Of Different Colloidal Silica and Volume Fraction
on Zeta Potential

For silica sols prepared according to various methods, the zeta
potentials on volume fraction of sol were measured and the results
are shown in Fig. 4. As shown, the zeta potential of SS 100 is the
highest absolute value over total range of the volume fraction, but
that of Si 100 is the lowest. In addition, when the volume fraction
increases from 0.005 to 0.023, absolute value zeta potential also
rises and then shows a decrease for volume fraction higher than 0.023.
Originally, the zeta potential depends on the electrostatic repulsion
and Debye length. Of these, Debye length is inversely proportional
to the square root of ion concentration and charge valence of an ion
[12]. In this experiment, the silica sol for ion conductivity measure-
ment was diluted with 0.1 M NaCl, thus showing the standard
deviation of maximum 14% in ion conductivity within the same
volume fraction as depicted in the Table 3. Thus, it was considered
that almost same amount of electrolyte will not affect values of zeta
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Fig. 4. Zeta potential of (a) Si 100 by direct oxidation, (b) SS 100
by ion exchange and (c) TE 100 by hydrolysis at pH 10.
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Table 3. Ion conductivity of colloidal silica obtained during the zeta potential measurement at different volume fraction
| fracti
Volume fraction 0.005 0.023 0.048 0.102
Sample name
Ton conductivity (mS/cm?) Si 100 0.175 0.791 1.478 2.890
SS 100 0.184 0.817 1.659 2.632
TE 100 0.180 0.810 1.622 2.674
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Fig. 5. Schematic diagram illustrating relationship between surface charge density and zeta potential (or electric double layer) of (a) Si 100
by direct oxidation, (b) SS 100 by ion exchange and (¢) TE 100 by hydrolysis.

potential and therefore the electrostatic repulsion force will be major
contribution. The high electrostatic repulsive force that originated from
high surface charge means that the zeta potential is high. Thus, the
order of the zeta potential was expected to Si 100 sample>SS 100
sample>TE 100 sample as the same order of magnitude of the sur-
face charge density. However, the order of the zeta potential was
different from expectation. Even though the Si 100 sample has the
highest surface charge density, it has the lowest zeta potential.

The particle size of Si 100, SS 100, and TE 100 sample meas-
ured by BET is 81 nm, 102 nm, and 101 nm, respectively, as shown
in Table 1. We pointed out in a previous study [13] that the zeta po-
tential decreases as particle size decreases due to the reduction in
electrostatic repulsion force between the particles, which means low
total energy barrier on a particle. Therefore, the existence of agglom-
erated particles in dispersed solution causes a decrease in mobility
of the particles and thereby a decrease in zeta potential. According
to the previous study, the mobility of 12 nm silica (Lu 12) and 100
nm silica (SC 100) prepared by ion exchange of sodium silicate is
dependent on particle size. However, the mobility of 50 nm silica
(YC 60) prepared by direct oxidation of silicon powder is lower
than Lul2, even though the particle size of YC60 estimated by the
BET method is four-times larger than that of Lul2. Therefore, we
postulated that the high surface charge density may cause high Na
counter ion adsorption on the surface of silica, which results to lower
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the mobility and lower zeta potential. The excessive absorption of
Na ions on the surface of silica particles may cause reduction in
the thickness of the electric double layer and eventually decreases in
the zeta potential [14]. Likewise, the zeta potential of Si 100 showing
the minimum value among three is believed to be affected by the
size of the particles and surface property which was described by
surface charge density as mentioned above. Fig. 5 shows a sche-
matic diagram illustrating surface charge density and zeta potential
(or electrical double layer) of silica particle prepared by different
methods. As shown in Fig. 5, the surface charge density related to
surface site of a particle is in the order of (a) Si 100>(b) SS 100>
(c) TE 100, while the zeta potential value related to Debye length
of a particle is in the order of (b) SS 100>(c) TE 100>(a) Si 100.
Even though SS 100 has higher Na counter ion concentration than
TE 100, a higher zeta potential of SS 100 than that of TE 100 is
observed. It may be explained by relatively high residual C content
which must be originating from the starting material of TEOS as
shown in Table 1.

CONCLUSION
By using a potentiometric titration method, we compared the sur-

face properties of the silica sols prepared by various methods includ-
ing direct oxidation of silicon powder, ion exchange of sodium silicate,



Characterization of surface charge and zeta potential of colloidal silica prepared by various methods 2093

hydrolysis and condensation of TEOS. As a result, surface charge
density was different depending on preparation method. It is de-
creasing in the order of direct oxidation, ion exchange, TEOS hydrol-
ysis. The value of surface site concentration (Hs) and surface site
density (Ds) of samples follows the same trend while the zeta poten-
tial is decreasing in the order of ion exchange, TEOS hydrolysis,
direct oxidation. The order in surface charge density is different from
that in zeta potential because of difference of stability depending
on the particle size and surface charge density and concentration of
Na ions absorbed on surface of particle.
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