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Stability of aqueous silica nanoparticle dispersions
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Abstract In this study, we present quantification
methods for nanoparticle stability analysis using
non-intrusive analytical techniques: attenuated total
reflectance, Fourier transform infrared (ATR-FTIR)
spectroscopy, ultraviolet—visible (UV-vis) spectro-
photometer, zeta potential analyses, and dynamic
light scattering (DLS). We use these techniques to
study the stability of silica nanoparticle dispersions
and the effects of pH, temperature, and electrolytes
that would be encountered in oil field brines in a
reservoir. Spectral analysis of the Si—O bond at
wavenumber of 1110 cm™' with the ATR-FTIR
indicates a structural change on the surface of silica
particles as the dispersion pH changes, which agrees
with zeta potential measurements. We define a
critical salt concentration (CSC) for different salts,
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NaCl, CaCl,, BaCl,, and MgCl,, above which the
silica dispersion becomes unstable. Three distinct
stages of aggregation occur in the presence of salt:
clear dispersed, turbid, and separated phases. Diva-
lent cations Mg®", Ca®*, and Ba®" are more effective
in destabilizing silica nanoparticle dispersion than the
monovalent cation Na*. The CSC for Na* is about
100 times more than for Ca’*, Ba’*, and Mg”.
Among the divalent cations studied, Mg" is the most
effective in destabilizing the silica particles. The CSC
is independent of silica concentration, and lowers at
high temperature.

Keywords Silica nanoparticles - Aqueous stability -
pH - Temperature - Electrolytes - Aggregation

Introduction

In the recent years, nanotechnology has drawn the
attention of many researchers to develop innovative
solutions to satisfy the growing demand in hydrocar-
bons. The potential application of nanoparticle dis-
persions has significantly advanced into the upstream
oil and gas industry, from drilling, formation charac-
terization, to improved hydrocarbon and geothermal
heat recovery (Mokhatab et al. 2006). The success of
all of the petroleum engineering applications rests on
the transport of nanoparticles in wellbores and in
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hydrocarbon formations. The mobility of nanoparti-
cles in natural formations is strongly influenced by
the dispersion stability of nanoparticles in a contin-
uous phase. Typical subsurface conditions such as
temperature, pH, and electrolyte concentration vary
over wide ranges. It is thus difficult to control the
stability of nanoparticle dispersion under reservoir
conditions, particularly at high salinity and high
temperature.

Silica, Si0O,, dispersions have been of interest in
colloidal science because of their many applications
and because their anomalous behavior of aggregation
may not be predicted by Derjaguin-Landau—Verwey—
Overbeek (DLVO) theory (Derjaguin and Landau
1941; Verwey and Overbeek 1948) (Healy 2006). An
aqueous nanoparticle dispersion is defined to be
stable when the number of particles in a unit volume
is constant with respect to time (Kissa 1999). The
stability of silica dispersions depends on the structure
of the silica surfaces and associated water molecules
that define the characteristics of the near surface
region (Hofmann et al. 1934; Zhuravlev 1987;
Yalamanchili et al. 1996; Asay and Kim 2005; Hair
2006). The presence of silanol groups (Si—-OH) on a
silica surface was postulated by Hofmann in 1934.
These hydrophilic silanol groups on a silica surface
act as binding sites (H' bonds) for water. From
experimental observations with silica gels, aerosilo-
gels, and porous glasses, Zhuravlev (1987) concluded
that a silanol group was the most probable compound
on the surface of amorphous, fully hydroxylated
silica, and that one OH group corresponded to one
surface Si atom. The protonation and deprotonation
of these silanol groups determine the surface charge
of silica nanoparticles and the extent of the repulsive
energy to keep them dispersed in the solution. For a
given surface charge, the aggregation of silica
nanoparticles occurs because of the presence of
electrolytes. The increasing rate of aggregation of
silica nanoparticles with concentration of electrolytes
is known but not well understood (Roberts 2006). The
interparticle interactions of two silica nanoparticles
have been recently investigated through molecular
simulations to understand the stability of dispersion
(Jenkins et al. 2007, 2008; Lane et al. 2009). Jenkins
et al. (2007, 2008) have shown that the electrical
surface charge of silica nanoparticle in the presence
of background sodium, N a™, concentration affects the
ordering of water molecules around the silica surface

@ Springer

and the particle-water interactions (oscillatory inter-
particle forces). Lane et al. (2009) studied the forces
acting on surface-coated silica nanoparticles and
concluded that surface coating suppressed the force
oscillations. The study of the effects of pH, temper-
ature, cation type, and electrolyte concentration on
the stability of silica nanoparticle dispersions is yet to
be explored.

In this article, we present a systematic study of the
stability of silica nanoparticle dispersions. The effect
of pH on the colloidal stability of silica is determined
by different analytical methods. We identify a critical
salt concentration (CSC) for monovalent (NaCl) and
divalent cations (CaCl,, MgCl,, and BaCl,) above
which silica nanoparticle dispersion becomes unstable.
Development of quantitative methods for determining
the CSC is discussed. The effect of temperature on the
CSC is also investigated.

Materials and methods

The material under study is an aqueous dispersion of
silica particles that have a mean diameter of 25 nm and
an unmodified (bare) surface. The shape and size of
silica particles were examined by a Hitachi-S5500
scanning transmission electron microscope (STEM).
We dried a droplet of the silica nanoparticle dispersion
on a commercial copper transmission electron micro-
scope (TEM) grid with carbon film support. The
images of silica nanoparticles are in Fig. 1 at two
magnifications. The result from dynamic light scatter-
ing (DLS) measurements also shows a mean diameter
of 25 nm with a polydispersity index of 0.077
indicating a narrow size distribution. The shape of
the silica nanoparticles is angular rather than spherical.
Iler (1971) argued that the capillary forces during
drying do not affect the shape of particles. Van
Blaarderen and Vrij (2006) observed that drying does
not influence the radius of particles determined with
TEM measurements and that the shape of silica
particles depends mainly on the method of synthesis.

A stock solution containing 41.13% by weight
silica nanoparticles was diluted with deionized water
up to a desired silica concentration. Then, we
adjusted the pH of the silica dispersion samples by
adding a diluted hydrochloric acid (HCI) solution.
NaCl, MgCl,, BaCl,, and CaCl, were the inorganic
salts that we used in the experiments about the effects
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Fig. 1 The bright field
scanning transmission
electron microscopy
(STEM) images of dried
silica dispersions at a 350 k
magnification and b 700 k
magnification

of electrolytes on aqueous dispersion stability. All the
chemicals were of analytical grade quality. We mixed
the stock solutions of the inorganic salts and the silica
dispersion samples to reach the desired electrolyte
concentrations. We used typical ranges of salinity and
hardness from natural hydrocarbon reservoir brines in
our experiments.

A spectrum 100 FTIR spectrometer made by
Perkin Elmer was used to identify chemical func-
tional groups present in the silica nanoparticles and
their dispersions. Samples were positioned in direct
contact with an attenuated total reflectance (ATR-
FTIR) diamond crystal. The ATR-FTIR spectra were
then recorded from 4000 to 600 cm ™' at a resolution
of 2cm™'. A baseline correction was applied to
ATR-FTIR spectra before each measurement.

We also used a Cary 50 ultraviolet—visible spec-
trophotometer (UV-vis) to analyze optical absor-
bance of silica dispersions. The absorbance—time
relationship provided a means to study the aggrega-
tion of silica dispersions.

We used a zeta potential analyzer (Zeta Plus) with
a DLS option from Brookhaven Instruments Corpo-
ration to determine the zeta potential and effective
particle diameter of silica nanoparticle dispersions.

Results and discussion

The effect of pH on aqueous stability of silica
nanoparticle dispersion

Figure 2 shows the respective ATR-FTIR transmit-
tance spectra of deionized water, a dry silica sample,
and a silica dispersion sample with a pH of 9.65 after
dilution of stock solution to 1 wt% silica. The dry
silica sample was prepared by evaporating water from

the silica dispersion at 120 °C for 12 h. Deionized
water shows a broad peak at 3330 cm™" and a sharp
peak at 1629 cm™' because of the stretching and
bending vibrations of the O-H bonds in the water
molecules. Comparing the spectra of deionized water
and the silica dispersion reveals the presence of
silica nanoparticles by a characteristic Si—O peak at
1100 cm™'. The deionized water curve coincided
with the silica dispersion at the peaks corresponding
to vibrations of O—H bonds. In the spectrum of the
silica powder, two peaks corresponding to Si—O bond
vibration occur at 793.4 and 1055.3 cm™'. Morrow
and Molapo (2006) also observed similar peaks at
1100 and 800 cm ™" for a silica thin film. A small and
broad peak at 3300 cm™' and a small peak at
1650 cm™" in the spectrum of the silica powder
indicate the presence of adsorbed water that remains
after drying. The transmittance corresponding to the
Si—O peak at 1100 cm ™' in the silica dispersion is
large compared to silica powder because of the small
concentration of silica nanoparticles (1 wt%) in the
dispersion. For a given nanoparticle concentration,
the area of the Si—O peak varies with the degree of
hydroxylation of silica nanoparticle surface as pH
changes. Moreover, the Si-O peak at 793.4 cm ™'
observed with powder silica particles is suppressed
by water in silica dispersions (Fig. 2). Therefore,
only the Si—O peak at 1100 cm ™" is used to evaluate
the effect of pH on the aqueous stability of silica
nanoparticle dispersion.

We measured the infrared light (IR) transmittance
of two respective series of 0.5 and 1 wt% silica
particle dispersions, whose pH varied over a wide
range from 2.5 to 10. All of these samples exhibit a
stable clear phase, indicating an indiscernible effect
of pH on the stability of silica nanoparticle disper-
sion. However, a plot of Si—O peak area, which is the
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Fig. 2 ATR-FTIR transmission spectrum of dried silica powder,
25-nm silica particle dispersion, and deionized water. Stretching
and bending vibrations of water molecules show peaks at 3330
and 1629 cm™', respectively. The silica powder has the Si-O
bond vibrations at 793.4 and 1055.3 cm™'. Only the Si-O at
1100 cm ™" is detectable in case of silica dispersion

area under the peak at 1100 cm™', versus pH, as
shown in Fig. 3, suggests a significant variation of
silica nanoparticle surface structure with pH. The
peak area first decreases sharply as pH increases, and
then levels off at around a pH = 7, regardless of
particle concentration. A small increase in the peak
area at a given pH is because of an increase in
particle concentration.

The surface charge of metal-oxide particles in
water may vary from positive to negative as pH
increases because of surface deprotonation (Hunter
2001). The isoelectric point (IEP) is defined as the pH
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Fig. 3 The area under the Si-O peak at 1110 cm™' as a
function of pH for 0.5 and 1 wt% particle concentrations. The
change in the slope of the peak area of the Si-O bond around
pH = 7 indicates a structural change of silica nanoparticle
surface
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at which the surface is neutrally charged. The
measured zeta potential, which represents the poten-
tial at the shear plane (Hunter 2001) of the silica
nanoparticles, is plotted versus pH as shown in Fig. 4.
It is around —45 mV as pH decreases from 10 to 6,
but sharply increases with further decrease in pH.
This trend is observed for both 0.5 and 1 wt% particle
concentrations, which is consistent with the relation-
ship between IR transmittance and pH (see Fig. 3).
Furthermore, extrapolating the potential curve to the
smaller pH range in Fig. 4 suggests that the silica
surface approaches the IEP at a pH around 3.4.

The pH-induced aggregation of silica particles is
not seen by visual observation because of the possible
nanometer-sized aggregates. Another way to identify
the presence of nanoparticle aggregation is through
UV-vis spectroscopy and DLS. Figure 5a shows the
light absorbance of silica dispersions as a function of
pH for two different particle concentrations at
400 nm. The variation of absorbance with pH could
be clearly observed at this wavelength. From this
figure, the absorbance does not significantly change
with pH. This evidences the absence of particle
aggregation, which is confirmed by the results from
the DLS measurements in Fig. 5b. The effective
particle diameter increases by a factor of 1.36 as pH
decreases from 10 to 2. Therefore, particle aggrega-
tion is not responsible for the observed slight change
of the effective particle diameter with pH despite of
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Fig. 4 Zeta potential of silica particle dispersions as a function
of dispersion pH. The vertical error bars in the graph are the
mean standard errors of the zeta potential measurements. The
IEP is estimated as pH = 3.4 by extrapolation of linear
regression fit to points at pH = 8 or smaller. The zeta potential
measurements below pH = 4 exceeded the conductance limit
of the zeta potential analyzer; therefore, zeta potential
measurements are not in this pH range
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Fig. 5 a UV-vis absorbance of 0.5 and 1 wt% silica particle dispersions at 400-nm wave length as a function of pH. b The effect of
pH on effective particle diameter for 0.5 and 1 wt% silica dispersions by DLS measurements

the significant pH-induced reduction of particle
surface charge (see Fig. 4). The effective diameter
determined by DLS is the diameter of the nanopar-
ticle plus the thickness of a layer of water and ions
that are bound, with varying degrees of strength, to
the particle. The latter is partially determined by the
surface potential of particles, which is in turn
influenced by pH as shown in Fig. 4. This most
likely explains the relationship between the effective
particle diameter and pH shown in Fig. 5b.

The silica nanoparticles used in the experiments on
the effect of pH made a stable clear phase with water.
The effective particle diameter was close to the actual
diameter of nanoparticles (Fig. 5b). These clear
dispersions had absolute zeta potentials much smaller
than 40 mV, which indicates the degree of the
stability of dispersion (ASTM Standard 1985). When
the extent of the repulsive energy is smaller compared
to the van der Waals attraction energy, the dispersion
becomes unstable giving rise to the aggregation of
particles. As discussed above, the silica nanoparticles
exhibit a stable dispersion in the pH range studied.
Kitchener (1971) drew attention to this anomalous
stability of silica dispersions, in contradiction with
DLVO theory (Derjaguin and Landau 1941; Verwey
and Overbeek 1948), around pH 2-3 where their zeta
potential is minimal. Kitchener (1971) discussed that
the existence of polysilicic acid filaments on the silica
surface formed in situ could be the reason for this
extraordinary stability around the IEP.

These thin silica hairs on the surface (Iler 1971)
could push the double layer repulsion out to extend
further than van der Waals attraction and also

generate an additional short-range steric repulsion
(Israelachivili and Wennerstrom 1996).

Phase behavior of silica nanoparticle dispersions
in the presence of electrolytes

Electrolytes could also destabilize particle disper-
sions by compressing the electrical double layer. As
the electrolyte concentration increases, the energy
barrier is lowered to an extent that kinetic energy
of particles dictates the kinetics of particle aggre-
gation (Derjaguin and Landau 1941; Verwey and
Overbeek 1948). In this section, the effect of NaCl as
an indifferent electrolyte on the stability of silica
nanoparticle dispersions is evaluated. The NaCl is
indifferent because it does not adsorb on the particles.

Figure 6 shows the phase behavior of silica
dispersions that are different in NaCl and particle
concentrations. For small particle concentration (e.g.,
0.5 wt% particle in Fig. 6), the addition of NaCl up to
around 1.5 wt% does not destabilize the aqueous
dispersion of silica nanoparticles. However, a further
increase in NaCl concentration leads to a phase
transition. This phase behavior suggests that 1.5 wt%
NaCl represents a CSC above which particle aggre-
gation and sedimentation visually occurs. When the
NaCl concentration is increased above its CSC, three
distinct subsequent stages of particle aggregation
could be observed: (1) an early time stage character-
ized with a single clear phase (e.g., vials shown in
Fig. 6 with 0.5 wt% particle concentration and 3 wt%
NaCl at 1 h), (2) a precipitation stage with a single
turbid phase (e.g., same vials at 10 days later), and (3)
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Fig. 6 Photographs of sealed tubes that show the phase
behavior of silica nanoparticle dispersions at various NaCl
and nanoparticle concentrations at a 1 h, b 10 days, and

a sedimentation stage with two separate phases (e.g.,
the same vials after 41 days). The subsequent occur-
rence of the precipitation and sedimentation stages is
accelerated by either increasing NaCl or particle
concentration. For example, Fig. 6 shows that for
2 wt% NaCl concentration the particle dispersion
with 2 wt% particle concentration approaches the end
of the precipitation stage after 10 days while the
dispersion with 0.5 wt% particle concentration is still
in the early time stage. However, these two factors
were found not to significantly influence the CSC for
NaCl.

Particle aggregation occurs during the early time
stage when the electrolyte concentration is above its
CSC. However, the formation of nanometer-sized
aggregates may not be visually observed. In addition,
a CSC could be determined accurately through DLS
measurements of effective particle diameter. It is
important to determine the light absorption charac-
teristic of silica particle aggregates in the UV-vis
range as the UV-vis spectrophotometer provides a
convenient technique for studying aggregation kinet-
ics. For the above purposes, DLS and UV-vis
measurements were conducted on a series of particle
dispersions with different electrolyte concentrations.
The results are in Fig. 7.
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4.0,3.75, 3.5, 3.0, 25, 2.0
wt%
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c 41 days. Three distinct sequential stages of aggregation, i.e.,
single clear phase, a turbid single phase, and two separate
phases

Figure 7 shows that the absorbance profile for
0.5 wt% particle concentration at 400-nm wavelength
is characterized by a transition from a uniform to a
sharp increase as NaCl increases above the critical
value. This critical value does change with time (i.e.,
from 2 wt% at 1 h to 1 wt% after 43 days) and
eventually reaches an approximate value of 1 wt%,
which defines the equilibrium CSC for NaCl. The
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Fig. 7 Effective particle diameter and UV-vis absorption at
400-nm wave length of 0.5 wt% silica dispersions in the
presence of NaCl. A significant increase in effective diameter
and absorbance occurs initially at 2 wt% NaCl, but this critical
concentration shifts to an equilibrium value (CSC) of 1 wt% at
43 days
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variations of effective particle diameter in time and
with NaCl concentration are in Fig. 7. The effective
particle size increases sharply from 25 to 200 nm
with NaCl concentration above CSC. The effective
particle diameter profiles are very close to the
UV-vis light absorbance profiles. Both techniques
give almost the same CSC. Therefore, the UV-vis
spectrometry is also used in determining the kinetics
of particle aggregation.

Figure 8 shows the light absorbance for 0.5 wt%
particle dispersion in the presence of 3 wt% NaCl
(above the NaCl CSC). The rate of increase in
absorbance reflects the kinetics of particle precipi-
tation. In the sedimentation stage, the gravitational
potential overcomes the dispersive interparticle and
particle—solvent interactions. The sedimentation of
nanoparticles was clearly observed after around
190 h. Plaza et al. (2002) carried out stability
experiments with hematite/yttrium oxide core—shell
particles by measuring their optical absorbance.
They suggested that the slope of an absorbance
curve carries the most significant information about
particle—particle aggregation. A positive slope indi-
cates a doublet of particles that has larger extinction
cross section than two individual particles suffi-
ciently far apart. In our experiments with 1, 2, and
3 wt% NaCl at 0.5 wt% silica concentration, we
observed a negative slope during the early time
stage (i.e., first 1 h) which may indicate that a
doublet of silica particles has a smaller extinction
cross section than two individual particles far apart
in the dispersion (Plaza et al. 2002). This negative
slope is not visible in Fig. 8 because of the large
time scale.

08 /

0.4} o~

Absorbance

0.2t —

0 1 1 1 1 1 1 1 1
0 25 50 75 100 125 150 175 200 225

Time (hr)

Fig. 8 UV-vis light absorption of a 0.5 wt% silica particle
dispersion with 3 wt% NaCl as a function of time

Effect of divalent cations on critical salt
concentration

Figures 9 and 10 show phase behavior images of
silica particle dispersions in the presence of MgCl,
and CaCl,, respectively. There was no background
NaCl in these experiments. For both Mg®" and Ca®™,
an increase in concentration above a critical value
gives rise to particle aggregation, in consistence
with the phase behavior for NaCl (see Fig. 6). A
silica particle dispersion exhibits an equilibrium clear
phase for divalent cation concentration lower than
0.02 wt%, which is 100 times lower than that for the
monovalent cation (CSC for NaCl is 1 wt%). For a
divalent cation concentration above 0.04 wt%, the
particle aggregation is so effective that the early time
stage is almost absent; sedimentation begins only
after 1 day. Among these cations, Mg>" exhibits the
most capability of particle dispersion destabilization.
Furthermore, comparing phase transition by Mg*"
(Fig. 9) and Ca”" (Fig. 10) at a given electrolyte and
particle concentrations reveals that an increase in
particle concentration accelerates aggregation for
divalent cations. An increase in nanoparticle concen-
tration shortens the average distance travelled by a
particle between collisions, resulting in an increase in
aggregation rate for a salt concentration above CSC.
However, the particle concentration does not influ-
ence the CSCs for these cations. Elimelech et al.
(1998) argue that particle concentration should not
affect critical coagulation concentration if the elec-
trolyte is indifferent. In other words, if there is not
any specific adsorption of counterions onto the
surface of a particle, then the extent of the repulsive
energy is not changed and hence the concentration of
particles does not affect CSC.

Figure 11 shows the absorbance at 400-nm wave
length as a function of concentration of the chloride
salts for Mg®*, Ca®*, and Ba®* for 1 wt% particle
concentration. The CSCs, determined at a point of
sharp change in the UV-vis absorbance profiles in
Fig. 11, are 0.0125 wt% for MgCl, and 0.025 wt%
for both CaCl, and BaCl,. These values are con-
firmed by the measured effective particle diameter as
a function of salt concentration as in Fig. 12. From
this figure, the aggregate size is much more sensitive
to the addition of divalent than monovalent cations.

Colic et al. (1998) studied the influence of
monovalent cation size (Li*, Nat, K*, and Cs™) on
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Fig. 9 Photographs of sealed tubes that illustrate the phase
behavior of silica dispersions with MgCl, at 1 h, 1 day, and
7 days at 25 °C. Three distinct sequential stages of aggregation
are observed at various MgCl, and nanoparticle concentrations.

0.5 wt% patrticle

Time= 1hour

Time=1 day

Time=7 days

1.0 wt% particle

0.04, 0.03, 0.02, 0.01

1.0 wt% particle
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The transition between a stable and an unstable dispersion
(aggregation followed by sedimentation) occurs around 0.03 wt%
MgCl, for all the three nanoparticle concentrations

2.0 wt% particle

CaCl, concentration: 0.10, 0.05, 0.03, 0.02, 0.01 0.10, 0.05, 0.03, 0.02, 0.01 0.10, 0.05, 0.03, 0.02, 0.01

wt%

Fig. 10 Photographs of sealed tubes that illustrate the phase
behavior of silica dispersions with CaCl, at 1 h, 1 day, and
7 days at 25 °C. Three distinct subsequent stages of aggrega-
tion are observed at various CaCl, and nanoparticle

short range repulsive forces in silica slurries at large

salt concentrations. The authors argued that the layer
of structured water molecules around the silica

@ Springer

wt% wt%

concentrations. The transition between a stable and an unstable
dispersion (aggregation followed by sedimentation) occurs
around 0.05 wt% CaCl, for all the three nanoparticle
concentrations

particle’s surface favors the accommodation of small
ions that prefer to be surrounded by organized water
at pH greater than IEP. Hence, smaller cations can
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Fig. 11 UV-vis absorbance of a 1 wt% silica dispersion in the
presence of different salts (NaCl, MgCl,, CaCl,, and BaCl,) at
400-nm wave length at 25 °C. Mg?" exhibits the smallest CSC
while the CSCs for Ca®* and Ba®* are both about 0.025 wt%

£ 10000 ¢

£ E o NaCl

.t -&-MgCI2
] r = CaCl2
g 1000 £ = BaCl2

© E

o [ CSC-MgCl, CSC-NaCl

g w0 |

= Ir}ltla;pa.rtlclehi Yl pa———

© diamgter =

o 10 I

g E CSC-CaCl,

= C CSC-BaCl,

3]

(]

u‘: 1 Lol Lo Lol PR R T
w 0.001 0.01 0.1 1 10

Salt Concentration (wt%)

Fig. 12 Effective particle diameters for 1 wt% silica disper-
sion as a function of NaCl, MgCl,, CaCl,, and BaCl,
concentrations at 25 °C. An increase in the effective diameter
indicates aggregation of the silica particles

penetrate deep into the water layer at the particle
surface resulting in less repulsive force compared to
larger ions that reside outside the hydration layer
(Torrie et al. 1989). The mechanism for the short-
range repulsion would be the collapse of the coun-
terion cloud. Our observations on the stability of
silica dispersions with divalent cations Mg2+, Ca2+,
and Ba®" agree with this theory. Mg>" being the
smallest cation with highest affinity to water induces
the smallest repulsive force and, hence, exhibits the
least CSC compared to Ca>" and Ba®™.

The significant difference in CSC between the
monovalent and divalent cations could be further
explained by the DLVO theory (Derjaguin and Landau
1941; Verwey and Overbeek 1948). The interaction

potential between two spherical nanoparticles includes
the attraction (V) and repulsion energies (Vi) as
described by Eqgs. 1 and 2, respectively

A 1 1 1
Va=— [t —=+2In(1-— 1
A 12 (xz—ler2Jr n( x2)> ()

Vi = 2mepe,al’In [1 4+ exp(—2xa (x — 1) ) ] (2)
Vr=Va+ VR (3)

where x is the ratio of the center-to-center distance of
spheres, r, to the diameter of the sphere, 2a; x is the
inverse of Debye length; ¢,¢, is the dielectric permit-
tivity; and A is the Hamaker constant. For silica
dispersion, the calculated value of A is 6.02 x 1072 J
in agreement with previously proposed constants for
silica (Franks 2002; Dumont 2006). The diffuse layer
potential, {, is obtained from zeta potential measure-
ments. Equation 2 shows that the magnitude of the
repulsive energy depends on the Debye length, which
decreases with increasing electrolyte concentration. In
Eq. 3, Vr is the total interaction energy.

Figure 13 presents the normalized interaction
energy (Vr/kT) between two identical spheres as a
function of dimensionless distance x. Here, k is the
Boltzmann constant, and 7 the temperature. A
secondary minimum in energy occurs at NaCl
concentrations greater than 1 wt% (Fig. 13b). In
Fig. 14, we present the area under the DLVO curve
as a function of electrolyte concentration. This figure
also shows the relationship between electrolyte
concentration and the amount of energy (Vr/kT)
required to bring two nanoparticles from infinity to a
critical distance, x., that is shorter than that at which
particle aggregation is highly promoted because of
the increasing attraction energy as x decreases. The
gradient of the interaction potential with respect to
x becomes positive for x which is smaller than x.. The
integration term, the area under the DLVO curve,
decreases first sharply then much more gradually as
electrolyte concentration increases, Fig. 14a and b.
This gradually decreasing slope, in the region
between 0.5 and 1.5 wt% NaCl in Fig. 14a, is the
region where the transition of a stable dispersion into
an unstable state occurs. The range of electrolyte
concentration for this transition region is significantly
reduced as the cation’s valence increases and is
consistent with the measured CSCs for Nat, Ca’™,
and Mg
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Fig. 13 Two-particle interaction potential as a function of
dimensionless separation distance according to DLVO theory
for a NaCl concentrations. The secondary and primary minima
are shown clearly in the b small scale range of the y-axis, a
zoom-in of (a)

Effect of temperature on critical salt concentration

To investigate the effect of temperature on the CSC,
we used DLS to measure particle size on a series of
1 wt% silica dispersions with different salt types
(NaCl, CaCl,, and MgCl,) and concentrations at 25
and 70 °C. The results, shown in Fig. 15, indicate
that the CSC is significantly reduced as temperature
increases. This observation may be explained based
on relative magnitude of the energy barrier and the
average kinetic energy of nanoparticles as shown in
Figs. 13 and 14. An increase of the average kinetic
energy with temperature gives rise to the particle
collisions that result in aggregation. As a conse-
quence, a higher energy barrier (i.e., lower salt
concentration) is required to maintain the aqueous
stability of nanoparticle dispersion.
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Fig. 14 Relationship between electrolyte concentration and
the amount of energy (Vr/kT) required to bring two
nanoparticles from infinity to a critical distance, x., for
a NaCl and b CaCl, and MgCl, concentrations
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Fig. 15 DLS measurements of 1 wt% silica dispersion in the
presence of different salts (NaCl, CaCl,, and MgCl,) at 25 and
70 °C. DLS measurements are taken after 18 days

Conclusions
We studied the stability of silica particles of 25-nm

diameter in aqueous solutions under changing pH,
salt concentration (NaCl, MgCl,, CaCl,, and BaCl,),
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and temperature using ATR-FTIR, UV-vis spectro-
photometry, DLS, and a zeta potential analyzer.
Spectral analysis of the Si-O bond at 1110 cm™" with
the ATR-FTIR indicates a structural change on the
surface of silica particles because of the change in the
pH of the solution, which agrees with zeta potential
results. Changing the pH does not affect the aggre-
gation in the absence of electrolyte for the range of
pH studied. However, the addition of different types
of salts (NaCl, CaCl,, MgCl,, and BaCl,) causes
aggregation of the silica nanoparticles.

We observed a CSC for a given electrolyte below
which the silica nanoparticles are well dispersed in an
aqueous phase and above which flocculation of silica
nanoparticles occur and the aggregates settle by
gravity. The CSC depends on electrolyte type, but is
not influenced by silica nanoparticle concentration.

Divalent cations Mg®", Ca**, and Ba*" are more
effective in destabilizing (i.e., causing aggregation)
the nanoparticle dispersion than the monovalent cation
Na™. The CSC for Na™ is about 100 times larger than
that of divalent cations. Among these divalent cations,
Mg”" is the most effective in aggregating the silica
particles. The presence of the CSC for the electrolytes
studied in this study could be explained by the DLVO
theory.

An increase in temperature from 25 to 70 °C
increases the aggregation rate, and hence lowers the
CSC. The reduction in CSC is more significant for
monovalent cation Na™ than it is for divalent cations
Mg®" and Ca®". This suggests that the effect of
cation valance is dominant over the effect of thermal
energy within the range of temperature used in this
study.
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