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Abstract

Colloidal silica is known to be stable at high salt concentrations and low pH, where silica is basically uncharged. This observa
qualitative disagreement with the theory of Derjaguin, Landau, Verwey, and Overbeek (DLVO), which predicts rapid aggregation (o
lation) under these conditions. This study reports a very different behaviour for Stöber-type silica heated at 800◦C, as these particles follow
DLVO theory quantitatively. Unheated samples behave approximatively according to DLVO theory, but they show systematic devi
particular, featuring higher stability at low pH. The heat treatment also substantially modifies the charging properties, as heated
show titratable surface charge densities in the range expected for the water–silica interface, while much higher charge densities a
for the unheated samples. The electrophoretic mobilities, on the other hand, are hardly influenced by the heat treatment. We susp
suspension stability of the unheated particles is influenced by the presence of a hairy-layer of polysilicilic acid chains on the surfac
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The colloidal stability of silica suspensions contradi
the famous theory of Derjaguin, Landau, Verwey, and Ov
beek (DLVO). This classical theory predicts that colloid
particles aggregate rapidly at sufficiently high salt lev
and/or when the particles are weakly charged[1–5]. How-
ever, silica particles have been reported to be stable at
salt levels and at low pH, where silica bears little cha
[6–12]. Moreover, other silica systems show a minimu
in the stability plot [13,14] or in the critical coagulation
concentration, which separates the regions of slow and
aggregation[7,9,10]. These anomalies have been typica
reported for nanometer sized silica particles, but also for s

* Corresponding author.
E-mail address: michal.borkovec@unige.ch(M. Borkovec).

1 Current address: Faculty of Agriculture, Iwate University, 3-18-8 Ue
Morioka, Iwate 020-8550, Japan.

2 Current address: Ecole Supérieure de Physique et de Chimie In
trielles, PPMD-ESPCI, 10 Rue Vauquelin, 75231 Paris Cedex 05, Fran
0021-9797/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2005.05.093
t

micrometer sized particles, and they are in sharp contra
predictions of DLVO theory.

One relevant factor determining colloidal stability of s
ica is certainly the particle size[8,11,12], but other fac-
tors influencing the surface morphology must be impor
as well. Sub-micrometer sized silica has been someti
reported to behave similarly to DLVO theory[9,14–17],
whereby silica produced with the method of Stöber et al.[18]
always appears to fall into this class[13,14,16]. This fact
may appear surprising, as Stöber particles have been f
to be porous based on potentiometric titration experim
[19,20]. These studies reported that Stöber silica has an
tremely high charge density in the presence of small al
metal counterions, which can penetrate the micropores.
charge density decreases substantially in the presen
large tetraalkylammonium counterions, which cannot e
the micropores[19]. Heating the particles at 800◦C has a
similar effect, which has been interpreted to originate fr
the shrinkage of the micropores[20]. On the other hand, n
unusual features have been reported in the electrokineti
haviour of Stöber silica[19,21].

http://www.elsevier.com/locate/jcis
mailto:michal.borkovec@unige.ch
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The present study aims to clarify the effect of heat tre
ment on the charging behaviour on Stöber-type silica p
cles, and to relate these findings to the colloidal stability
these systems. Interestingly, the stability of the heated
ticles turns out to be in quantitative agreement with DLV
theory. This important finding demonstrates that stability
colloidal silica does not follow a unique pattern, but tha
may vary widely depending on the silica type.

2. Experimental techniques

2.1. Silica particles

This study used four different batches of colloidal sil
particles. Two of them, referred as KEP10 and KEP30, w
kindly provided by the manufacturer (Nippon Shokuba
The particles were synthesized similarly to the Stöber p
cedure. The KEP10 and KEP30 particles were washed
0.1 M HCl three times and then with Milli-Q water (Milli
Q A10 UV/UF, Millipore) by repeated centrifugation an
decantation until the electrical conductivity of supernat
decreased below 2 µS/cm.

Two additional batches, referred as KEP30H and K
10H, were prepared by heating the silica powders KE
and KEP30 in a covered quartz crucible at 800◦C for 24 h.
After the heat treatment, the particles remained flowing p
der. The heated particles were used without further purifi
tion. The heated particles were not left dispersed in w
more than a week.

2.2. Particle characterization

Particle morphology and the size distribution were
tained by transmission electron microscopy (TEM, Phil
EM410). The number average radius〈r〉 and coefficient of
variation CV= (〈r2〉/〈r〉2 − 1)1/2 were evaluated by mea
suring 100–300 particles from the micrographs. The
gular brackets denote number-weighted averages. Pa
size was also measured on a multi-angle goniometer (A
CGS-8, Langen) equipped with eight fiber optic detec
and a 532 nm solid-state laser as light source. Dyna
light scattering (DLS) was performed in dilute suspensi
1–10 mg/L in 0.1 mM KCl at pH around 8 at a scatte
ing angle of 90◦. From the second order cumulant fit, t
hydrodynamic radius,rh, was evaluated and was compar
with the TEM data using the relationshiprh = 〈r6〉/〈r5〉.
The Schultz distribution was assumed to estimate the hi
moments. Static light scattering (SLS) was used to ext
an apparent radius,rs, by fitting the angle dependence
the Rayleigh–Debye–Gans (RDG) theory[22]. This value
can be compared with the TEM data by using the rela
r2
s = 〈r8〉/〈r6〉. The density of the particles,ρ, was mea-

sured in aqueous suspensions by pycnometry. The sp
surface area of the silica particles,a, was determined with ni
trogen gas adsorption (BET) measurements performed
a Gemini 2375 (Micromeritics, USA), and based on the
lationa = (3/ρ)〈r2〉/〈r3〉 compared with TEM[4].

2.3. Potentiometric titration

The charge of silica particles was measured with a ho
build computer-controlled automatic titrator, which us
four automatic burettes containing 0.25 M HCl, 0.25
CO2-free KOH (Baker Dilut-It), 3.0 M KCl, and pure wate
All solutions were prepared from CO2-free boiled Milli-
Q water. Moist CO2-free nitrogen gas was continuous
flushed through the titration vessel. The electrostatic
tential between a glass electrode (6.0123.100, Metro
and a separate Ag/AgCl reference electrode (6.0733.
Metrohm) was measured with a high impedance po
tiometer. Acidified silica suspensions of concentrations
the range 8–65 g/L were first titrated with KOH, and the
back-titrated with HCl, maintaining a constant ionic stren
and a temperature of 25◦C. The electrode readings we
recorded after the drift criterion of 1 mV/min was satisfied
Each forward and backward titration run was repeated t
times, and the overall ionic strength of the sample was
creased by addition of KCl solution to start the next serie
runs. The electrodes calibration parameters, the exact
concentration, and the activity coefficients were determi
from blank titrations[23]. Titrations of silica particles wer
conducted at pH below 9 to minimize the effect of sili
dissolution[24]. From the difference between the titratio
curves of silica and those of a blank, the amount of part
charge was obtained, which was then normalized with
surface area determined by gas adsorption. Further de
on such titration techniques are given elsewhere[25,26].

2.4. Electrophoretic mobility

A laser Doppler velocimetry setup (Zeta Sizer 20
Malvern) was used to measure the electrophoretic mob
of the particles as a function of pH in solutions of differe
KCl concentrations[3,4]. Prior to each measurement, sili
suspension, KCl solution, and HCl or KOH were mixed w
water, and the mixture was injected into the measurem
cell. The pH of suspension was measured with a comb
tion electrode (6.0234.110, Metrohm). The concentrati
of silica particles were around 40 mg/L. The temperature
of electrophoresis cell was maintained at 25◦C.

2.5. Absolute aggregation rates with light scattering

Early-stage particle aggregation was monitored w
time-resolved light scattering performed on a multi-an
goniometer with eight optical detectors (ALV CGS-8, La
gen) in two ways. Most experiments were carried out w
DLS with one detector positioned at 90◦. Simultaneous stati
and dynamic light scattering (SSDLS) measurements w
also performed for fast aggregation conditions[27,28].
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Fig. 1. Determination of aggregation rate constants by time-resolved
scattering. (a) Record of the apparent hydrodynamic radius a functio
time for heated KEP30H particles at 10 mM and different pH originat
from the radius of the stable suspension (arrow). From the slope, the
constant is obtained (solid line). (b) Scatter plot of the apparent static
dynamic aggregation rates obtained from an SSDLS experiment for KE
at pH 10 and 1 M. The data are fitted to a straight line, whose intercept
the absolute aggregation rate constant.

Quartz and borosilicate glass cuvettes were cleaned
hot 3:1 mixture of concentrated sulphuric acid and hyd
gen peroxide and by extensively rinsing with Milli-Q w
ter. Prescribed amounts of HCl or KOH, KCl solution, a
water were mixed in the cuvette, and stable silica susp
sion was added. The cuvette was sealed and quickly sh
with a vortex mixer, and immediately monitored with
time resolution of 20 s for 10–60 min at a temperat
of 25◦C (seeFig. 1a). The suspension pH was measu
with a combination electrode (6.0234.110, Metrohm) in
cuvette after the measurement. A typical result of a tim
resolved DLS experiment is shown inFig. 1a. The initial
particle number concentrationN0 was chosen in the rang
3 × 1014–7× 1015 m−3 (0.8–220 mg/L). This value is suf-
ficiently low to ensure that the initial increase of the lig
scattering signals corresponds to the formation of dim
in the early stages of the aggregation. This point was
serted such that the relative increase of the hydrodyna
radius did not exceed 20% in the region used for esti
tion of the rate constant, and that the radius extrapol
towards the initial time agrees with the radius in the s
ble suspension within 5%. An equivalent way to ens
that the aggregation remains in its early-stage is to s
that the half-time of the aggregationT1/2 = 2/(kN0) is
larger than or at least comparable to the experimental
dow [27]. This condition is satisfied asT1/2 is in the range
20–60 min.

Aggregation rate constants were obtained from the in
slope of the record of the hydrodynamic radiusrh(q, t) as a
function of timet . This quantity also depends on the mag
tude of the scattering vector

(1)q = 4π

λ
sin(θ/2),

where λ is the wavelength of the light in the scatteri
medium andθ is the scattering angle. The resulting appar
DLS rate can be expressed in terms of the aggregation
constantk by applying the Rayleigh–Debye–Gans (RD
n

Table 1
Fast aggregation rate constants of the silica particles

Particles kfast (×10−18 m3/s)

DLSa SSDLSb DLVOc

KEP10 1.9 – 8.4
KEP10H 1.4 – 8.4
KEP30 2.7 2.4 8.4
KEP30H 2.9 3.2 8.4

a Obtained from time-resolved measurement with dynamic light sca
ing (DLS).

b Obtained from simultaneous static and dynamic light scatte
(SSDLS).

c Obtained from DLVO theory with the Hamaker constantA = 8.3 ×
10−21 J.

approximation, which leads to the relation[27,28]

1

rh(q,0)

drh(q, t)

dt

∣∣∣∣
t→0

(2)=
[
1+ sin(2rq)

2rq

](
1− 1

α

)
kN0,

wherer = 〈r〉 is the number averaged particle radius andα is
the relative hydrodynamic radius of the doublet. The hyd
dynamic radius of the doublet can be estimated asα � 1.39
at low Reynolds numbers. Equation(2) is reliable for suffi-
ciently small particles, typically below 200 nm in diame
[27–29]. Fast aggregation conditions were obtained in 1
KCl and pH 6–11, and the corresponding results are sum
rized inTable 1.

For the larger particles, the SSDLS measurements w
carried out to compare with the absolute fast rate const
obtained with DLS. In this case, the rate constants can
evaluated without any assumptions concerning unknown
tical or hydrodynamic properties of the doublets by plott
the apparent rate constant obtained from SLS as a functio
the one obtained from DLS. The data were fitted to a stra
line according to the relation[28]

1

I (q,0)

dI (q, t)

dt

∣∣∣∣
t→0

(3)= 1

rh(q,0)

drh(q, t)

dt

∣∣∣∣
t→0

(
α

α − 1

)
− kN0,

where I (q, t) is the time-dependent scattering intens
Fig. 1b shows typical experimental data and their fit
Eq.(3). The resulting relative hydrodynamic radii of the do
bletsα were in close agreement with the theoretical va
stated above. The results of the fast rate constants are
marized inTable 1.

We further report the rate constants in terms of the c
tomary stability ratios defined as

(4)W = kfast

k
,

wherekfast is the fast aggregation rate for KCl concent
tion above 1 M and the pH in the range 6–11. Under th
conditions, the aggregation rates reach constant values
acteristic for the fast aggregation regime.
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3. Results

3.1. Particle characterization

The TEM pictures shown inFig. 2 demonstrate that th
particles are monodisperse and nearly spherical. Neve
less, the samples KEP10 and KEP10H contained some
formed particles. The number-weighted mean radii〈r〉 and
the corresponding coefficients of variation (CV) are summ
rized inTable 2. The TEM gave particle radii around 60 n
for KEP10 and KEP10H, and around 150 nm for KEP30
KEP30H. The CV was 0.05± 0.01 indicating monodispers
samples. For the larger KEP30 particles, heating indu
a slight decrease in the particle size of about 6%. This
fect is probably due to shrinkage of pores, but is not cle
observable for the smaller particles. Otherwise, the p
cle morphology was not significantly influenced by the h
treatment.

Fig. 2. Transmission electron micrograph (TEM) pictures of silica partic
Unheated (a) KEP10 and (b) KEP30 are compared with heated (c) KEP
and (d) KEP30H.
-
-

The particle densities and the surface areas measure
gas adsorption are summarized inTable 2. The surface are
is consistently higher than the geometrical surface area
perfect spheres estimated from TEM data. This effect is
ticularly pronounced when comparing KEP30 and KEP3
Densities determined by water pycnometry were around
and 2.2 g/cm3 for unheated and heated particles, resp
tively. The former values are close to reported densitie
Stöber silica in the range 1.7–2.0 g/cm3 [19,30]. The latter
value agrees with the density of nonporous amorphous s
but is lower than the one of quartz of 2.6 g/cm3 [31]. The
decrease of surface area and increase of the particle de
upon heating can be again understood due to pore shrin

3.2. Surface charge density

Markers inFig. 3 show the values of measured surfa
charge density of silica particles obtained by potentiome
titration. The particles carry a negative charge, and its m
nitude increases with increasing pH.

The titration curves of the unheated silica samples (Figs.
3a and 3b) lack reversibility at high ionic strength (i.e., hy
teresis effect) and they indicate very high charge densi
This unusual behaviour has already been observed for S
silica, and interpreted in terms of nanometer-scale poro
of the unheated silica particles (i.e., microporosity)[19,20].
The hysteresis effect at high ionic strengths is likely cau
by particle porosity[19,20], since the protons slowly diffus
into the particle interior. At lower ionic strengths, overla
ping double layers close off these pores, and the titra
becomes reversible. The large magnitude of the charge
sities can be explained by the large internal surface of
pores, whose surface is probably covered with a hairy (
like) layer. This layer is penetrable to protons in solution,
impenetrable to nitrogen in the dry state.

The titration curves of the heated silica samples (Figs. 3c
and 3d) are reversible and their surface charge densit
much lower. The interpretation of this effect is that the m
cropores are closed off upon heating, and the surface a
probed by protons in solution and nitrogen in the gas ph
become the same[19,20]. The surface modification by hea
ing seems to be reversible, however, as the surface ch
Table 2
Characteristics of the silica particles studied

Particles 〈r〉 (nm)a CVb rh (nm)c rs (nm)d a (m2/g)e ρ (g/cm3)f

TEM TEM DLS TEM SLS TEM BET TEM

KEP10 58 0.06 69 59 67 59 43 24 2.13
KEP10H 57 0.05 67 58 68 58 32 24 2.19
KEP30 156 0.04 160 157 157 158 51 9.4 2.03
KEP30H 143 0.04 153 144 147 144 14 9.6 2.18

a Number-weighted particle radius〈r〉 determined by transmission electron microscopy (TEM).
b Coefficient of variation (CV) obtained by the same method.
c Apparent hydrodynamic radiusrh obtained by dynamic light scattering (DLS) and calculated from TEM.
d Intensity-weighted radiusrs obtained by static light scattering (SLS) and calculated from TEM.
e Measured specific surface area by nitrogen adsorption (BET) and compared with calculated values based on TEM and particle densities.
f Particle density measured by water pycnometry.
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Fig. 3. The surface charge density of silica particles as a function of p
different ionic strength adjusted with KCl. Symbols denote the experime
results obtained by forward (open symbols) and backward potentiom
titrations (closed symbols). The solid lines were calculated with the 1K

basic Stern model with the parameters pK = 7.5, CS = 2.9 F/m2, and
Γ0 = 8 nm−2 [38]. Unheated (a) KEP10 and (b) KEP30 are compared w
heated (c) KEP10H and (d) KEP30H.

of heated silica increases with increasing contact time w
water[20].

3.3. Electrophoretic mobility

The measured electrophoretic mobilities are plotted
markers inFig. 4. The particles exhibit negative mobilit
and the magnitude of the mobility increases with incre
ing pH as expected from the surface charge. In spite of
fact that unheated silica samples are more strongly cha
than the heated ones, the mobilities remain similar for b
samples. Therefore, the chargeable sites within the por
the interior of the particles do not substantially contrib
the electrophoresis. Previous investigators have drawn s
lar conclusions[19,21].

3.4. Aggregation and colloidal stability

Fig. 5 summarizes the stability ratios as a function
the solution pH. One observes that all silica samples
hibit similar aggregation behaviour. Fast aggregation c
ditions are encountered in KCl concentration above 1
and pH in the range 6–11. Fast aggregation rate cons
are summarized inTable 1, and their values are aroun
(2.0±0.6)×10−18 m3/s. Comparable values were observ
for silica by others[8,17].

Colloidal silica has been often reported to be anomalo
and in qualitative disaccord with DLVO theory[6,8,9,12].
However, the results presented here are definitely in line
DLVO theory. At high ionic strength, the aggregation is
ways fast and pH independent. The stability ratios incre
s

Fig. 4. The electrophoretic mobility of silica particles as a function of pH at
different ionic strength adjusted with KCl. Symbols denote the experimen-
tal results. The solid lines were calculated with the standard electrokinetic
model with a fixed distance of the plane of shear ofd = 0.25 nm and the
1-pK basic Stern model with the parameters pK = 7.5, CS = 2.9 F/m2,
andΓ0 = 8 nm−2 [38]. Unheated (a) KEP10 and (b) KEP30 are compared
with heated (c) KEP10H and (d) KEP30H.

Fig. 5. Stability ratios of silica particles as a function of pH at different
ionic strength adjusted with KCl. Symbols denote the experimental results
obtained by time-resolved dynamic light scattering. The solid lines were
calculated with the classical DLVO theory. The electrostatic interactions
are based on nonlinear Poisson–Boltzmann equation and they include full
charge regulation based on the 1-pK basic Stern model with the parameters
pK = 7.5,CS = 2.9 F/m2, andΓ0 = 8 nm−2 [38]. The van der Waals inter-
action uses a Hamaker constant ofA = 8.3×10−21 J. Unheated (a) KEP10
and (b) KEP30 are compared with heated (c) KEP10H and (d) KEP30H.
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with decreasing ionic strength due to decreased scree
and they decrease with decreasing magnitude of par
charge due to diminishing electrostatic repulsion. In S
tion 4, we show that the present stability data are eve
quantitative accord with DLVO theory.

An anomalous non-DLVO feature in silica aggregat
is its high stability at high ionic strength and at low p
[6,8,9,12]. While this feature was not observed for t
present samples in a pronounced fashion, their stabili
somewhat increased below pH 6. This trend can be cle
established for the unheated samples (KEP10 and KEP
Similar trends were reported earlier[12,17]. The increase
of stability at low pH can be ascribed to an additional
pulsive force, which probably originates from a steric rep
sion induced by hairy (or gellike) surface layer consisting
polysilicilic acid chains protruding from the surface into t
solution[12,32–35]. Existence of such a layer has been s
gested on the basis of direct force measurements[33–35]and
from a relatively high value of the Stern capacitance[36].
For the heated samples, the stability at low pH is unaffec
for KEP10H, or increases only slightly for KEP30H. Th
difference between the heated and unheated samples is
ably due to dehydration of the hairy layer. This trend is
line with the observations of increased stability of colloid
silica after extensive storage period[13]. Aging of silica in
water probably promotes the growth of the hairy layer a
amplifies the anomalous features of colloidal stability of
ica.

4. Modelling and discussion

4.1. Surface charge density

The 1-pK basic Stern model is used to describe the s
face charge density of silica. This model has been show
rationalize the charging behaviour of various oxides[37,38],
and suggests that the charge of silica originates from the
protonation of silanol groups on the surface, according t

(5)SiOH� SiO− + H+.

The mass action law for the reaction equilibrium relates
site densities ofΓSiOH andΓSiO− as

(6)
aHΓSiO−

ΓSiOH
= K exp(eβψ0),

whereaH is the activity of the protons,K the intrinsic equi-
librium constant,e the elementary charge,β the inverse
thermal energy, andψ0 the surface potential. Customaril
one expresses some of these quantities as pH= − lgaH,
pK = − lgK andkBT = 1/β, wherekB is the Boltzmann
constant andT the absolute temperature. Since the nu
ber of surface sites is constant, the total number densi
chargeable sites is

(7)Γ0 = ΓSiOH + ΓSiO− .
,

.

-

-

The surface charge originates from the negatively cha
groups, and its density is therefore given by

(8)σ = −eΓSiO− .

The surface charge density is further proportional to the
tential drop across the Stern layer, namely

(9)σ = CS(ψ0 − ψd),

whereCS is the Stern capacitance andψd is the diffuse layer
potential. The surface charge density can be finally rel
to the diffuse layer potential through the Grahame equat

(10)σ = 2εε0κ

βe
sinh

(
βeψd

2

)
,

whereεε0 is the total permittivity of water, and the Deby
length is given by

(11)κ−1 =
√

εε0

2NAβe2I
,

whereNA is the Avogadro number andI is the ionic strength
of the solution. Equations(6)–(11) define the basic Ster
model for silica, and can be solved numerically.

The results of the calculations based on the present S
model are shown as lines inFig. 3. The model parame
ters were not fitted, but we have used the values pK = 7.5,
CS = 2.9 F/m2, andΓ0 = 8 nm−2 proposed by Hiemstr
et al. [38]. In spite of the fact that there are no adjusta
parameters, the model describes the charging of heated
cas very well. On the other hand, it is incompatible with
high charge densities and hysteresis effects observed fo
unheated silica. As argued above, the unheated silica
microporous, and their surface area is underestimated b
gas adsorption measurement.

4.2. Electrophoretic mobility

The standard electrokinetic model proposed by O’Br
and White[39] was used to interpret the electrophoretic m
bility of the silica particles. The important input parame
is the surface potential at the shear plane, which is den
as theζ potential. The shear plane is assumed to lie at a
tanced away from the surface, and is estimated from
potential profile of the diffuse layer as[40]

(12)ζ = 4

βe
arctanh

[
tanh

(
βeψd

4

)
exp(−κd)

]
.

The diffuse layer potential is calculated using the 1-pK Stern
model with the same parameters as discussed above.

The solid lines inFig. 4 represent the results of calc
lated electrophoretic mobility assuming that the distanc
slipping plane from the surface isd = 0.25 nm [40]. The
model was found to be able to describe all the measured
bilities reasonably well, including unheated silica particl
The good agreement suggests that the surface of the h
silica particles is relatively smooth and that the basic S
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provides a consistent model of the charging behaviour.
the unheated silica particles, the good agreement indic
further that the surface of the unheated particles resem
the one of the heated ones, and that the additional cha
observed by potentiometry reside in the interior of the pa
cles[19,21].

4.3. Stability ratios

The aggregation rate constant of two spherical collo
particles is obtained by solving the steady state diffus
equation including the interactions between the parti
with the result[3,4,40]

(13)k = 8

3βη

{
2r

∞∫
0

B(h)

(2r + h)2
exp

[
βV (h)

]
dh

}−1

,

whereη is the viscosity of the solution,h is the distance
between the surfaces,B(h) is the hydrodynamic resistanc
function, andV (h) is the interaction potential. The resi
tance function can be approximated by[41,42]

(14)B(h) = 6(h/r)2 + 13(h/r) + 2

6(h/r)2 + 4(h/r)
.

The DLVO theory assumes that the interaction poten
V (h) can be approximated by the superposition of the att
tive van der Waals potentialVvdW(h) and repulsive potentia
due to double-layer overlap potentialVdl(h), namely

(15)V (h) = VvdW(h) + Vdl(h).

We shall evaluate this potential within the Derjaguin a
proximation. The van der Waals potential is thus given b

(16)VvdW(h) = − Ar

12h
,

whereA is the Hamaker constant. The double-layer over
potentialVdl(h) is calculated numerically from the Poisso
Boltzmann equation between two charged plates includ
full charge regulation[43,44]. The stability ratio is obtained
from Eq. (4) by realizing that the fast rate constant c
be obtained by considering the van der Waals interact
only.

The theoretical results of the stability ratios with t
DLVO theory are shown as lines inFig. 5. The calculations
employ the parameters used to describe the potentio
ric titration data, namely the parameter values pK = 7.5,
CS = 2.9 F/m2, andΓ0 = 8 nm−2 proposed by Hiemstr
et al.[38]. The Hamaker constantA = 8.3× 10−21 J used in
the calculations corresponds to the currently accepted v
for the interaction of silica across water[5].

Given the fact that there are no adjustable parameters
observes that the stability of the Stöber silica particles ca
predicted with the classical DLVO theory reasonably well
particular, the prediction is very good for the KEP10H p
ticles, where the theory provides the right onset of the s
aggregation and the proper pH and salt dependence. W
s

-

colloidal stability of silica particles has been often sugges
to be anomalous and in disagreement with DLVO theory
our knowledge this is the first time when quantitative agr
ment is reported.

While the other systems studied here behave similarl
the DLVO predictions, systematic deviations are observ
In the following, we shall discuss their origin, and rela
them to the anomalous stability of silica observed by ot
authors. The most likely interpretation of these anoma
is the presence of a hairy layer consisting of polysilic
acid on the particle surface. On the other hand, the par
porosity appears to have little influence. Three main ty
of discrepancies between experimental stability ratios
DLVO theory predictions shown inFig. 5 can be identified
namely (i) the onset pH of slow aggregation, (ii) the slope
the stability curves in the slow aggregation regime, and
increased stability at low pH.

The first discrepancy dominates for KEP30H, and it c
be reconciled neither by shifting the relative planes of
gins of the double-layer force and of the van der Waals fo
nor by modifying the Hamaker constant[40]. The shift of
the plane of origin of the double-layer force was able
explain the measured forces between silica surfaces w
DLVO theory [33] and indeed displaces the calculated s
bility curves to lower pH. However, this displacement is ve
small, and cannot explain any of the observed discrepan
Decreasing the Hamaker constant produces a qualitat
similar effect, but its value must be decreased unrealistic
by about two orders of magnitude to modify the onset
appreciably. We suspect that the shift in the onset of s
aggregation is related to repulsive forces originating fr
the overlap of the hairy layers.

The second discrepancy is the weaker pH dependen
the experimental data in the slow aggregation regime
what is predicted theoretically. This effect is particula
pronounced for the unheated KEP10 and KEP30 partic
The discussed shift of the planes of origin or modificat
of the Hamaker constants lead only to parallel shifts of
calculated stability curves along the pH axis, but they
not affect their slope in the slow aggregation regime. Si
lar discrepancies have been described for positively cha
hematite particles, and for carboxyl latex particles[40,45],
and they can be reconciled by surface charge heterogen
[15,45,46]. In the present case, we also suspect that thes
viations are similarly related to lateral inhomogeneities
the surface of the silica particles.

The third effect concerns the increase of the stability
tios at low pH and high ionic strength. The effect is p
ticularly pronounced for the unheated KEP10 and KEP
particles, but is also noticeable for the heated KEP30H
ticles. Stabilization at low pH and high salt levels is ch
acteristic for the anomalous stability of silica, and has b
observed in a much more pronounced fashion for other
ica systems. We suspect that this stabilization is relate
repulsive forces between hairy surface layers. It is cha
teristic that this stabilization is accentuated for the unhe
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samples (KEP10 and KEP30), and for the heated samp
is either nonexistent (KEP10H) or very weak (KEP30H).

4.4. Absolute aggregation rates

The fast aggregation rate constants predicted by DL
theory arekfast = 8.4 × 10−18 m3/s, which is about a fac
tor 3–4 larger than experimentally observed (seeTable 1).
The disagreement cannot be explained by assuming a d
ent Hamaker constant. While the theoretical value decre
with decreasing Hamaker constant, it would be neces
to decrease the Hamaker constant by two orders of m
nitude to reduce the rate constant by a mere factor of
While such a low value of the Hamaker constant is not o
unrealistic, the currently used value ofA = 8.3 × 10−21 J
gives good agreement with the stability data for the KEP1
sample. One might be tempted to suspect that additiona
pulsive forces due to the hairy layers might be respons
for the slow-down of the aggregation, but we do not fav
this explanation. The main reason is that similar disag
ment in the fast aggregation rates has been observe
sub-micrometer sized particles for hematite[45] and latex
particles[28,40,47]. Otherwise, these systems behave
cording to DLVO theory, and there is no necessity to invo
a hairy surface layer. We rather suspect that these discre
cies are caused by inaccuracies of the interaction pote
predicted by van der Waals theory at larger distances.

5. Conclusions

We have shown that colloidal stability of heated Stö
silica particles follows the predictions of DLVO theory qua
titatively. As the particles were extensively characteri
with respect to their size and charge, and their stability
haviour can be predicted without adjustable parameters
sonably well. The present observation of agreement betw
silica stability and DLVO theory is in sharp contrast to ma
reports of anomalous colloidal stability of silica, in partic
lar, featuring high stability at low pH and high salt levels.
the present study, we did confirm these trends for unhe
Stöber silica particles, albeit to a much smaller extent t
what was reported for other silica systems. We suspect
these anomalies are related to the repulsion between
surface layers of protruding polysilicilic acid chains. Th
hypothesis is further confirmed by the present results, w
demonstrate that simple heat treatment alters the collo
stability of silica, which must be therefore related to diff
ent surface morphologies.
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