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Abstract Hydrophilic Stober silica
particles are stable in ethanol, but
flocculation may be induced by the
addition of sufficient cyclohexane.
Low-shear rheological measurements
indicated non-Newtonian behaviour
beyond the critical cyclohexane
concentration. The thickness and
composition of the solvation layer
around the particles were calculated
from the adsorption excess isotherm
on the basis of a multilayer adsorp-
tion model. The composition depen-
dences of the Hamaker constants of
the dispersion medium and the

adsorption layer were obtained from
optical dispersion measurements.

A single-sheet, hard-sphere model
predicted a weak van der Waals
attraction in the ethanolic regime, but
a strong attraction in the
cyclohexane-rich region, in good
accordance with the rheological
properties of the dispersions and
visual observations.
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Introduction

Most academic studies on the colloid stability of sub-
microscopic solid particles dispersed in liquid media are
focused on steric and electrostatic stabilizations. However,
interparticular interactions (the relative magnitudes of at-
tractive and repulsive forces between particles) can also be
controlled in dispersions which contain neither polymers
nor tensides, or even when the role of Coulombic forces is
negligible. Evidence seems to be accumulating that the
ordering of liquids near a solid surface plays an important
role in the stabilization of colloidal dispersions [1,2].
Kline and Kaler investigated the stability of 2% Ludox
silica dispersions in the liquid pair water(1)-2-butoxy-
ethanol(2) [3]. The stabilizing effect of the diffuse electric
double layer was found to be dominant in pure water. As
the concentration of 2-butoxyethanol was increased, the
surface charge was gradually screened out and the role of

the Coulombic forces became negligible. Under these cir-
cumstances, the stability of the system was dependent on
the long-range van der Waals forces and the short-range
interactions between the adsorption layers of the colliding
particles. Beysens et al. studied the stability behaviour of
Stdber silica spheres in the partially miscible binary sol-
vent system water(1)-2,6-lutidine(2) {4, 5]. In the close
proximity of the solubility limit of lutidine in water, a thick
(3—7 nm) layer of lutidine was formed on the surface of the
silica particles (pre-wetting). The mutual attraction be-
tween these solvation layers led to reversible flocculation
of the particles. Edwards et al. reported on the reversible
flocculation of stearylated Stober silica particles (or-
ganophilized by octadecanol) in n-alkanes, induced by
a variation of temperature [6]. In the stable zone of the
phase diagram, i.e.,, temperature vs. particle concentration
diagram, the van der Waals attraction was well overcom-
pensated by the kinetic energy of particle collision, because
the difference between the Hamaker constant of the stearyl
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layer and that of the dispersion medium was sufficiently
low. However, a gradual increase or decrease of temper-
ature caused a significant change in the Hamaker constant
of the dispersion medium, whereas for the silica particles
and the stearyl layer such changes were rather small. As
the difference between the Hamaker constants of the me-
dium and the stearyl layer increased, the van der Waals
attraction also increased. As a consequence, when either
the lower or the upper critical temperature was reached,
the system underwent flocculation and unstable zones
appeared in the phase diagram. By analogy with the ©-
state (more strictly, the critical state) of polymeric solu-
tions, it may be expected that the stability of colloidal
dispersions (at a constant solvent composition) may be
influenced not only by an elevation or lowering of the
temperature, but also by change of the composition of the
dispersion medium (at a constant temperature). Vincent
et al. determined the stability phase diagrams of bare
and stearylated Stober silica particles dispersed in
ethanol(1)-cyclohexane(2) mixtures [7]. It was established
that the organosol, which is stable in cyclohexane, is floc-
culated by the addition of sufficient ethanol, i.e., when
a critical ethanol concentration is reached. In contrast,
hydrophilic silica is stable in ethanol (alcosol) and is floc-
culated beyond a critical cyclohexane concentration. In
mixed media, variation of the solvent composition influen-
ces not only the Hamaker constant of the medium: as
a result of the solid/liquid interfacial interaction, the thick-
ness and composition of the adsorption layer, and hence
the Hamaker constant of the interfacial layer, are also
affected by the composition of the bulk liquid phase.
Dékany et al. reported that the stability of fumed silica
in mixed liquid media increases when the Hamaker
constants of the lyosphere and the dispersion medium
approach each other [8-10]. At the adsorption azeotropic
composition, they are identical and the stability becomes
maximal. An increase in the thickness of the adsorption
layer enhances the stability of the dispersions. In the calcu-
lation of the van der Waals interaction pair potential
between the particles, the thickness and composition of
the adsorption layer appear as a geometric factor and
a factor dependent upon the chemical properties, respec-
tively [11-13]. The formation of a thick adsorption
layer extending from the solid surface towards the bulk
liquid phase, with a gradual approach to the composition
of the dispersion medium, may ensure the stability of
a disperse system, in accordance with the Ostwald-Buzagh
theory of continuity [14,15]. The present work in-
volves the relation between adsorption and colloid
stability in the ethanol(1)-cyclohexane(2)/Stober silica
system, in a continuation of our previous studies on the
stability of silica dispersions in binary solvent mixtures
[7-10].

Theory

When solid particles of mass m are dispersed in a binary
liquid mixture of total amount »n°, the reduced adsorption
excess amount of the first component, nJ"™, at the solid/
liquid interface is by definition [16, 17]:

n® .
nz{(n)zg(xl — X)), (1)

where x{ and x; are the initial and equilibrium molar
fractions of component 1 in the liquid phase. If the adsorp-
tion excess isotherm of the preferentially adsorbed
component 1 is of type II in the Schay-Nagy isotherm
classification, then the adsorption capacity of pure com-
ponent 1 can be determined by the Schay-Nagy method,
i.e., by extrapolation to zero concentration from the linear
region of the isotherm [16, 17]:

lim [n{™] = n°. 2)
x>0

On the other hand, the Everett-Schay representation of
type Il isotherms is linear within a wide range of composi-
tions, and the slope of the straight line is the reciprocal of
the adsorption capacity [16, 17]:

1
(d/dx,) [xlxz/nf(")]

The average composition of the adsorption layer, x3, for
a number t of successive layers [17] is

=ny°. (3)
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where a; and a, are the molar cross-sectional area of the
components in a monomolecular adsorption layer, and
'™ is the reduced surface excess concentration. The num-
ber of layers, t, may be calculated via one or other of the
following formulas, depending on whether an area-filling
or a space-filling model is used [16, 17]:
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where a, is the specific surface area of the adsorbent
(particle), while v; and §, are the molar volume and
molecular diameter, respectively, of component 1. Accord-
ingly, the thickness of the adsorption layer is

5=1t5,. (6)

The minimum value of t, which is still physically realistic,
can also be determined by means of a thermodynamic
consistency test, the Rusanov criterion {17]. According to
this criterion, thermodynamically consistent results are
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obtained when
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Starting with a layer number of ¢t = 1, and gradually in-
creasing its value in Eq. (4), the x} vs. x; adsorption
equilibrium diagram 1s constructed for each value of t. If
this function has an extreme, the value of ¢ must be rejected
and further increased. In this way the minimum number of
layers is obtained when Rusanov’s criterion {7) is first
fulfilled.

The average composition of the interfacial layer may
also be calculated from a combination of the Ostwald-de
Izaguirre and Williams equations [16]:

xyny @ + rnf™
ny® +(r— Onf®’

xi =

&)

where r is the size ratio of the molecules of the liquid
components. This stoichiometric coefficient may be ob-
tained as

2

a2
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depending on whether the space- or the area-filling model
is applied. The van der Waals interaction pair potential
Va between two spherical particles of radius R, each sur-
rounded by a solvation layer of thickness 8, may be cal-
culated at a given surface separation of & (i.e., the distance
of the centers of mass is A + 2R + 2§) as in [11-13]:

— 12V = (JAm — AV Ho + (A — A H,
+ 2(/ A — JA) S A, — JANH,, |

where subscripts m, s and p refer to the dispersion medium,
the adsorption layer and the particle, respectively (Fig. 1).
The geometric factor H is defined by the following equa-
tion [11-137:

(10)
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where

x=A42R,, y=R,/R,, R, <R,

H:A=h Ry=R,=R+9$

Hy:A=H+25, R,=R,=R

Hy:A=h+06 R, =R R,=R+5.

The Hamaker constants have been tabulated for a number
of solid particles and pure liquids [13, 18]. For liquid

Fig. 1 Solvated hard sphere model {schematic). R: particle radius; &:
thickness of the adsorption layer; 4: distance between two approach-
ing particles; 4, 4, and As: Hamaker constants of the dispersion
medium, particles and adsorption layer, respectively

mixtures, the Hamaker constant can be calculated on the
basis of the characteristic frequency (v,) and the intrinsic
diclectric constant, extrapolated from the visible light

range (gq) [181:

27 g0 — 1Y
A=—h .

64 <80 + 2)
The parameters v, and &, are determined experimentally
by the minimum deviation method [9], based on a linear

representation of the wavelength (or frequency, v) depen-
dence of the refractive index n of the liquid mixtures [187:

2 2 2 2
nt+ 2 g+ <1+V_><

(12)

n—1 g—1 vZ (13)
The slope and the intercept of the linear function give
access to v, and gq. If the Hamaker constant of the disper-
sion medium is known as a function of the composition of
the medium (4,, vs. x4 ), then the Hamaker constant of the
interfacial layer as a function of the dispersion medium (4,
vs. X1 ) can also be determined via the adsorption equilib-
rium diagram x5 vs. x; {(Egs. (4) and (8)). Finally, the van
der Waals attraction potential between the particles can be
computed according to Eq. (10): either at a given composi-
tion, as a function of the distance between the particles, or
at a given particle separation, as a function of the composi-
tion of the dispersion medium.

Materials and methods
Synthesis of silica particles

Spherical, monodisperse silica particles were prepared by
alkaline polycondensation of TEOS (tetraethyl orthosili-
cate; BDH) according to the method of Stéber [19]. The
particle size can be controlled via the concentrations of
water, ammonia and TEOS dissolved in ethanol [19-21].
The silica particles obtained were centrifuged and
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redispersed in ethanol. This purification procedure was
repeated until the refractive index of the supernatant liquid
was identical with that of pure ethanol. After 5-6 purifica-
tion cycles, the particles were freeze-dried from dioxane.

Transmission electron microscopy (TEM)

The morphology and size of the silica particles were inves-
tigated with an OPTON 902 transmission electron micro-
scopy at 80kV. A drop of dilute ethanol silica sol was
placed on a Formvar grid and, after solvent evaporation,
the sample was transferred to the measuring unit of the
microscope. Photographs were taken and the size distribu-
tion was determined from the micrographs by counting ca.
8001000 particles.

Photon correlation spectroscopy (PCS)

The size distribution of the particles was also determined
with a Sematech dynamic light scattering apparatus. The
light source was a He—Ne laser with a power of 5 mW and
a wavelength of 632.8 nm. The intensity of the light scat-
tered by the dilute alcosol was detected at an angle of 90°
by a photomultiplier coupled with an SEM-633 spectro-
goniometer. Data processing was performed by a 12-chan-
nel “log-log” correlator (RTG model).

Determination of the BET specific surface area

The specific surface area of the silica particles, a,(BET),
was determined by measuring the adsorption of N, at
77 K in a Micromeritics Gemini 2375 automated gas sorp-
tion apparatus. Prior to the measurement, the sample was
pretreated at 393 K for 2 h at a pressure of ~ 107 * Torr.

Small-angle x-ray scattering (SAXS)

Small-angle x-ray scattering was measured by using CuK«
irradiation produced by a Philips PW 1830 x-ray gener-
ator at a voltage of 40kV, a tube current of 35 mA and
a wavelength of / = 0.1542 nm. The primary beam was led
through a Ni-filter into a compact-Kratky camera (Anton
Paar, model KCEC/3). The beam width and its thickness
were 20mm and 80 um, respectively. The powdered
sample was pretreated at 393 K in vacuum and placed in
a copper sample holder. The alcosol (2 w/v%) was added
to a capillary cell. Measurements were made in a He
atmosphere for 3 h. The intensity of the scattered radiation
was measured by a proportional detector with a slit width

of 100 ym in the angle range 26 = 0.06 to 7°. The mea-
surement was controlled by a PW 1710 microprocessor.
The intensity of the scattered radiation was normalized;
the absorption of the x-ray beam and background scatter-
ing (He or ethanol) were corrected for. The specific surface
area of the silica particles, a,(SAXS), was calculated from
the Oth and 1st moments of the corrected scattering func-
tion I vs. h, and the surface fractal dimension D, was
computed from the slope of the middle, linear region of the
“log-log” representation:

4-103®,8,, [ I(hyhdh
Py Jo 1(h)dh
log(I) oc (Ds — 5) log(h) ,

a,(SAXS) = (14)

(15)

where h = (4n/2) sin @ is the scattering vector, @, and &,
are the volume fractions of the particles and the medium,
respectively, and p,, is the density of the particles [22].

Liquid adsorption measurements

2% suspensions were made from ethanol-cyclohexane
mixtures and silica powder pretreated at 393 K in a vac-
vum desiccator. The mixtures were prepared by mass;
analytical grade solvents (Reanal, Hungary) dried on a
0.4 um Merck molecular sieve were used. The samples in
Teflon-sealed, screw-capped centrifuge tubes were stirred
end-to-end overnight at room temperature. After adsorp-
tion equilibrium had been attained, the disperse systems
were centrifuged in a Sorvall RC-5B Plus centrifuge at
298 K and the samples were then placed in a 298.15K
water bath for 4 h. The composition of the dispersion
medium was analysed in a Zeiss liquid interferometer and
a Paar DMA 58 density meter. Adsorption excess amounts
were calculated using Eq. (1).

Optical dispersion measurements

The dependence of the refractive index of the liquid pair
ethanol-cyclohexane upon wavelength was determined by
the minimum deviation method. A Hg—Cd spectral lamp
having a line spectrum (SPM-2, Zeiss) was employed as the
light source. The angle of minimum deviation (Jp,) of the
monochromatic light passing through a liquid prism with
a refractive angle i was determined with the aid of a tele-
scope attached to a high-precision goniometer (MOM).
The refractive index of the prism relative to its surround-
ings was calculated as

. sin [(5min + lrb)/z:l

b T in 2] (10
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Rotational viscosimetry

The rheological properties of 2% silica suspensions in
ethanol-cyclohexane liquid pairs at 298.15 K were investi-
gated in a HAAKE Rotovisco RV-20, CV-100 measuring
system. For determination of the t (shear stress) vs. D
(shear rate gradient) flow curves, an ME-30 measuring
head and a PG-242 control unit were used. In each case
the systems were pre-sheared for 2min at D = 100s™ ..
Measurements were then conducted by progressing from
higher shear rates towards lower ones; the duration of one
measurement was 2 min.

Results and discussion

The transmission electromicrograph of the silica particles
is shown in Fig. 2. The particles are spherical in shape and
reasonably monodispersed. Their average diameters
obtained by TEM and PCS particle size analysis are
d,(TEM} = 198 + 15 nm and d,(PCS} = 204 4+ 20 nm, re-
spectively. The corresponding differential size distribu-
tions are presented in Fig. 3. The geometric surface area
calculated from the equation a,(GEOM) = 6000/p,d,, is
17 m?g~ !, The BET specific surface area was found to be
a(BET) = 43 m?g ™ *. The results of SAXS measurements
are shown in Fig. 4 (for clarity, only counts relating to
approximately every eighth scattering angle are displayed).
The values obtained for the specific surface area, a(SAXS),
of the powdered sample and the ethanolic suspension were
47 and 56 m?g™ ", respectively (Eq. (14)). By means of
SAXS analysis (Eq. (15)), the surface fractal dimension of
the particles was calculated from the slopes of the linear
sections in Fig. 4. The scattering curves of the particles in
the powdered sample and in the silica sol both yielded

Fig. 2 Transmission electromicrograph of 200 nm Stdber silica par-
ticles used in the course of this work
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Fig. 3 Particle size distributions of the 200 nm silica particles, ob-
tained from TEM and PCS measurements
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Fig. 4 SAXS functions of the silica particles. (o) silica powder; (0):
2% alcosol

D, = 2.04. (For ideally planar surfaces D, = 2, while for
ideally porous materials D, = 3 [22]). The results of TEM,
PCS, BET and SAXS measurements show that the surface
of the silica spheres is planar (even though not at the
molecular level) rather than porous. If the results obtained
by means of the various instrumental measurements are

“averaged and a value of a,(av.) = 48 m?g ™~ ' is accepted for

the specific surface area, then the surface roughness has
afactor of r, = a,(av.)/a,(GEOM) = 2.8. A large number of
data in the literature, based on a comparison of BET
surface areas with geometric surface areas of either fumed
or precipitated silica particles, likewise indicated rough-
ness factors in the range 2.5-3, irrespective of the history of
the preparation [23].
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As can be seen in Fig, 5, the adsorption excess 1sotherm
of the ethanol(1)-cyclohexane(2)/Stber silica system is of X, (ethanol)

type II in the Schay—Nagy classification. The Everett—
Schay transformation of the isotherm is also included in
the figure. The adsorption of ethanol on the hydrophilic
surface is strongly preferential over the adsorption of cyc-
lohexane. The adsorption capacity of ethanol calculated
according to the Schay-Nagy extrapolation method (Eq.
(2)) or to the linear Everett—Schay representation (Eq. (3))
is 2.30 and 2.28 mmolg ~ !, respectively. Accordingly, if the
molar cross-sectional area of ethanol is taken as
a; = 130 m?mmol ! [16, 24], then the arca-filling model
(Ieft side of Eq. (5)) gives ¢ = 6.2 for the number of success-
ive adsorption layers. On the other hand, if the space-
filling model is applied (right side of Eq. (5)), a layer num-
ber of t = 5.4 is obtained, provided that the molar volume
of ethanol is v, = 584 cm?mol ™!, and the thickness of
a single layer of adsorbed ethanol is ¢, = 0.52 nom [25].
Generation of the composition of the interfacial layer via
Eq. (4), with layer numbers of t = 1,2, ..., 6, yields the
series of functions shown in Fig. 6. Rusanov’s criterion
(Eq. (7)) is first obeyed at ¢ =6; this is the minimum
number of layers which, in the calculations of the composi-
tion of the interfacial layer, leads to a thermodynamically
consistent result. An equilibrium diagram corresponding
tot = 6in Fig. 6 is also obtained, when the composition of
the interfacial layer is calculated via Eq. (8) (the ratio of
molar volumes, 108.1/58.4, is practically identical with the
ratio of the molar cross-sectional areas [16, 24], 240/130,
so that r = 1.85).

In summary, it may be stated that in ethanol-
cyclohexane mixtures a polymolecular adsorption layer is

Fig. 6 Equilibrium diagram of the adsorption layer and the disper-
sion medium in the ethanol(1)-cyclohexane(2)/silica system. Poly-
molecular adsorption model (Eq. (4)). ¢ indicates the number of layers
around the particles

formed on the surface of 200 nm Stober silica particles.
A value of 6 is a good approximation for the number of
layers; hence, the layer thickness is 3.1 nm. The adsorption
of ethanol on the hydrophilic surface is strongly preferen-
tial. The adsorption equilibrium diagram indicates that,
apart from a very narrow, cyclohexane-rich region in the
bulk liquid phase, the adsorption layer consists of practi-
cally pure ethanol. Although the above-described analysis
of the structure of the adsorption layer does contain sim-
plifications, its applicability to calculate the colloid stabil-
ity of the silica sol can ultimately be accepted or rejected
after a comparison with the experimental results (stability
behaviour). It is worth mentioning here that statistical
thermodynamic calculations on the regular mixture/solid
absorbent interface reveal that the polymolecular adsorp-
tion layer extends up to 4-7 molecular layers [26]. Model
calculations on the stability of colloidal particles dispersed
in regular mixtures led to the conclusion that the poly-
molecular adsorption layer may act in favour of either
stability or particle aggregation, depending on the struc-
ture of the adsorption layer [27].

Calculation of the van der Waals interaction pair po-
tential between silica particles requires a knowledge of the
composition dependence of the Hamaker constant in the
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dispersion medium and in the solvation layer; these func-
tions are interrelated via the adsorption equilibrium in the
overall system. For this reason, the wavelength depen-
dence of the refractive index of ethanol-cyclohexane mix-
tures in the entire composition range was determined by
the minimum deviation method. The results of these
measurements are presented in Fig. 7, in the linearized
from described by Eq. (13). The Hamaker constants for the
various compositions were calculated from the slopes and
intersections of the straight lines according to Eq. (12),
while the Hamaker constants of the interfacial layer were
computed with the help of the adsorption equilibrium
diagram {(Fig. 6). The two functions are shown in Fig. 8.
Data for pure ethanol and pure cyclohexane are available
in the literature [7, 13] and are in excellent agreement with
the values reported here. The composition dependence of
the Hamaker constant of the liquid pair ethanol(1)-cyclo-
hexane(2) at 298.15 K is described by the following empiri-
cal equation: A,/kT = 14.320-0.6447x; — 2.953x7. For
amorphous silica, the value 4, = 15.6 kT was taken from
the literature [7, 12, 18]. According to Fig. 8, the Hamaker
constant of the solvation layer differs considerably from
that of the dispersion medium; the values of the functions
approach each other only in the ethanol-rich region. Ac-
cordingly, if the dominant role in the overall stability of the
silica sol is attributed to van der Waals forces, the colloid
system may be expected to be stable in a dispersion me-
dium rich in ethanol.

A photograph of the 2% samples used for the deter-
mination of the adsorption excess isotherm (Fig. 5) is
presented in Fig. 9. The picture was taken after equilib-
rium had been attained and ca. 20 min after the termina-
tion of stirring. Hydrophilic silica is flocculated and

Fig. 7 Frequency dependence of the refractive indices an ethanol(1)-
cyclohexane(2) liquid pairs at 298 K according to Eq. (13). Molar
fractions ethanol are: 0; 0.05; 0.1; 0.2; 0.3; ...; 0.8; 0.9; 0.95; 1
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Fig. 8 Composition dependence of the Hamaker constant in the
dispersion medium and in the adsorption layer for the ethanol(1)-
cyclohexane(2)/silica system

deposited in cyclohexane-rich mixtures, while the silica sol
remains stable in the ethanol-rich regime. The critical
cyclohexane concentration lies in the molar fraction range
0.4-0.3 (and hence the molar fraction of ethanol is 0.6-0.7).
It is important to note that, upon the addition of ethanol,
the flocculated system may be redispersed by gentle shak-
ing to give a stable sol again, i.e., the alcosol is reversibly
flocculated by the addition of cyclohexane. This indicates
that the aggregation of the particles is characterized by
a shallow V., potential well, in contrast with a deep
primary minimum characteristic of aqueous dispersions
coagulated by electrolytes.

Van der Waals attraction potentials, calculated on the
basis of Egs. (10) and (11) as a function of the composition
of the dispersion medium, are shown in Fig. 10 for three
different interparticle distances. The critical composition
of the 2% suspension observed visually (Fig. 9) is indicated
by a dashed line; to the right of this boundary (rich in
ethanol) the system is stable, while to the left (rich in
cyclohexane) it is flocculated. The course of the calculated
potential functions is in good agreement with the experi-
mentally observed behaviour. The values (expressed in kT
units) likewise seem realistic physically. In the cyclo-
hexane-rich regime, the values of the attraction potential
are large with respect to the kinetic energy; the function
passes through a maximum attraction towards pure
ethanol, and the particle—particle attraction then mono-
tonously decreases. As the composition and the Hamaker
constant of the solvation layer approach those of the
dispersion medium, the particles are increasingly continu-
ously incorporated into the medium; this harmony can
ensure the stability of the overall system, in accordance
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Fig. 9 Photograph of 2% silica
dispersions in ethanol(1)-cyclo-
hexane(2) liquid pairs. Molar
fractions of ethanol (from left to
right): x; = 0; 0.05; 0.1; 0.2;
0.3;...;08,09;1

—10 §

v, [kT]

~15 |
stable

stable |
_20 : -
0.1 nm i
_25 " L L 1 : i L
0.0 0.2 0.4 06 0.8 1.0
x, (ethanol)

Fig. 10 Van der Waals pair potentials between silica spheres in
ethanol(1)-cyclohexane(2) mixtures as a function of composition at
fixed particle distances of 0.5, 0.2 and 0.1 nm. The dashed line
indicates the flocculated/stable transition zone observed in Fig. 9

with the Ostwald-Buzigh theory of continuity [14, 15].
The interparticle interactions, and hence the stability of
the colloid system as a whole, are predominantly affected
by the solid/liquid interfacial interaction via the structure
and composition of the adsorption layer. It should be
noted that the attraction potential functions in Fig. 10 are
presented for ¢ = 6 (i.c., six successive layers of solvent
molecules around the particles). This value was also used
in pure cyclohexane and for its close proximity (e.g.
x; < 0.02, which corresponds to the ascending region of
the adsorption excess isotherm in Fig. 5). In this region the
calculated atiraction potential predicts a relatively stable
silica dispersion, in contrast with visual observations. It is
more reasonable to assume, however, that the formation of
this thick layer takes place only gradually with increasing
ethanol concentration of the bulk liquid phase (up to the
beginning of the linear section of the excess isotherm). This
argument accounts for the discrepancy between the cal-
culated and the observed stability behaviour in pure cyclo-

T [Pa]

O‘O 1 ., il 1 1 " 1
0 20 40 60 80

100

D [s ']

Fig. 11 Flow curves of 2% silica suspensions in ethanol{l)}-cyclo-
hexane liquid pairs at 298 K

hexane and at extremely dilute ethanol concentrations.
A gradual building-up of the multilayer is supported by
our further model calculations. For example, for t = 3 and
an equilibrium molar fraction of ethanol of x; = 5x 1073,
the value of the attraction potential for interparticle sepa-
rations of from 0.5 to 0.1 nm is increased from ca. —10 kT
to —50kT; these values lic in the unstable region in
Fig. 10, in accordance with the experimental observations.

Flow curves of 2% silica dispersions, determined
by rotational viscosimetry, are displayed in Fig. 11. In
cyclohexane-rich dispersion media, where the adhesion
between the particles is high, the flocs are more difficult to
break-up; the shear stress () becomes a linear function of
the shear rate gradient (D) only after a steeply rising initial
section (pseudoplastic behaviour). The slope of this
straight line gives the plastic viscosity, #,;, which gradually
decreases from 3 to 1 mPas as the system proceeds from
pure cyclohexane towards ethanol. The extrapolated inter-
cept is the Bingham yield stress (tg), which is a measure of
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Van der Waals attraction between Stdber silica particles
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Fig. 12 Dependence of the Bingham yield stress on the composition
of the dispersion medium (taken from Fig. 11)

the adhesion between the particles. As the ethanol concen-
tration increases, g, 1.e., the attraction between the
particles, decreases, and ultimately the aggregate free
dispersion behaves as a Newtonian fluid (zg = 0). The
Bingham yield is plotted against the composition of the
dispersion medium in Fig. 12. 15 = 0 for ethanol molar
fractions of ca. x; > 0.65, which corresponds to the stabil-
ity domain of the colloidal dispersion. On the other hand,
75 > 0 for cyclohexane concentrations of x, > 0.35, where
particle aggregates appear in the system. The similarity
between the courses of the attraction potential (Fig. 10)

and Bingham shear stress (Fig. 12) functions is note-
worthy. In fact, 15 is proportional to the separation energy
Eqep» 1€, the energy input which leads to the destruction of
particle aggregates in a flocculated system [9, 28]; E,., is
directly related to the depth of the attraction potential
plotted against the interparticle distance. The calculation
of E., from 7y, is critically dependent on the model chosen
to describe the aggregation number and structure of the
flocs [28, 297]. Application of such a model is not attem-
pted in this work; nevertheless, the qualitative conclusions
drawn from the Bingham yields proved satisfactory.

Studies on the electrophoretic mobility of silica par-
ticles in organic mixtures, involving checks for trace
amounts of water in the medium, are currently in progress.
Although the effect of Coulombic forces cannot be ruled
out, the agreement between the experimental observations
and the model calculations is good, even if the role of the
electric double layer is neglected. Further progress can be
made by developing a theory which, instead of regarding
solvated particles as hard spheres, allows for an incidental
overlapping of the solvate layers between colliding par-
ticles and takes into account the associated change in local
free energy (enthalpy, entropy). Such an overlap model
would be particularly applicable to disperse systems in
which the particles are surrounded by a thick adsorption
layer and the composition of this layer is diffuse from the
solid surface towards the bulk liquid phase.
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