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Colloid stability of electrostatically

stabilized sols

Part llI: The role of pH in hydration coagulation and peptization

of Si0,- and AlL,0;-sols

Abstract The dependence of the
stability of SiO, and Al,O3; sols on
the pH of their medium has been
studied. Vapor adsorption isotherms
on powders were prepared from
acidic and basic sols, the immersion
enthalpy (heat) of samples containing
preadsorbed water have been deter-
mined and, also, the reversibility of
the sol = xerogel transformation, i.e.
the peptizability of the powders, has
been investigated.

Based on the flocculation values
determined with KCI, the sols have
been classified into three groups. The
stability of highly hydrophilic sols
(acidic SiO,- and Al,0Os3-sols) is
ensured by a thick continuous diffuse
lyosphere formed around the par-
ticles, as the continuity principle by
Ostwald—Buzagh suggests. In this
case, no electric charge is needed for
ensuring stability. These sols are
thermodynamically stable (group 1).
Sols with medium stability are
stabilized by the electrical double
layer around the particles and by 1-2
layers of adsorbed water. The
flocculation value of these sols is

Introduction

In our earlier papers [1, 2] we studied the colloid stability
of ferric-hydroxide sols. Colloid stability is the resistance

determined by the electrostatic
interaction, whereas the peptizability
of the flocs is related to formation of
water layers. Such sols are the basic
SiO,- and Al,O3-sols (group 2). Sols
of low stability are of hydrophobic
nature. Their flocculation value with
1:1 electrolytes is smaller than

0.1 molkg~!. The transformation
process sol = floccule = xerogel is
mostly irreversible. There are a lot of
such sols (group 3). The existence

of a hydrosphere is proved by the
almost identical value of the
hydration energy for both the acidic
and the basic SiO, sols, in spite of an
order of magnitude difference in the
flocculation value. The remnants of
adsorbed water after drying hinders
sintering of the particles and ensures
the peptizability of powders.

The highly hydrophilic sols
(sequence of hydrophilicity: SiO, >
Al,O; > FeO OH-0.5 H,O) are all
oxides which are formed in acidic
media.

Key words Colloid stability — sols —
hydrogels — xerogels — peptizability

of the system against processes causing the elimination of

the colloid state. In our studies, we dealt mainly with the
possible transformations from sol to heterogeneous system

and the reversibility of these processes. These transforma-
tions can take place as a result of adding electrolyte to the
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sol (flocculation, gel formation) by increasing the concen-
tration of the solid (ultrafiltration, ultracentrifugation,
freezing [3]), or by drying the sol (close contact between
surfaces). Due to these effects the sol particles come closer
to each other. There are several parameters that determine
whether physical forces act between the particles, or chem-
ical forces play a role. Depending on the chemical nature
of the particle, rearrangement of surface molecules takes
place which promotes sintering [4, 5]. A further, impor-
tant factor is the electrostatic repulsion operating between
particles and the repulsive effect of water molecules adsor-
bed on the particle surfaces. According to Derjaguin and
Churaev [6-8], these effects can be quantitatively dis-
cussed on the basis of the disjoining pressure. The electro-
static and hydration potential barriers can prevent a direct
connection of surfaces. Thus the effects [3] which decrease
the stability of sol produce reversible changes.

Considerable results, on how the forces between two
macroscopic surfaces depend on the distance of the separ-
ation and on some other factors have been obtained
[9-14]. However, there are only few results concerning
forces acting between colloidal particles. In fact, there are
only theoretical considerations on these forces (see refer-
ences in [1, 2]). According to Derjaguin and Churaev [6]:
“The molecular dynamics and Monte Carlo simulation
give different structures of water layers close to hydro-
philic and hydrophobic surfaces. In the first case, the
dipoles of water molecules are oriented predominantly
normally to the surface. This causes the appearance of
a dipole potential and reduces the tangential mobility of
water molecules”. In accordance with the above theory,
Zerrouk et al. [15] established that the SiO, sol is very
stable in an acidic medium, due to the structural forces and
the entropic repulsion between particles. An extremely
high stability can originate also from the hydration energy
of an adsorbed cation. Yotsumoto and Yoon [16] showed
that due to this phenomenon in NaCl solutions with
concentrations higher than 1 moldm ™3 rutil is very stable.
Thus, the generalized DLVO theory is only applicable
for very hydrophilic and very hydrophobic sols [17].
Yingnian Xu et al. [18] studied commercial SiO, sol and
gel by small angle X-ray scattering, NAM Besseling [19]
presented a statistical thermodynamic theory for the sur-
face forces arising from the interference of hydration layers
at planar surfaces.

The aim of these investigations is twofold. On the one
hand, we wanted to establish the hydration and stability
properties of SiO, and Al,Oj5 sols at various pH values
and to compare these sols with the FeO OH - 0.5H,0 sol
[1,2] in order to find common properties. On the other
hand, we intended to establish a correlation between hy-
dration and stability, to approach the hydration theory of
sol stability.

Experimental
SiO, sol

6.00 g of SiO, powder (fumed silica, particle size: 7 nm,
Aldrich), was added to 106 cm?® water to disintegrate pos-
sible aggregates, 14 cm® NaOH solution of 2 M was ad-
ded. After allowing the mixture to stand for 2 h with
occasional stirring, 11 cm?® of 2 M HCl was added and the
dispersion was dialyzed against an 0.01 M NaOH solu-
tion. By lifting out the dialysis tube gradually from the solu-
tion, the sol was simultaneously concentrated. At the end
of dialysis, the volume of the sol was 50-60 cm?, the total
concentration of SiO, was 75-85 gdm 3. The total con-
centration of NaCl and Na,CO; was 0.2-0.3 gdm 3,
whereas the pH of the sol was 9.3-9.7. This basic “stock
sol” was made slightly acidic with HCI, and then dialyzed
against 0.01 M HCI for 1 week. The pH was then 3.0-3.5.
The electron micrograph of sol particles is seen in Fig. 1.
The specific surface area (as) of particles dried at room
temperature was 170-180 m?g~'. a, was calculated from
the vapor adsorption.

Al,0O3 sol

30 g Al,O; powder was suspended in 254 cm?® distilled
water. The pH of the suspension was 5.4. 6 cm?® of 0.02 M
HCI was added, and after letting it stand overnight, the
particles were disaggregated by an Ultra-Turrax appar-
atus (Janke-Kunkel KG) for 4 min with a revolution of
3500 rpm. No dialysis was needed in this case. The pH of
the sol was 4.5, the electron micrograph of this sol is shown
in Fig. 2. The sol was used as an acidic “stock sol”. The
specific surface area determined in the same way as de-

scribed above was 53-54 m? g™ 1.

Powders made of sols

For adsorption, immersion and peptization studies, the
“stock sols” were dried at 22-24°C, at a relative water
vapour pressure (pr) of 0.5-0.6. At the beginning of drying,
1.0cm?® of 2M HCI or NaOH solution was added to
180 cm? portions of the acidic and basic stock sol, respec-
tively. pr values indicate that the sol was dried over
a H,0-H,SO, mixture of known water tension.

The experimental methods are described in detail in
our earlier publications [1,2]. They are only outlined
in this paper. In the water-vapor adsorption experi-
ments, the required vapor pressures at 25 + 0.5°C were
adjusted by using sulfuric acid—water mixtures. Adsorbed
amounts were determined by weighing. For measuring the
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Fig. 2 Electron micrograph of Al,Oj3 particles of acidic stock sol

immersion heat (enthalpy), the samples containing pread-
sorbed water were prepared in the same way as described
above. To measure the peptizability of these samples about
0.05 g of the powders were dispersed in a 500-times volume
of diluted acid or base solution. The suspension was stirred
3 times a day for one week. After peptization, the suspen-
sion was let to sediment for a time in which the particles
greater than 1 um completely settled down. Knowing the
mass of the dried sediment, the amount peptized
(particles < 1 um) could be calculated. The yield value of
hydrogels formed from concentrated sols was measured by
determining the force needed for drawing out a standard
cylinder immersed into the sol.

Results

The stability of Si0O, and Al, O3 sols was studied at several
pH values. The flocculation value and the gelling time for
the SiO, sol change in the same way (Tables 1 and 2). Both
values are closely related to stability. At pH values smaller
than 5.4, the sol cannot be flocculated even by very con-
centrated KCl and does not form a gel even in a whole day.
However, it can also be established from the data (in

Table 1a Properties of SiO; sols

pH  Adsorption of Surface charge Flocculation

density (u«Cm~2) value of KCI
HCI NaOH (molkg™1)
(umolm™2)

3.0 <0.10 — <+0.01 >3.1

35 <0.10 — < +0.01 >31

5.4 — 0.49 —0.05 ~3.1

6.5 — 1.10 —0.11 ~0.54

7.2 — — — 0.10

7.8 — 1.33 —0.13 0.34

9.6 — 1.81 —0.18 0.34

Concentration of SiO,: 20.7 gdm 3.

Table 1b Gelation time of SiO, sols

pH Electrokinetic Gelation time in
potenial (mV) 0.22 M KCl (min)
3.0 —1.7+0.73 >1200
3.5 —2.0+0.76 >1200
5.4 —26.4 +0.75 100
6.5 — 15
7.2 — 5
7.8 —351+2.1 10
9.6 —357+19 15

Concentration of SiO,: 45 gdm 3.

Table 2 Properties of Al,Oj3 sols

pH  Adsorption of Surface charge Flocculation
density (uCm~2) value of KCI
HCI NaOH (molkg™1)
(umolm~2)
30 26 — 0.25 22
40 1.6 — 0.15 22
45 1.1 — 0.10 1.2
49 096 — 0.092 0.13
5.5 0.16 — 0.015 0.06
75 — 0.20 — 0.00
81 — 0.72 —0.069 0.00
99 — 1.6 —0.15 0.07
11.0 — 22 —0.21 0.10

Concentration of Al,O3: 100 gdm 3.

Tables 1 and 2) that there is no correlation between the
electrical properties and the stability of the sol. The surface
charge density of sols with high flocculation value is nearly
zero, and their electrokinetic potential is also very low. On
the contrary, the basic sols have a high surface charge
density and low flocculation value. In more concentrated
Si0, sols, in addition to the pH, the electric charge of the
particles has also an influence on stability. Formation of
a gel requires the smallest concentration of SiO, at me-
dium pH values (Fig. 3), where both the H* concentration
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Fig. 3 Dependence of the gel formation concentration of SiO, on the
pH, at yield values of 5-15 kPa

and the surface charge density of the negative ions at the
surface are small, i.e. strong adhesion forces act between
the particles.

Similar results were obtained for the Al,O; sol
(Table 2). At low pH values both the surface charge density
of particles and the flocculation value are high. In the basic
region, the flocculation value is one order of magnitude
smaller in spite of the high surface charge density.

Thus the question which surface property correlates
with the gelling time and the flocculation value arises.
Is the hydration energy the relevant parameter, or the
thickness of the hydrospheres? Surface properties were
studied on powders prepared from the sols. According
to preliminary investigations, a significant decrease in
the specific surface area on drying occurs only in the
case of SiO, sols. Therefore, the sols were dried at vari-
ous relative water vapor pressures in order to control the
effect of adsorbed water. Adsorption isotherms were deter-
mined on grinded and sieved (d < 50 um) powders. Be-
cause of the similar character of these isotherms, only
those obtained for powders dried at p/p, = 0.6 are shown
(Figs. 4 and 5). The specific surface area, and the adsorp-
tion heat for the first and second adsorption layers were
calculated from the isotherms by using the BET equation
modified by Toth [20] (Table 3). The specific surface area
of the basic SiO, significantly decreased by drying. This
decrease may result from the chemical reaction induced by
CO,:

=SiO-Na + CO, + =SiO-Na — =Si-O-Si=
+ Na,COs . (1)

Sintering decreases with the increase of vapor tension
as more water remains adsorbed on the particles. The
chemical reaction of the =SiO-Na surface groups with
the adsorbed water and with CO, may be the cause of the
high adsorption heat measured on the basic SiO, powders,
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Fig. 4 Water-vapor adsorption isotherms on powders prepared from
acidic and basic SiO, sols
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Fig. 5 Water-vapor adsorption isotherms on powders prepared from
acidic and basic Al,O3 sols

as well (Table 3). The adsorption heat of the second water
layer lies in the range 2-7 mJm 2.

In order to study the correlation between sol stability
and the adsorption energy of water molecules, we meas-
ured the heat of immersion of powders with preadsorbed
water (Figs. 6 and 7). The horizontal section of the curves
is proportional to the dissolution heat of the salts present
in the powders (g7 ). The amount of water is considered as
adsorbed water, when the heat of immersion is at least by
1/2kT larger than ¢7. If the immersional heat of a dry
powder is g2, and that of a sample containing n preadsor-
bed water layers is g7, then for second molecular layer (q%)
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Table 3 Specific surface area, as, of powders prepared from SiO, and
Al,O; sols and adsorption heat of the first adsorbed water layer, 3,
the water vapor pressure, pr, during drying

pr dg 23

(m*g™")

(Jmol ™) (mJm~?2)

Acidic Si0O,
0.0 161 5450 88.9
0.6 177 5490 88.0
0.9 179 5400 87.1
Basic SiO,
0.0 75.2 8880 145
0.6 98.1 7690 125
0.9 115 6940 113
Acidic Al,O;
0.6 54.0 8000 130
Basic Al,O;
0.6 53.5 7500 122

Values calculated from the data in Figs. 4 and 5.

basic
fol 5 Qo
-
0 . acdc
100 200
m"/pmol 2

Fig. 6 Immersion enthalpies, g5, of SiO; as a function of the amount
of preadsorbed water, m®

and for all layers (g7 ):
4 =qs — g, (2)
4s =47 — (g% + 1/2kT) . A3)

The total number of adsorbed layers is determined
from m? at g, = q* + 1/2kT (Fig. 6). The immersion heats
are calculated by Eqgs. (2) and (3) (Table 4). Again the high
stability of acidic sols against electrolytes is not accom-
panied by high immersion heats. On the other hand the
immersion heat of the basic SiO, powders is very high.

The amounts of peptized SiO, powder are shown in
Table 5. With decreasing vapor tension (p,) used during

3
400

basic powder

\g

Ig / mlm?2

200 ~ymm e X

acidic powder

50 m°/pmol.m‘2 100

Fig. 7 Immersion enthalpies, ¢s, of Al,O; as a function of the
amount of preadsorbed water, m”

Table 4 Differences in immersion enthalpy of SiO, and Al,O;
leaded with different numbers of water layers

Layer thickness Immersion enthalpy (mJm~2)

(nm)
Al,O3 SiO,
Acidic Basic Acidic Basic

0.00-0.16 55 75 48 130
0.16-0.32 45 55 46 130
0.32-0.48 45 45 36 115
0.48-0.64 45 0 22 35
0.64-0.96 0 0 20 0
0.96-1.28 0 0 10 0
0.00-1.28 190 175 174 410

Calcuated from the date in Figs. 6 and 7. The thickness of a mono-
molecular water layer is taken as 0.32 nm.

Table 5 Peptizability (in mass%) of powders prepared from acidic
and basic stock sols in relation to the water vapor pressure, pr,
during drying

D, Concentration of peptizing agent

NaOH (moldm~3) HCI (moldm~3)

005 002 0.01 0.005 0.005 0.02  0.03
Acidic SiO,
0.0 34 22 11 6.5 1.5 5.5 4.0
0.6 43 34 21 18 11 14 13
0.9 64 63 38 33 27 30 29
Basic SiO,
0.0 34 — 13 7 1.5 0.5
0.6 43 — 21 15 8.0 — 9.0
0.9 56 — 32 27 18 12

drying, the peptizability of powders decreases, since the
amount of water remaining adsorbed and which hinders
sintering decreases. The effect of the nature of peptizing
agent is surprising: the peptization of powders is in acidic
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Fig. 8 Dependence of the peptizability of powders prepared from
basic Al,O3 sols on the pH after a heat treatment for 1.5 h. P%,
peptized amount expressed in mass%

medium smaller than in a basic medium. The sequence is
opposite to sol stability.

Before peptization of Al,O; powders, the amount of
water adsorbed on the sample at pr = 0.6 was decreased
by raising the temperature (Fig. 8). Peptization of Al,O3
powders — in accordance with the stability of the sol — is
higher in the acidic region, probably because the sol par-
ticles in acidic medium acquire electric charges, as in the
basic region. The SiO, powder is less peptizable in acidic
medium since the particles only have considerable electri-
cal charges in basic medium.

Discussion

Sols can be transformed into heterogeneous system
through different states (Fig. 9). During the transformation
the water content is reduced. The occurrence of the indi-
vidual processes of coagulation and the rate of transforma-
tion depend on the surface properties of the particles. For
a sol with suitable surface properties, a thick diffuse hydro-
sphere can be formed around the particles when the water
content is sufficiently high and formation of the hydrate
layer is not hindered by sterical reasons. These sols are
called hydrophilic sols, as the electric charge of the surface
is not a precondition of their stability. Such a system is the
SiO, sol in acidic medium (Table 1). For maintaining
stability, it is probably necessary that 1-2 layers of water
molecules are strongly bound to the surface. This is not
enough, however, for extremely high stability, since this
condition is also ensured in basic sols (Tables 3 and 4), the
flocculation value of which is small. The flocculation value
for acidic sols of highly hydrophilic nature with 1:1 elec-

flocs 4
_— xerogels eterbgeneous
systemns

"= hydrogels

sols

Fig.9 Transformation of sols into heterogeneous systems

trolytes is higher than 1 molkg ™!, and this value is of the
same order of magnitude as the electrolyte concentration
necessary to precipitate neutral hydrophilic polymers.
Thus, in order to flocculate acidic sols of highly hydro-
philic character, the water structure must be destroyed by
a high salt concentration.

There is no significant difference in the heats of hy-
dration (adsorption and immersion heats) between the
acidic and the basic SiO, and Al,Oj; sols, thus the ex-
tremely high stability of the acidic sols should be
attributed to the entropy barrier. According to the conti-
nuity principle by Ostwald and Buzagh [21], such sols are
thermodynamically stable, as a continuous adsorption
layer between the particles and the medium can be formed,
resulting in zero interfacial tension.

If there is no entropy barrier between the sol particles,
stability is ensured by the electrical double layer. If the
particle surface is less hydrophilic, i.e. the flocculation
value of the sol with a 1:1 electrolyte is smaller than
0.1 molkg ™!, the flocculation is quickly followed by an
irreversible sintering of the surfaces. In this state, the flocks
cannot be peptized, and the original particle size cannot be
restored. A great number of such sols is known (Agl,
As,S;, metal sols).

For sols of medium stability, 1-2 layers of adsorbed
water belong to the electrical double layer formed around
the particles. The flocculation value of these sols is in the
order of magnitude of 0.1 molkg~!. Stability against floc-
culation is ensured by the electrical double layer, whereas
sintering is prevented by the adsorbed water molecules.
Such sols are the basic SiO, and Al,O3 sols (Tables 1
and 2), and the acidic FeOOH - 0.5 H,O sol (Tables 3 and 4
in [2]). The flocs of these sols can be very easily peptized
even after a longer aging time. Their peptizability is pre-
served in the powder, except for the case, when the adsorb-
ed water is removed by drying (Table 2 in [1]).

For formation of sols with extremely high stability, the
development of an adsorption layer with continuous dif-
fuse structure is necessary. This idea is supported by the
data shown in Table 5 and Fig. 8. The SiO, sol is extreme-
ly stable in acidic medium, but the powder prepared from
this sol can be hardly peptized in acidic medium. In our
opinion, this is the reason why strong hydration is not
a satisfactory condition for the separation of sintered edges
and vertices. On contrary, the charge density of the Al,O5
even in acid medium is high and the peptizability is
even better in acidic, than in basic medium (Fig. 8). The



266 Colloid & Polymer Science, Vol. 276, No. 3 (1998)

© Steinkopff Verlag 1998

Acknowledgement The authors express their sincere thanks to Prof.
Dr. G. Lagaly for many helpful discussion. The authors thank Krisz-
tina Sebestény for her technical assistance.

This work was supported by the Hungarian Science Foundation
under the grant numbers OTKA T16870 and T022293.

chemical nature of particles plays also an important role in
coagulation processes and in their reversibility. Differences
in the chemical properties are the biggest obstacle to
elaborate a stability theory of general validity.

References

. Rohrsetzer S, Paszli 1, Csempesz F 8. Derjaguin BV, Churaev NV (1974) 15. Zerrouk R, Foissy A, Mercier R, Cheval-
(1992) Colloid Polym Sci 270:1243 J Coll Int Sci 49:249 lier J, Morousky C (1990) J Coll Int Sci

. Rohrsetzer S, Ban S, Kovacs P, 9. Ninham BW (1982) Adv Coll Interface 139:20
Paszli 1 (1995) Colloid Polym Sci Sci 16:3 16. Yotsumoto H, Yoon RH (1993) J Coll
273:189 10. Overbeek J Th G (1982) Adv Coll Inter- Int Sci 157:426

. Rohrsetzer S (1983) Acta Chim Hung face Sci 16:17 17. Yotsumoto H, Yoon RH (1993) J Coll
115:203 11. Israelachvili JN (1982) Adv Coll Inter- Int Sci 157:434

. Derjaguin BV (1934) Koll Z 69:155 face Sci 16:31 18. Beseling NAM (1977) Langmuir 13:2113

. Derjaguin BV, Muller VM, Toporov 12. Pashley RM (1982) Adv Coll Interface 19. Xy Y, Hiew PL, Klippenstein A, Koga Y
YUP (1975) J Coll Int Sci 53:314 Sci 16:57 (1996) Clays Clay Min 44:197

. Derjaguin BV, Churaev NV (1989) Col-  13. Rabinovich Ya, Derjaguin BV, Churaev =~ 20. To6th J (1966) Acta Chim Hung 48:27
loids Surfaces 41:223 NV (1982) Adv Coll Interface Sci 16:63  21. Buzagh A (1952) Kolloidika II/2 volume

. Churaev NV, Derjaguin BV (1985) 14. Lyklema J, van Leuwen HP (1982) Adv First editiory, Akadémia Kiado,

J Coll Int Sci 103:542

Coll Interface Sci 16:127

Budapest



