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Colloidal magnesium aluminum hydroxide
and heterocoagulation with a clay
mineral. Il. Heterocoagulation with
sodium montmorillonite

Abstract Montmorillonite disper-
sions were completely coagulated
by magnesium aluminum hydroxide
when the hydroxide mass fraction, y,
was 0.2 or greater. The hydroxide
dispersion required only a montmo-
rillonite mass fraction of 0.06 for
total coagulation. Thus, heteroco-
agulates were formed for
0.2<%<0.94. At an excess of
montmorillonite, network formation
between the oppositely charged par-
ticles led to maxima of the yield
value and the storage modulus at
0.4 <y <0.5. At higher hydroxide
contents, x> 0.5, both properties
decreased steeply, indicating the

reduced mechanical stability of the
network. Divalent anions at con-
centrations above 1 mmol/l acted as
liquefying agents for the dispersed
heterocoagulates. The specific sur-
face area of the freeze-dried disper-
sions increased to a maximum value
at y = 0.65. The pore size distribu-
tions revealed that montmorillonite
lamellae and hydroxide particles
were not homogeneously distri-
buted.

Key words Gas adsorption -
Heterocoagulation - Layered double
hydroxide - Magnesium aluminum

Introduction

The aggregation of colloidal particles responds to the
state of stabilization in the dispersion and is very
important in many practical applications. For instance,
conditions must be chosen so that a sediment is easy to
stir, a filter cake is permeable, or a drilling fluid obtains
the required plastering effect [1].

A great variety of sediments are formed by
anisometric particles [1-5]. The formation of different
types of aggregates and sediments plays a decisive role
in the practical application of millions of tons of clays
[1, 6]. The Na*/Ca?" ratio is an important factor
which determines aggregation and sedimentation be-
havior of clays and clay minerals. A further way to
tune these properties could be heterocoagulation of the
clay minerals with the “‘antitype”, the layered double
hydroxides, also called “anionic clays”. An interesting
application of montmorillonite—-hydroxide mixtures

hydroxide - Montmorillonite

was recently described. The combination of two
layered materials with opposite layer charge signs
provided an excellent solid stabilizer of oil/water
emulsions [7, 8]. Envelopes of montmorillonite and
hydroxide particles around and network structures
between the oil droplets were made visible by X-ray
microscopy [9, 10].

Materials and methods

Montmorillonite

Sodium montmorillonite was separated from Wyoming bentonite
(Greenbond, our sample number 40A) by size fractionation (less
than 2 um) [11, 12]. The total cation-exchange capacity, ¢, =1.03
mEq/g sodium montmorillonite, and the layer charge, ¢ =0.28 Eq/
mol, were measured by alkylammonium exchange [13]. The layer
charge of 0.28 Eq/mol corresponds to an interlayer exchange
capacity of ¢;=0.74 mEq/g sodium montmorillonite.
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Magnesium aluminum hydroxide

Colloidal magnesium aluminum hydroxide was prepared as
described in Ref. [14]. The colloidal material was obtained by
peptization of the parent material aged at 0 °C (MAH-0), 20 °C
(MAH-20), and 90 °C (MAH-90). Sample MAH-20 was used if not
otherwise indicated.

Heterocoagulation

To determine the amount of hydroxide needed to coagulate a
montmorillonite dispersion or vice versa, increasing volumes (in
microliter steps) of a 2% hydroxide dispersion were added to 5 ml
2% montmorillonite dispersion and then diluted with water to give
a total volume of 10 ml. After shaking for 24 h the dispersion was
centrifuged (2000 rpm = 380g, Heraeus Biofuge). The presence or
absence of colloidal material in the supernatant was tested with a
laser beam. The 2% hydroxide dispersion was coagulated with a
0.2% sodium montmorillonite dispersion.

In the heterocoagulation experiments, the sodium montmorill-
onite dispersions were added to the hydroxide dispersions. When
heterocoagulation was performed in the presence of salts, the
hydroxide was mixed with the salt solution before the montmorill-
onite dispersion was added 10 min later. The hydroxide/montmo-
rillonite ratio is expressed by the mass fraction of the hydroxide:
7 =amount of hydroxide (g)/amount of hydroxide + montmorillo-
nite (g). The total solid content of the mixed dispersions was varied
between ¢=0.5% (w/w) and 0=4% (w/w). Dispersions with
higher solid and montmorillonite contents became gel-like.

The sediment height of the hydroxide-montmorillonite disper-
sions was measured more than 6 weeks after mixing (glass tubes,
diameter 1 cm, height 17 cm).

The rate of heterocoagulation, (dD/d),_,, was determined by
measuring the increase in the optical density, D, of the 0.5%
hydroxide dispersion after addition of different amounts of the
0.5% montmorillonite dispersion. After a short but intensive
mixing (accomplished by withdrawing and reinjection of the
dispersion) the increase in the optical density (extinction),
D =logly/I, was measured within the first minutes at a wavelength
of 660 nm. We used a self-made multichannel photometer which
recorded 512 extinction values within 5 s.

Electrophoretic mobility and rheological measurements

The electrophoretic mobility of the hydroxide-montmorillonite
particles was measured by microelectrophoresis (PenKem 501). The
flow behavior was studied with a Physica UDS 200 rotational
viscometer with cone—plate geometry [14].

Gas adsorption

The specific surface area and the pore size distribution were
determined by nitrogen adsorption at 77 K (Sorptomat Carlo Erba
and a self-made gas adsorption instrument [15]). The mesopore size
distribution was evaluated from the desorption branch on the basis
of the slit-shaped geometry [16]. The specific mesopore surface area
was calculated from the radii and the corresponding volume
increments [16, 17]. From the ¢ plots the number of micropores was
zero or very small [18]. The samples studied by gas adsorption were
obtained by freeze-drying the dispersions.

Results
Heterocoagulation

When 1.25 ml 1% magnesium aluminum hydroxide
dispersion was added to 10 ml 1% sodium montmorill-

onite dispersion, all the colloidal particles were coagu-
lated. This ratio corresponded to a hydroxide mass
fraction y=0.2 or a hydroxide/montmorillonite mass
ratio 0.25:1. For y < 0.2 montmorillonite particles
remained dispersed. To coagulate 10 ml 1% hydroxide
dispersion, 3 ml 0.2% montmorillonite dispersion was
required, corresponding to y=0.94 or a hydroxide/
montmorillonite mass ratio of 16.7:1. Thus, much
smaller amounts of montmorillonite were needed to
coagulate the hydroxide dispersion than hydroxide to
coagulate the montmorillonite dispersion.

The sediment height, 4, of the hydroxide-montmo-
rillonite dispersions increased with the hydroxide con-
tent very steeply, reached a high value at the beginning
of total coagulation at y ~ 0.2 and decreased at y > 0.9
(Fig. 1). Thus, voluminous sediments formed in the
domain of total coagulation (0.2 < y < 0.94).

The particles coagulated slowly when small amounts
of hydroxide were added (Fig. 2). The rate of coagula-
tion increased with y to a maximum at y ~ 0.5. Slightly
higher amounts of hydroxide reduced the rate of
coagulation steeply. The scattering of the data (£10%
between parallel measurements) was caused by the
difficulty to obtain a homogeneous distribution of
particles immediately after mixing the dispersions.
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Fig. 1 Sediment height of montmorillonite/hydroxide dispersions. y is
the mass fraction of hydroxide. Solid content 1% (w/w)
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Fig. 2 The rate of heterocoagulation of hydroxide dispersions with
montmorillonite, expressed by the increase in the optical density,
(dD/dt), at t—0
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Electrophoretic mobility

The mobility of the particles decreased linearly when
hydroxide particles were added to the montmorillonite
dispersion (Fig. 3). Direct visualization of the particle
movement in the PenKem instrument clearly revealed
that the particles became immobilized. At an excess of
hydroxide (y = 0.8) the particles began to move again in
the electric field, now in the opposite direction, and the
mobility increased with the increasing hydroxide/mont-
morillonite ratio.

Rheological studies

A 2% hydroxide dispersion (MAH-20) showed a
viscosity of 1.5 mPas and a yield value below 100
mPa. The yield value of the 2% sodium montmorillonite
dispersion (Wyoming, M40A) was 430 mPa. The
heterocoagulate dispersions (y=0.5) showed distinctly
higher values. The yield value of the three samples
increased in a similar way (Fig. 4a) but the viscosity
increase of MAH-90 was modest in comparison with
MAH-0 and MAH-20 (Fig. 4b). The dispersions re-
vealed viscoelastic behavior at solid contents, ¢, above
1.5% (w/w). The storage modulus increased to 770 Pa
(MAH-0), 812 Pa (MAH-20), and 590 Pa (MAH-90) at
d=3.5% (w/w) (Fig. 4c). The loss modulus reached
values between 40 and 95 Pa.

The yield value and viscosity as a function of the
hydroxide mass fraction, y, were small at high contents
of montmorillonite (y < 0.2) and hydroxide (y < 0.6)
(Fig. 5). With increasing hydroxide content the yield
value rose to a maximum which shifted from y=0.35 at
0=2% to y=0.44 at 0=3 and 4%. The yield value
decreased steeply at higher hydroxide contents. The
viscosity increased to a maximum at y ~ 0.4 (40, 100,
and 150 mPas at 0 =2, 3, and 4%). The storage and loss
moduli revealed sharp maxima at the same composition
(Fig. 6).

mobility [10°m?%/Vs]
;
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Fig. 3 Mobility of the montmorillonite-hydroxide particles. Solid
content 0.06% (w/w). The particles were immobile between y=0.4
and y=0.8

The flow curves included a hysteresis loop at mass
contents of 2% (w/w) and higher and 0.2 < y < 0.6.
The behavior was antithixotropic with maximum hys-
teresis at y ~ 0.4. The flow of the 4% dispersion changed
into weakly thixotropic behavior at 0.4 < y < 0.55.
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Fig. 4 a Yield value, b (plastic) viscosity, and ¢ storage modulus of
montmorillonite-hydroxide dispersions, y=0.5, as a function of the
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Fig. 5 Yield value of heterocoagulate dispersions with 2% (H), 3%
(®), and 4% (@) solid contents as a function of the hydroxide mass
fraction
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Fig. 6 Storage (M) and loss (©®) moduli of 2% heterocoagulate
dispersions as a function of the hydroxide mass fraction

Very small numbers of phosphate ions increased the
yield value of the sodium montmorillonite dispersions
(Table 1, y=0). Concentrations higher than about
1 mmol/l reduced the viscosity and the yield value. Very
high concentrations (above 1000 mmol/l) increased
these values again [19, 20]. A first increase in the
viscosity and the yield value followed by the liquefying
effect was also observed for the dispersed heterocoagu-
lates. Similar behavior was noticed when sodium
carbonate was present. However, a liquefying effect
was not observed for the pure hydroxide dispersion,
v =1 (Fig. 4b in Ref. [14]).

Specific surface area and porosity

The nitrogen adsorption isotherm of the montmorillo-
nite with a pronounced hysteresis (Fig. 7a) is typical of
these clay minerals [18, 21, 22] and is classified as a type
IIb isotherm [23]. The specific surface area was 19.8 m?/g
(adsorption branch) and the mesopore volume was
15 ul/g. The pore size distribution showed a sharp peak
at 1.2 nm (Fig. 8a). Such sharp peaks at small radii,
however, may not represent the true pore size distribu-
tion.

The adsorption isotherm of the hydroxide was of type
IV with a H,-type hysteresis (Fig. 7b) [23]. The plateau

Table 1 Yield value of 2% montmorillonite-hydroxide dispersions
in the presence of Na,HPO, and Na,CO;

Salt concentration  Yield value (Pa)

(mmol/1)

1=0" =03 %=05" y=1* »=0.5°
0 0.4 172 04 0.1 0.4
0.1 2.2 >30 8.7 0.1 0.9
0.5 2.0 240 6.1 10.7
1 2.0 94 4.0 0.8 7.0
10 1.0 3.0 0.5 1.2¢ 3.5
100 1.3 0.6 0.6 0.6
aNa2HPO4
bN3.2CO3

“Maximum value of 3.0 Pa at 5 mmol/l
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Fig. 7 Nitrogen adsorption and desorption isotherm (77 K) of a
freeze-dried sodium montmorillonite and b magnesium aluminum
hydroxide

at p/po = 0.9 was not very pronounced. The desorption
branch approached asymptotically the adsorption
branch at low pressures. Similar isotherms were mea-
sured, for instance, on mesoporous silica [23]. The
magnesium aluminum hydroxide was mesoporous with
a complicated crownlike pore size distribution (Fig. 8d).
The specific surface area was mainly determined by the
mesoporous surface area (Table 2).

The surface area of the heterocoagulates increased to
a maximum of about 100 m%/g at y=0.65, which
corresponded to the maximum of the mesopore volume.
The pore size distribution for the heterocoagulates
(Fig. 8b, c, Table 2) was composed of the patterns of
montmorillonite and hydroxide; however, increasing
montmorillonite content shifted the maximum of the
distribution attributed to the hydroxide to somewhat
smaller pore sizes. The total specific surface area was
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mainly determined by the mesopore surface area. (That a
the total specific surface area was smaller than the _ 10 1
mesopore surface area was a consequence of the use of < .
an idealized pore structure model in the calculations.) = A
The strong influence of the salts on the heterocoag- ;E 64 J a
ulation was also evident from the pore size distribution s :
(Fig. 9). The distribution curves for heterocoagulates Is
(x=0.5) prepared in the presence of 100 mmol/l 2 h%
Na,CO; (similar Na,SO,) and 100 mmol/l Na,HPO, L \_\_
showed a maximum at pore radii of 5-6 nm and were °1
totally different from the curves in the absence of salt 0 20 40 60 8 . 100
(Fig. 8c). r A
b

Table 2 Specific surface area and mesopore volume of hetero-
coagulates (freeze-dried dispersions with 1% solid content) [17]

b4 Specific surface area (m?/g) Mesopore  Mesopore
volume surface
Adsorption®  Desorption®  (ul/g) area (m?/g)
0 19.8 21.2 15.0 6.2
0.2 21.7 21.8 75.0 32.7
0.35 29.4 28.8 104.2 43.8
0.5 55.5 54.5 142.0 49.5
0.65 99.6 101.1 264.0 95.2
0.8 41.3 42.1 164.1 53.6
1.0 57.6 58.3 218.0 57.9

#From the adsorption and desorption branch of the isotherm

dvrdr [uL/A]

. 100
r (Al

Fig. 9 Pore size distribution of samples prepared by addition of
montmorillonite to the hydroxide dispersed in a 100 mmol/l Na,CO;
and b 100 mmol/l Na,HPO,. y=0.5, solid content of the mixed
dispersion 1% (w/w), dried at 70 °C



1102

Discussion

Sodium montmorillonite delaminates into single silicate
layers when dispersed in water [1, 6, 24]. As double
hydroxides do not show this behavior, the thin, flexible
montmorillonite layers could cover the hydroxide par-
ticles in a similar way as silicate layers coat the quartz
grains in clay-bonded molding sands (cf. Fig. 3.28 in
Ref. 6) [25, 26]. However, the montmorillonite layers of
delaminated particles reaggregate very easily forming
more or less thick lamellae. A modest concentration of
magnesium and aluminum ions liberated from the
magnesium aluminum hydroxide may be enough to
initiate reaggregation of the silicate layers during
heterocoagulation. The pore size distribution curves
clearly indicate that at least a certain part of the silicate
layers is aggregated. The X-ray powder diagrams also
reveal aggregated silicate lamellae with coherent scat-
tering domains. As indicted by the pore size distribution
(Fig. 9), a higher degree of mixing of the hydroxide
particles and montmorillonite lamellae was obtained in
the presence of liquefying anions.

The distinctly larger diameter—thickness ratio of the
montmorillonite lamellae is the reason why considerably
smaller amounts of the clay mineral are required to
coagulate the hydroxide dispersion than vice versa and
why even small amounts of montmorillonite (y =0.9)
increase the sediment volume considerably (Fig. 1).
Silicate lamellae span the distance between the hydrox-
ide particles and form a network which leads to a large
sediment volume. X-ray microscopy of Pickering emul-
sions made visible that the hydroxide particles and clay
mineral lamellae build up a network within the coherent
phase between the paraffin oil droplets [9, 10]. Modest
numbers of multivalent anions liberated by the dissolved
hydroxide promote the band-type aggregation of the
clay mineral lamellae rather than the formation of
distinct particles. This behavior is analogous to the effect
of calcium ions. Small numbers of these cations create
band-type networks and increase the yield value of
sodium montmorillonite dispersions. Higher numbers
promote aggregation to distinct particles and reduce the
yield value and the viscosity [27].

The antithixotropic behavior at 0.2 < y < 0.45
reveals that shearing moves the oppositely charged
particles in positions of optimal network formation.
As the mechanical stability of the networks is reduced at
higher values of y, time-dependent changes are no longer
observed.

The sediment volume remains high between y=0.2
and y=0.9 (Fig. 1). The maximum at y=0.3 is higher

than at y=0.7 because the montmorillonite lamellae
with the large diameter/thickness ratio can span larger
distances between the particles. The generally high
sediment volume between y =0.2 and 0.9 indicates that
the ratio of the number of positive (hydroxide) and
negative (montmorillonite) layer charges is not of
primary influence. This also follows from the mobility
measurements. The particles appeared to be totally
immobilized between y =0.4 and y=0.8 (Fig. 3).

The maxima of the yield value (Fig. 5) lie in the range
of y where the particles appear to be immobilized. The
rate of heterocoagulation (Fig. 2) also increases to a
maximum at these hydroxide/montmorillonite ratios.
The steep decrease in the yield value and the storage
modulus at y > 0.4-0.5 indicates that networks con-
taining a predominant number of hydroxide particles do
not resist the mechanical stress as strongly as networks
mainly consisting of clay mineral particles.

The ion-exchange capacity of the hydroxide and the
montmorillonite is about 2.9 mEq/g and 1.03 mEq/g,
respectively. A mixture of the composition y=0.26
contains equal numbers of anionic and cationic layer
charges.; however, the charges within the lamellae or
particles do not contribute to the interparticle interac-
tions or, in other words, would only contribute if both
types of particles were fully delaminated. As the
hydroxide particles do not disintegrate into single
hydroxide layers [28], charge neutralization in relation
to the external surfaces requires a higher number of
hydroxide particles, i.e., a y ratio somewhat higher than
0.26. The maxima of the yield stress and storage
modulus at y =0.4 may be considered as the condition
of this charge neutralization.

The specific surface area (Table 2) does not change
with y in a similar way as the sediment volume. Owing to
the mechanical stability of the three-dimensional net-
work of particles at y < 0.5, freeze-drying yields a
material with many macropores but fewer mesopores. In
contrast, the network composed of hydroxide particles
as the dominant component, y > 0.5, is more labile
against mechanical stress. The freeze-dried material
becomes denser (fewer macropores) but contains a
higher number of mesopores, and the specific surface
area and the mesopore volume show a maximum at the
same hydroxide content, y =0.65. When the yield value
and the storage modulus are strongly reduced by
liquefying anions, the network collapses and the specific
surface, in the case of phosphate, decreases to 19 m?/g.
The effect of phosphate is strong because it acts as a
liquefying agent for both the hydroxide and the clay
mineral.
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