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Sedimentation behaviour of kaolinite and
montmorillonite mixed with iron additives,
as a function of their zeta potential

A. C. PIERRE* , K. MA
Department of Mining, Metallurgical, and Petroleum Engineering, University of Alberta,
Edmonton, Alberta, Canada

In order better to understand the packing structure of clay sediments mixed with iron

additives, as observed in a scanning electron microscope and published in previous studies,

an experimental investigation of the zeta potential of clay particles was undertaken. The

results were used to build sedimentation diagrams comparable with the experimental

sedimentation diagrams. The results were analysed in the light of the known behaviour of

iron additives in aqueous solutions and their interaction with clay particles.
1. Introduction
In previous publications, we reported on the sedi-
mentation behaviour and the floc structure of mont-
morillonite and kaolinite sediments in the presence of
iron electrolytes [1—3]. It would be interesting to
examine the relation between the structure of these
flocs and the electrostatic stabilization theory, also
known as the Derjaguin, Landau, Verwey and Over-
beek theory (DLVO theory). In the present study,
a partial attempt in this direction was carried out by
measuring the zeta potential of clay particles and by
establishing a correlation between the value of the zeta
potential and the type of sediment structure.

2. Experimental procedure
The clays studied were mostly the kaolinite ‘‘Hydrite
UF’’ (HUF) from the Georgia Kaolin Company, the
montmorillonite ‘‘SWy-1’’ from the Clay Minerals Re-
pository of the Clay Minerals Society at the Univer-
sity of Missouri, and in a few cases the ‘‘Hydrite R’’
(HR) from the Georgia Kaolin Company. The two
hydrites had the same composition, as reported by the
supplier, but the average particle sizes were different:
0.20 and 0.77 lm, respectively, for the HUF and HR
kaolinites. The montmorillonite particle size was of
the order of 1 lm, according to scanning electron
micrographs. However, they were much thinner (al-
though the micrographs do not make it possible to
venture a value) than the kaolinite particles. The mont-
morillonite specific area was 32 m2 g~1 according to
the supplier, by comparison with 21 and 10 m2 g~1 for
HUF and HR kaolinites.

HUF and HR kaolinites were converted to the
sodium form by the method given by Schofield and
*Present address : Université Claude Bernard-Lyon I, LACE, Bât. 303

Samson [4]. This treatment is supposed to give nega-
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tive charges to the faces and positive charges to the
edges of the kaolinite particles. Next, these kaolinites
were treated with a 0.5 M Na

4
P
2
O

7
solution, accord-

ing to a method given by van Olphen [5] and Yaalon
[6]. Such a treatment is known to provide negative
charges to both the edges and the faces of kaolinite
particles, before mixing with other electrolytes [7].
The objective was to pursue a study on the aggrega-
tion of plate-like particles, when a single type of elec-
tric charge dominates on both the edges and the faces
of the particles.

In a first series of samples, suspensions containing
0.5% (by mass) HUF kaolinite were prepared in
graduated cylinders, and the total suspension volume
in each cylinder was 100 ml. The pH values were
respectively adjusted to 2, 4, 6, with HCl, and to
8, 9.5, 10, and 11 with NaOH. At each pH, the effect
of unaged FeCl

3
at concentrations of 0.17, 0.33,

0.67, 1.67, and 3.3 mM was studied. ‘‘Unaged FeCl
3

solution’’, indicates that the iron electrolyte was dis-
solved just prior to a clay sedimentation experiment.
Other authors called such iron solutions ‘‘fresh
solutions’’.

In order to get some insight into the role of Fe3`
hydrolysis on the flocculation behaviour of clay, the
effect of aged FeCl

3
at concentrations of 0.17, 0.33,

0.67, 1.67, 3.3, 5, and 10 mM were examined at the pH
values of 2, 4, 6, 9.5, and 11. Aged iron samples were
prepared in beakers containing 500 ml 0.5 M solution
FeCl

3
in distilled water, which were allowed to age for

a month. With time, a fine suspension formed in the
brown solution. By using atomic absorption spectro-
photometry, after centrifugation of the iron suspen-
sion, it was found that the iron concentration in the
solution had stabilized to a value of +0.33 M. The
, 43 Bd. du 11 November 1918, 69622 Villeurbanne Cedex, France.

aged FeCl
3

suspension was agitated before mixing
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with the clay suspensions in order to add the desired
amount of iron.

The sedimentation of montmorillonite suspensions
mixed with aged FeCl

3
was also investigated. The

montmorillonite content in the suspensions was 1%,
and 100 ml clay suspensions samples were prepared.
Before adding any electrolyte, the suspension pH was
+9.5. The pH values investigated in the present study
were 2, 4, 6, 9.5 and 12 and they were achieved by
adding HCl or NaOH to the suspension, depending
on the pH. The aged FeCl

3
concentrations studied at

each pH were 0.33, 1, 2, 3.3, 5 and 10 mM.
Finally, a series of sedimentations was performed

by mixing hydroxoferric particles in montmorillonite
suspensions. The pH values were the same as before,
and the hydroxoferric particles contents were 0.025%,
0.125%, 0.25% and 0.50% (by mass) at each pH.
These hydroxoferric particles were made by the
method described by Ohtsubo et al. [8]. This consists
of adding drop by drop a saturated sodium bicarbon-
ate (NaHCO

3
) solution to a solution of 48.66 g FeCl

3
in 300 ml distilled water, until the pH reaches 1.5.
Precipitation occurs, and the precipitate was termed
amorphous iron hydroxide, ferrihydrite or hy-
droxoferric particles, depending on the authors. In the
present work, the term hydroxoferric particles, as used
by Blackmore [9], is adopted. The excess salt was
removed from this precipitate by dialysis in distilled
water. The distilled water was renewed until the pH of
the suspension was in the range 3.8—4.2. The solid
content in the suspension was 2.5 g/100 ml.

The packing structure of the sediments, observed in
a scanning electron microscope (SEM) after supercriti-
cal drying in CO

2
, has been reported in previous

publications [1, 3]. The experimental data in the pres-
ent paper focus on the experimental determination of
the zeta potential of clay particles, in the electrolyte
conditions which were mentioned before, and in trying
to relate the sedimentation behaviour to these meas-
ured zeta potentials.

Other partial characterizations were made. These
include: (1) some measurements by atomic absorption
spectroscopy of the iron precipitated with the clay in
the wet sediments; (2) some limited observations by
transmission electron microscopy (TEM) of the iron
compounds which were precipitated with the clay
particles; and (3) some limited measurement of the
sediment viscosity.

The equipment used to determine the zeta potential
of clay particles was a micro-electrophoresis Mark II
apparatus (Rank Brothers company). For each data
point, the electrophoretic mobilities of a minimum of
five particles were successively measured, first when
applying the electric field in one direction, then after
reversing the polarity of the applied electric field, and
an average value was recorded. Because the 0.5% (by
mass) kaolinite and the 1% (by mass) montmorillonite
suspensions were too dense to measure their zeta
potential directly, these clay suspensions were first
diluted to 0.05% and 0.01%, respectively, in distilled
water. In each case, and just before measuring a zeta
potential, the pH was adjusted to the value the suspen-

sion had before dilution, with the addition of HCl or
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NaOH, depending on this pH. In the same way, some
iron electrolyte was added to each clay suspension in
order to maintain the initial concentration of these
electrolytes before dilution.

For the other limited characterizations, in clay sus-
pensions where a clear supernatant liquid naturally
formed after 12 h, the iron content in this supernatant
liquid was directly analysed by atomic absorption
spectroscopy. In clay suspensions where this did not
occur, the suspension was centrifuged until a clear
supernatant liquid separated from the suspension.
These clear liquids were used for chemical analysis.
The equipment used was a Perkin—Elmer 4000 AAS
atomic absorption spectrophotometer.

For the TEM observations, a diluted suspension
was dropped on to a carbon-coated copper grid. Two
different TEMs were used in this study: a Philips EM
300 TEM, and a Jeol-2010 analytical TEM. The latter
microscope was connected to an X-ray detector, to
determine the energy-dispersed X-ray spectrum
(EDX).

The rheological properties of a series of montmoril-
lonite—hydroxoferric particles suspensions were deter-
mined using a cylindrical rotor viscometer, of the type
Contrave Rheomat 115. Flow curves were first re-
corded and the Bingham yield stress of a suspension
was determined from the data at increasing shear rate.
The montmorillonite content in the suspensions was
1% by mass. The pH values investigated were 2, 4, 6, 8,
9.5 and 12, while the hydroxoferric contents of the
suspensions were 0%, 0.025%, 0.12%, 0.25% and
0.5% (by mass) at each pH.

3. Results
3.1. Sedimentation behaviour

and diagrams
Three types of sedimentation behaviour of clay sus-
pensions mixed with iron electrolytes were reported in
previous publications. The first type was termed accu-
mulation sedimentation (Fig. 1a). In this regime, indi-
vidual particles or small aggregates fell and accumu-
lated at the bottom of a beaker. After supercritical
drying in CO

2
, SEM observations showed that the

sediment was composed of a random and roughly
uniform packing of clay particles. During sedimenta-
tion, a sharp interface separated the accumulated
sediment from the remaining clay suspension. This
interface moved upwards with time, as more clay
particles accumulated. The appearance of an accumu-
lated sediment is illustrated in Fig. 2a.
Figure 1 Accumulation and flocculation sedimentation behaviour.



Figure 2 Scanning electron micrographs of 1% montmorillonite suspensions: (a, b) accumulated sediment made at pH"9.5 without any iron

additive; (c, d) flocculated sediment made at pH"9.5 with 0.5% by mass hydroxoferric particles.
The second type of sedimentation behaviour was
termed flocculation sedimentation (Fig. 1b). In this
regime, a suspension separated very quickly into
a sediment and a clear supernatant liquid on top of the
sediment. The sediment was relatively thick and it had
a uniform visual appearance. This sediment was much
less compact than an accumulated sediment. Its obser-

vation by SEM after supercritical drying in CO

2

showed that it was composed of fractal flocs, such as
in the aggregates described in the diffusion limited
aggregation model (DLA). The separation interface
between the flocculated sediment and the supernatant
liquid was sharp and it moved downwards with time.
That is, the flocculated sediment underwent a slow
compacting process with time. Such a floc structure is

illustrated in Fig. 2b.
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Figure 3 Diagrams of the sedimentation behaviour of 0.5% so-
dium-kaolinite suspensions treated with Na

4
P
2
O

7
and mixed with

unaged FeCl
3
. (a) Experimental observations: (d) accumulation, (s)

flocculation, (B) mixed behaviour. (b) Predictions from the meas-
ured zeta potential f: (d) DfD(10 mV, (s) DfD'15 mV, (B)
10 mV4DfD415 mV.

A third type of sedimentation behaviour, termed
mixed flocculation—accumulation, involved accumula-
tion in a primary stage, then flocculation of the re-
maining suspension in a second stage. That is , initially
individual particles started to accumulate at the bot-
tom of the beaker. Then, after some time, the remain-
ing clay suspension could flocculate, on top of the
accumulated sediment.

These three types of sedimentation behaviour were
observed when unaged FeCl

3
was added to kaolinite

suspensions. A diagram which summarizes the sedi-
mentation behaviour in this system is shown in Fig. 3a,
where dotted lines are tentatively drawn to outline
the ranges of conditions where each type of sedimen-
tation occurred. The three types of sedimentation
behaviour were also observed in kaolinite suspensions
mixed with aged FeCl

3
. The diagram summarizing

the sedimentation behaviour of this system is shown
in Fig. 4a.

Diagrams were also drawn for the sedimentation
behaviour of HUF kaolinite suspensions containing

1%, 2%, and 5% by mass of clay mixed with unaged
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Figure 4 Diagrams of the sedimentation behaviour in 0.5% so-
dium-kaolinite suspensions treated with Na

4
P
2
O

7
and mixed with

aged FeCl
3
. (a) Experimental observations: (d) accumulation, (s)

flocculation, (B) mixed behaviour (b) Predictions from the meas-
ured zeta potential f: (s) DfD(10 mV, (d) DfD'15 mV, (B) 10 mV
4DfD415 mV.

FeCl
3
. These diagrams were similar to each other.

However, the field where accumulation sedimentation
occurred decreased as the clay content increased.

According to an analysis by Michaels and Bolger
[10], it is possible to estimate the ratio C

F1
between

the volume fraction, '
F
, occupied by the flocs in a sus-

pension, and the volume fraction, '
1
, occupied by

dense kaolinite particles. If the final sediment volumes
are »

F1
and »

F2
when the dense kaolinite particles

volume fractions are '
11

and '
12

, in suspensions with
the same initial volume, »

0
, C

F1
is given by

C
F1

"

0.62

»
0
A
»

F1
!»

F2
'

11
!'

12
B (1)

From the data on the final sediment thickness of 2%
and 5% HUF sodium-kaolinite suspensions, the value
of C

F1
could be calculated as a function of unaged

FeCl
3

concentration and pH. The results are reported
in Fig. 5, and they show the flocs were from 12—25
times less compact than dense kaolinite particles. The
lowest compacting (highest C value) occurred for
F1
a FeCl

3
concentration of 5 mM, at all pH.



Figure 5 Ratio C
F1

between the volume occupied by the flocs and
the volume occupied by dense kaolinite particles, in HUF kaolinite
suspensions treated with Na

4
P
2
O

7
, as a function of the concentra-

tion of unaged FeCl
3

and pH. pH: (s) 2, (d) 4, (h) 6, (j) 9.5.

Other diagrams were determined for the sedimenta-
tion behaviour of HR kaolinite mixed with unaged
FeCl

3
. This clay was composed of bigger particles

than HUF kaolinite, which favoured accumulation,
either as pure accumulation or as mixed accumula-
tion—flocculation sedimentation. When the mixed re-
gime occurred, the accumulation stage lasted a longer
time than with HUF kaolinite.

Previous SEM observations showed that sodium-
montmorillonite was composed of thinner particles
than kaolinite. Moreover, the montmorillonite par-
ticles were partly curled. The sedimentation diagram
of 0.5% by mass montmorillonite suspensions mixed
with unaged FeCl

3
is reported in Fig. 6a, from a pre-

vious work [11]. The same figure (Fig. 6b) also shows
the diagram for 1% sodium-montmorillonite suspen-
sions mixed with aged FeCl

3
. The diagram for 1%

montmorillonite suspensions mixed with hydroxofer-
ric particles is shown in Fig. 7a. These three diagrams
are relatively similar to each other. Accumulation
sedimentation occurred in a limited field of conditions
at low iron content. Flocculation sedimentation oc-
curred for all other conditions.

3.2. Zeta potential of clay particles
The dependence of zeta potential on pH, for sodium-
kaolinite which was only treated by the method of
Schofield and Samson, sodium-kaolinite treated with
Na

4
P

2
O

7
and sodium-montmorillonite, are reported

in Fig. 8. As stated by Schofield and Samson [4], the
data on sodium-kaolinite treated according to their
method are consistent with the existence of positive
electric charges on the edges and negative charges on
the faces of the kaolinite particles. Our data indicate an
isoelectric point (i.e.p.) at pH+3.7, close to the known
zero point of charge (z.p.c.) at pH+4.2. On the other
hand, for sodium-kaolinite treated with Na

4
P
2
O

7
,

which was the only kaolinite used in the present study,
the zeta potential is negative at all pH. This is consis-
tent with the existence of negative charges only on both
the edges and the faces, at all pH, before mixing with

iron additives. This is also in agreement with previous
Figure 6 Diagrams of the sedimentation behaviour of (a) 0.5%
sodium-montmorillonite suspensions mixed with unaged FeCl

3
,

after Zou and Pierre [11]; (b) 1% montmorillonite suspensions
mixed with aged FeCl

3
. (d) Accumulation, (s) flocculation sedi-

mentation.

statements according to which phosphate anions are
responsible for these negative charges and they do not
easily desorb [7]. As Fig. 8 shows, sodium-montmoril-
lonite essentially behaves as sodium-kaolinite treated
with Na

4
P
2
O

7
.

For the kaolinite used in this study, that is, initially
treated with Na

4
P
2
O

7
, the experimental zeta potential

increased algebraically with the concentration of aged
FeCl

3
, at all pH, as reported in Fig. 9a. At pH 46, the

zeta potential even became positive at high FeCl
3

concentration. From these experimental zeta poten-
tials, it was possible to derive a diagram composed of
three fields, as a function of pH and unaged FeCl

3
concentration. These three fields were determined ac-
cording to the absolute values of the zeta potential, in
order to get the best fit with the diagrams established
from the observed sedimentation behaviour (Fig. 3a).
By trial and error, for the best fit, one field correspon-
ded to data points where the zeta potential absolute
value was DfD(10 mV. A second field corresponded
to data points where DfD'15 mV. The third field
corresponded to data points such that 10 mV

4DfD415 mV. This diagram is shown in Fig. 3b,
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Figure 7 Diagrams of the sedimentation behaviour of 1% sodium-
montmorillonite suspensions mixed with hydroxoferric particles. (a)
Experimental observations: (d) accumulation, (s) flocculation sedi-
mentation. (b) Predictions from the measured zeta potential, f. (s)
DfD(22 mV, (d) DfD'22 mV.

Figure 8 Relationship between the pH and the zeta potential of
sodium-kaolinite and sodium-montmorillonite.

where it can be compared with the diagram from the
experimental sedimentation behaviour (Fig. 3a). The
two diagrams are similar to each other. Hence

the sedimentation behaviour can be predicted
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Figure 9 Variation of the zeta potential with the concentration of
FeCl

3
at different pH values in 0.5% (by mass) kaolinite suspensions

treated with Na
4
P

2
O

7
: (a) unaged FeCl

3
, pH (s) 2, (d) 4, (h) 6, (j)

9.5, (n) 11; (b) aged FeCl
3
, pH (s) 2, (d) 4, (h) 6, (j) 9.4, (n) 11.

from the measured zeta potential. In practice, floccu-
lation—sedimentation occurred when DfD(10 mV, ac-
cumulation—sedimentation occurred when DfD'15 mV,
and mixed flocculation—accumulation sedimentation
occurred when 10 mV4DfD415 mV.

The zeta potential of kaolinite particles mixed with
different concentrations of aged FeCl

3
at different pH,

are reported in Fig. 9b. By comparison with Fig. 9a,
the zeta potential increased from negative to positive
values at all pH, with the aged FeCl

3
concentration.

These zeta potential data were also used to build
a diagram to predict the sedimentation behaviour of
clay suspensions. This diagram is reported in Fig. 4b
where it can be compared with the diagram from the
experimental sedimentation behaviour (Fig. 4a). For
the same limiting values of DfD as in Fig. 3b, the agree-
ment between the predictions from the zeta potentials
and the experimental sedimentation behaviour, is not
as good as with unaged FeCl

3
(Fig. 3). However, this

agreement can still be considered as being reasonable.
Similarly, the zeta potential of montmorillonite

particles as a function of the hydroxoferric particles
content in a suspension, at different pH, is reported in
Fig. 10. The general evolution was similar to the
evolution in the case of kaolinite mixed with aged

FeCl

3
. However, the magnitude of the effect was



Figure 10 Zeta potential of montmorillonite particles as a function
of the hydroxoferric particle content in the suspensions, and at
different pH: (s) 2, (d) 4, (h) 6, (j) 9.4, (n) 12.

Figure 11 Relationship between the zeta potential and the Bingham
yield stress in mixed montmorillonite—hydroxoferric particles sus-
pensions (% by mass): (h) 0, (d) 0.025, (s) 0.125, (j) 0.250, (n)
0.500.

lower. In practice, this zeta potential was generally
negative. Its absolute value decreased as the pH and
the hydroxoferric particles content in the suspension
increased. The sign of this zeta potential was only
reversed and it became slightly positive for hy-
droxoferric particle contents of 0.25% and 0.5% (by
mass), respectively, at pH"2 and 6. The data at
pH"2 and 4, with a hydroxoferric solid content of
0.5% (by mass) could not be obtained, because floc-
culation of the montmorillonite suspensions occurred
rapidly after addition of the hydroxoferric particles.
As in the case kaolinite, a diagram was drawn to
predict the sedimentation behaviour according to the
value of DfD. This is shown in Fig. 7b where it can be
compared with the data from the observed sedimenta-
tion behaviour (Fig. 7a). A reasonable agreement
could be reached by choosing a border value
DfD"22 mV, to separate flocculation sedimentation
from accumulation sedimentation.

The Bingham yield stress which we measured in
these mixed montmorillonite—hydroxoferric particles
suspensions, strongly correlated with the absolute
magnitude of DfD. The corresponding data reported in
Fig. 11 indicate that, overall, the Bingham yield stress

increased as DfD decreased.
Figure 12 Amount of iron absorbed on kaolinite particles, at differ-
ent pH: (a) from unaged FeCl

3
(mM), (s) 0.33, (d) 1.65, (h) 3.3, (j)

10; (b) from aged FeCl
3

(mM), (s) 0.33, (d) 1.65, (h) 3.3, (j) 10.

3.3. Other characterizations of iron-
containing deposits on clay particles

Previous data showed that iron additives played an
important role in modifying the zeta potential DfD of
clay particles, and in controlling their aggregation. It
was desirable to evaluate to what extent these iron
additives absorbed or deposited on the surface of the
clay particles. From the data on the concentration of
iron which remained in the liquid of the kaolinite
suspensions after 24 h sedimentation, determined by
atomic absorption, it was possible to calculate the
amounts of iron which were absorbed on the kaolinite
particles. The results from these calculations, for
unaged or aged FeCl

3
, are reported in Fig. 12. It

appears that the amount of iron adsorbed on kaolinite
particles increased with the initial iron concentration,
both with unaged and aged FeCl

3
. It also increased

significantly with the pH, for initial unaged FeCl
3

concentrations of 3.3 and 10 mM (Fig. 12a). On the
other hand, the pH had a very moderate influence in
the case of aged FeCl

3
(Fig. 12b).

The previous results obtained by atomic absorption
analysis of the liquid in the clay suspensions, were
consistent with TEM observations of the surface of
kaolinite particles mixed with unaged FeCl

3
. As

shown in Fig. 13a, small spherical particles were de-
posited on the surface the clay particles, and in some
places, these small spheres eventually merged to cover
the kaolinite particles with a thin film. EDX analysis
of the small spherical particles showed they were com-

posed of an iron compound (Fig. 13b).

2943



As indicated previously, a fine suspension formed in
the aged FeCl

3
solutions before mixing in the clay

suspensions. The particles in these suspensions formed
various agglomerates after separation by centrifugation
and drying. A powder X-ray diffraction analysis of
these aggregates showed they were mostly composed
a

particles.

of akaganéite FeOOH, mixed with other iron com-

2944
pounds such as haematite Fe
2
O

3
(Fig. 14a). The app-

roximate atomic composition according to EDX anal-
ysis in the SEM, was [Fe]+36 at%, [Cl]+60 at%,
[O]+4 at%.

The deposits made from hydroxoferric particles
were observed in the TEM in the case of montmoril-

lonite suspensions. These hydroxoferric particles had
Figure 13 (a) Transmission electron micrograph of the iron material deposited on kaolinite particles, in sediments made with 10 mM unaged
FeCl

3
at pH 9.5; (b) EDX analysis of the small spherical iron particles.

Figure 14 X-ray diffraction patterns (CuK , nickel-filtered) of the precipitates (a) from an aged FeCl solution, (b) from hydroxoferric

3



Figure 15 Transmission electron micrographs of the hydroxoferric particles deposited on montmorillonite particles, in sediments made from

1% sodium montmorillonite suspensions mixed with (a) 0.125% (by mass) of hydroxoferric particles, at pH"2, (b) 0.125% by mass of

o
hydroxoferric particles, at pH"9.5, (c, d) 0.5% (by mass) of hydrox

a characteristic which was termed ‘‘pepper-like’’ by
Ohtsubo et al. [8] (Fig. 15). The X-ray diffraction
patterns showed they were mostly composed of
akaganéite b-FeOOH (Fig. 14b), in agreement with
Ohtsubo et al. [8]. No obvious differences were ob-
served in the packing pattern of these akaganéite par-
ticles on the face of the montmorillonite particles,
in relation to the distance from the edge of a particle
(Fig. 15). At low hydroxoferric particle content (0.125
mass%), these particles tended to form some aggreg-
ates on the faces of the montmorillonite particles. At
a higher hydroxoferric particles content (0.5 mass%),
a more uniform coverage of the montmorillonite par-
ticles occurred.

The influence of hydroxoferric particles on mont-
morillonite suspensions is well illustrated by the rheol-
ogy of these suspensions. An example of a flow curve is
shown in Fig. 16a. The Bingham yield stress was
determined for an increasing shear rate and the data
are reported, as a function of pH, in Fig. 16b. As the
hydroxoferric particles content increased up to 0.5%
(by mass), a stronger Bingham yield stress developed
near pH"6, that is, close to the zero point of charge
(z.p.c.) of the various hydroxoferric minerals [12]. The
Bingham yield stress decreased at low pH values
(i.e. pH 4 and 2) far from the z.p.c. of hydroxoferric
particles. At a lower hydroxoferric particle content, the

yield stress was a complex function of the electrostatic
ferric particles, at pH"2.

Figure 16 (a) Typical flow curve of a 1% (by mass) sodium mon-
tmorillonite suspension mixed with 0.5% (by mass) of hydroxoferric
particles at pH"6; (b) Bingham yield stress q

B
as a function of the

pH, for 1% sodium-montmorillonite suspensions mixed with differ-

ent hydroxoferric particles proportions.
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properties of both these hydroxoferric particles and
the clay particles.

4. Discussion
According to the scanning electron micrographs of
kaolinite and montmorillonite sediments mixed with
aluminium or iron electrolytes, obtained after super-
critical-drying with CO

2
and reported in previous

studies [1, 13], the packing of clay particles was more
dense in the accumulated sediments than in the floc-
culated sediments. In the flocculated sediments, fractal
flocs had formed, while a uniform packing occurred in
the accumulated sediments.

From the present data on zeta potential sedimenta-
tion, diagrams very similar to the actual sedimenta-
tion diagrams could be derived. Those diagrams built
from the zeta potential only depended on the absolute
value of this zeta potential. A comparison of the two
types of diagrams, shows that accumulation corre-
sponded to a high absolute value of the zeta potential,
i.e. DfD'15 mV for kaolinite and DfD'22 mV for
montmorillonite. In such conditions, the repulsion
between clay particles was high, so that these par-
ticles settled individually under gravity. Hence, a sedi-
ment was formed by random accumulation of clay
particles.

On the other hand, flocculation of the clay particles
corresponded to a lower absolute magnitude of the
zeta potential, i.e. DfD(10 mV for kaolinite DfD(22 mV
for montmorillonite. Under such conditions, the
electrostatic repulsion between clay particles was
lower than previously, so that these particles could
aggregate in open flocs. These flocs joined to each
other in order to form a single flocculated sediment.
Hence, flocculation sedimentation occurred. Because
kaolinite particles were thicker than montmorillonite
particles, according to the scanning electron micro-
graphs, mixed accumulation—flocculation occurred at
intermediate values of the zeta potential, i.e. for
10 mV(DfD(15 mV, with kaolinite.

Overall, it can be concluded that the flocculation
and sedimentation of clay particles, when the initial
clay particles carry negative charges on both their
edges and faces, is in agreement with the electrostatic
stabilization theory. That is, the type of sedimentation
behaviour can be predicted from the value of DfD.

Another problem is to relate the value of DfD to the
nature and concentration of iron additives. Although
this was not the objective of the present study, some
comments can be made according to the characteriza-
tions reported here.

The behaviour of Fe3` electrolytes in an aqueous
medium was summarized by Henry et al. [14] and by
Livage et al. [15]. These electrolytes undertake com-
plex chemical transformations through reactions of
complexation, hydrolysis and condensation. Low pH
((4) aqueous solutions are known to contain the
hydroxylated monomer species [Fe(OH

2
)
6
]3` and

[Fe(OH)(OH
2
)
5
]2` and the dimer species [Fe

2
(OH)

2
(OH

2
)
8
]4`. The compound lepidocrocite c-FeO

(OH) precipitates at room temperature. Intermediate

pH solutions (4(pH(6) are known to contain the
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monomer species [Fe(OH)
2
(OH

2
)
4
]` at room tem-

perature. Such monomers condense to polycations
which have the mean composition [Fe

4
O

3
(OH)

4
]2n`
n

with n"25. Small spheres about 2—4 nm diameter
grow from these polycations and they are responsible
for giving a brown—red colour to the colloidal solu-
tion. Upon ageing, or if a base is added to the solution,
these polycations aggregate so as to form either b-
FeO(OH) also known as akaganéite, or a-FeO(OH)
needles also known as goethite. The product which is
formed depends on the nature of the anions. In turn,
these FeO(OH) compounds can induce the phenom-
enon of gelation. At high pH ('6), the main mono-
meric species which is found in solution is
[Fe(OH)

3
(OH

2
)
3
]0. From this monomer, a-FeO(OH)

precipitates at pH'10. The anions from the Fe3`
electrolytes participate in the complexation of these
iron species and they may change the nature of the
solid products which precipitate. As an example,
chloride anions are known to favour the formation of
the intermediate product Fe(OH)

2.7
Cl

0.3
in the range

1.8(pH(3.1, from which b-FeO(OH) needles
precipitate [16].

Overall, the present analysis of iron deposits by X-
ray diffraction, TEM and EDX, are consistent with
the behaviour of iron electrolytes in solution, as sum-
marized above. Akaganéite spindle particles were the
main iron products, as well as small spherical iron
compound particles with unaged FeCl

3
solutions.

The Fe3` hydrolysis complexes which remained in
solution acted as counterions, in the electrical double
layer of negatively charged clay particles. This is con-
sistent with the fact that flocculation occurred by
adding Fe3` electrolytes, which compressed the elec-
trical double layer surrounding the clay particles, both
with kaolinite (Figs 3 and 4) and montmorillonite
(Figs 6 and 7). On the other hand, when the iron
content was too high, the electrical double was even
more compressed, so that dense clay aggregates,
instead of open flocs, were formed, and accumulation
of dense aggregates occurred with kaolinite (Figs 3
and 4). The fact that dense aggregation for a higher
iron content was not observed with montmorillonite,
could be explained by a different nature of the faces of
montmorillonite and kaolinite particles. First, the
kaolinite particles were very flat, and most impor-
tantly the montmorillonite particles were curled. Sec-
ondly, these surfaces can react differently to adsorb
the iron complexes from the solution, which addresses
a second role of iron in the present results.

The hydrolysis products from the Fe3` electrolytes,
as well as the hydroxoferric particles, strongly interac-
ted with clay. A first interaction, as suggested by
Thomas and Swoboda [17], is that some Fe3`
cationic complexes may have exchanged for Na` in
the clay. A second more important interaction, as
shown by Blackmore [9], is that these Fe3` hydrolysis
products can deposit on the clay particles and estab-
lish strong links between them. Rengasamy and Oades
[18, 19] used the techniques of ultrafiltration and
dialysis to separate the polycations from the mono-
mers in hydrolysed Fe3` nitrate solutions. They found

that the polycations chemisorbed on the OH~ groups



of the clay particles faces. Hence they strongly modi-
fied the electric charges on these particles faces, and
they eventually reverted their sign, from negative to
positive. They also were responsible for the floccula-
tion of clay. Our zeta potential data are in agreement
with these reports. Iron deposits composed of small
spheres, on the faces of clay particles, are shown in
Fig. 13, and similar results were also reported by
Oades [20].

Blackmore [9] reported that early iron hydrolysis
products are necessary to establish strong bonds be-
tween clay particles. However, he also found that the
strongest bonds were achieved when a mixture of early
hydrolysis products and of aged gelatinous iron was
added to a clay suspension. In the present study, from
a comparison between the sedimentation diagrams
of kaolinite mixed with unaged and aged FeCl

3
,

(Figs 3 and 4) it is apparent that the field of conditions
(pH, iron concentration) where flocculation occurred,
was enlarged with aged FeCl

3
, which is consistent

with the results of Blackmore.
Moreover, the difference between the sedimentation

diagrams of montmorillonite with unaged FeCl
3
, aged

FeCl
3

and hydroxoferric particles (i.e. akaganéite par-
ticles), is minor. Hence, it can be argued that hy-
droxoferric particles are very important to ensure
a good bonding between the clay particles. This is
confirmed by the data on Bingham yield stress of
montmorillonite mixed with hydroxoferric particles
and the data on iron adsorbed on the clay particles
from aged and unaged FeCl

3
. The amount of iron

adsorbed on the clay particles increased with the con-
centration of FeCl

3
in the suspension (Fig. 12).

The Bingham yield stress of montmorillonite sedi-
ments mixed with hydroxoferric particles shows
a maximum at pH"6 for the highest hydroxoferric
content in the present study (Fig. 16b). This result is
consistent with known data on the z.p.c. of hy-
droxoferric particles, which are in the range pH 7—9,
depending on the exact mineral form [12, 21]. When
the pH of a montmorillonite suspension was close to
this range, it can be assumed that the hydroxoferric
particles could aggregate with each other, even after
being deposited on the faces of the clay particles.
Hence a heterogeneous iron gel cement bonded the
clay particles. On the other hand, far from the z.p.c.
range of hydroxoferric particles, such as for instance at
pH"12, the upper part of a clay sediment had a more
intense brown coloration than the lower part of the
sediment. This observation can be interpreted by
a slower flocculation kinetics of the hydroxoferric
particles, by comparison with the montmorillonite
particles. That is, montmorillonite flocs and hy-
droxoferric flocs had partly settled independently and
concurrently.

Similar results were obtained by Yong and Ohtsubo
[22]. However, these authors considered that the iron
compounds had built an independent gel network,
entrapping the clay particles. In the present study, the
clay was in much higher proportion than the iron
products and the scanning electron micrographs es-
sentially showed kaolinite or montmorillonite par-

ticles, linked to each other. Hence we conclude the
iron gel only ensured a linkage between the clay par-
ticles. This coating effect and the resulting linkage
between clay particles is well illustrated in Fig. 11,
where the data on Bingham yield stress and zeta
potential are combined, for montmorillonite mixed
with hydroxoferric particles.

5. Conclusion
The aggregation and sedimentation behaviour of kao-
linite particles initially treated to only carry negative
electric charges, and of sodium-montmorillonite,
mixed with iron additives, can be explained in terms of
the absolute value of their zeta potential. A high abso-
lute value of the zeta potential leads to random accu-
mulation of the particles. A lower absolute value of the
zeta potential leads to an aggregation of the clay
particles in fractal flocs. The iron additives play an
important role in a floc, to modify the zeta potential of
the clay potential, and to ensure a reasonable linkage
between the clay particles.
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