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a b s t r a c t

Interfacial chemistry and particle interactions of aqueous muscovite dispersions have been investigated
in the pH range 2–9. Particle zeta potential, reflecting interfacial chemistry, indicated a strong pH-history
and solid loading dependency. Pristine particles’ zeta potentials measured from high to low pH indicated
an isoelectric point (iep) at ∼pH 4.5. Subsequent measurements from low to high pH showed differing
electrokinetic potentials with iep shift to higher pH values, the extent of which depended upon particle
volume fraction and aging time. Dispersion shear yield stress analysis revealed similar pH-history and
solid loading dependency. Incongruent leaching was observed to be responsible for the interfacial chem-
nterfacial chemistry
article interactions
heology
eaching

istry change and rheological behaviour. Upon decreasing pH from 9 to 2, considerable leaching of the
key elements in muscovite, Al(III), Si(IV), K+ and Fe(III), occurred. The species concentrations decreased
dramatically upon subsequent pH increase to higher values due to their hydrolysis and specific adsorp-
tion. Dispersion shear yield stresses recorded from high to low pH sweep were pH-independent. Similar
measurements from low to high pH values, however, showed a strong pH-dependency, with maximum

he in
comp
yield values at the ieps. T
behaviour, showed good

. Introduction

Due to their ubiquitous nature, clay minerals exert significant
nfluence in a number of hydrometallurgical processing opera-
ions including uranium and copper leaching [1], precipitation and
aste tailings dewatering [2–4]. The association of clay minerals

uch as muscovite with other ore phases as middling or liberated
articles invariably presents intractable challenges which have a
triking impact on concentrated mineral dispersions’ particle inter-
ctions, flow behaviour, flotability, “pumpability”, filtration and
hickening processes, etc. Muscovite (ideally, KAl2(AlSi3O10)(OH)2),
ometimes referred to as sericite, is one of the layered mica group
lay minerals with a 2:1 structure. The crystal structure comprises
n Al–O–Al octahedral (O) layer sandwiched between two Si–O–Al
etrahedral (T) layers. Substitutions of lattice Si4+ by Al3+ in the
etrahedral layer and Fe3+ or Mg2+ and Ca2+ for Al3+ in the octa-
edral layer which invariably occur, results in a permanent net
egative charge on the basal surfaces. The charge deficiency is com-

ensated for by interlayer cations such as K+ and Na+ adsorbed
etween the TOT sheets, fitting closely into the hexagonal holes
f the Si–O–Al sheet. The interlayer cations (e.g. K+) strengthen
he bonding between basal planes of TOT sheets, which are nor-

∗ Corresponding author. Tel.: +61 8 8302 3673; fax: +61 8 8302 3683.
E-mail address: jonas.addai-mensah@unisa.edu.au (J. Addai-Mensah).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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terfacial chemistry and particle interactions, both displaying bifurcation
liance with DLVO theory.

© 2009 Elsevier B.V. All rights reserved.

mally held by attractive van der Waals forces, through the attractive
electrostatic interactions [5]. These forces, consequently, render
muscovite particles non-swelling in aqueous environments. Mus-
covite acquires hydrophilic character as a result of the aluminol
groups (–AlOH) exposed at its edge surfaces. Despite the fact that
muscovite is widely used in electronics and industrial applications,
in the mining and minerals industry, it constitutes a non-valuable
gangue mineral when associated with other desired minerals of
higher economic value (e.g. copper, gold, uranium and platinum
group).

During clay minerals processing in aqueous media at a given
pH, the particle size, shape and surface characteristics together
with the presence of hydrolysable metal ions play a pivotal role
in defining the overall particle interactions in the dispersions [2,3].
The interplay between interfacial chemistry and mineral particles
interactions in regulating the net interactions energy potential and
hence, colloid stability and rheology at certain pulp pH values has
been widely investigated [2–14]. To date however, there is still a
dearth of knowledge and understanding of the nature of the interfa-
cial chemistry and particle interactions displayed by concentrated
dispersions of the various isomorphously substituted mica group

clay minerals such as muscovite, under certain industrially rele-
vant processing conditions. For a given pH and temperature ranges,
whether or not a given muscovite clay dispersion displays shear
thinning or thickening behaviour, is not predictable from the pris-
tine particle surface chemistry, solution speciation and supernate

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:jonas.addai-mensah@unisa.edu.au
dx.doi.org/10.1016/j.cej.2009.05.001


neerin

i
e
d
a
c
c
a
l
[

p
p
v
2
i
c
T
s
p
a
o
s
a
l
i

2

2

p
B
p
l
3
fi
s
K
e
fi
t
t
k
1
t
u
z
w
a
c
a
d

2

o
d
D
n
t
t
d
l

A. Nosrati et al. / Chemical Engi

onic strength. As muscovite may leach or dissolve in an aqueous
nvironment, pH- dependent hydrolytic and oxolation reactions of
issolved products (e.g. Al(III), Fe(III), Si(IV)) and their subsequent
dsorption and precipitation onto particles’ surface can signifi-
antly change the underlying interfacial properties [14]. Under
ertain processing conditions, the prevailing clay pulp chemistry
nd particle interactions may lead to unexpected, intractable rheo-
ogical (e.g. high yield stress) issues and dewaterability challenges
2–4].

Of particular interest in the present work is the influence of
H-mediated pulp interfacial chemistry on particle interactions
revailing in dilute and concentrated (8–65 wt.% solid or 0.03–0.4
olume fraction), aqueous dispersions of muscovite at pH range
–11. Specifically, the effect of pH and its history, multivalent metal

ons which leach into the supernatant and aging time on interfa-
ial chemistry and rheology is systematically investigated at 25 ◦C.
o quantify the interfacial chemistry, particle zeta potential mea-
urements were conducted at different pH values. The concomitant
article interactions were characterised via dispersion flow curves
nd shear yield stress measurements. The properties and behaviour
f the muscovite investigated herein are pivotal to a number of
eparation processes in the minerals industry, including hydromet-
llurgical value mineral (e.g. uranium, gold and copper) extraction,
each and flotation tails dewatering and environmental waste min-
mization.

. Experimental methods

.1. Materials

Polydispersed muscovite particles (Geological Specimen Sup-
lies, Australia) were used in this work as received. The particle
ET surface area was 12.7 m2/g and the 10th, 50th and 90th
ercentile particle sizes, D10, D50 and D90, determined by

aser diffraction (Malvern Mastersizer X, Malvern, UK) were
, 30 and 140 �m, respectively. X-ray powder diffraction con-
rmed the high crystallinity of the sample whilst XRF analysis
howed the oxide components to be SiO2 (47%), Al2O3 (31.8%),
2O (10%) and Fe2O3 (3.6%) and Mn, Mg and Ca as trace
lements. Electron microprobe (CAMECA SX51) analysis con-
rmed K0.91Na0.07(Al1.82Fe3+

0.14Mg0.08)(Al0.93Si3.07O10)(OH)2 to be
he exact crystal structure. Dispersions with different solid con-
ents (8–65 wt.%) were used. They were prepared by adding a
nown mass of dry muscovite particles to a known mass of
0−3 M KNO3 solution used as background electrolyte. Concen-
rated KOH (Chem-Supply) and HNO3 (Scharlau Chemie) were
sed to control and adjust the pH of fresh dispersions during
eta potential and shear yield stress measurements. Dispersions
ere homogenized by mixing for 10 min using overhead stirrer

t 600 rpm before altering pH. High purity Milli-Q water (specific
onductivity < 0.5 �S cm−1, surface tension at 20 ◦C of 72.8 mN m−1

nd pH of 5.6) was used for preparation of all solutions and
ispersions.

.2. Zeta potential measurements

For interfacial chemistry characterization, the zeta potential
f particles in low (8 wt.%) and high (50–57 wt.%) solid content
ispersions were determined with an Acoustosizer II (Colloidal
ynamics Inc., Australia). This instrument measures the electroki-

etic sonic amplitude (ESA) of particles in dispersion and converts it
o dynamic mobility. The zeta potential was then determined from
he dynamic mobility using the Smoluchowski model [15]. Fresh
ispersions were made and their pH decreased from high (∼9) to

ow (∼2) and the zeta potential measured at different pH values.
g Journal 152 (2009) 406–414 407

For each new pH value, the samples were allowed to equilibrate for
5 min prior to data acquisition.

2.3. Rheological measurements

For rheological studies, dispersions with solid contents in the
range of 50–65 wt.% were used. Flow curves and low shear yield
stress values (<20 Pa) for dispersions were determined using a
couette concentric rheometer (Haake RV1), whilst the higher
shear yield stresses (>20 Pa) were measured by the vane tech-
nique (Haake VT550). The advantage of the latter technique is the
minimised slip between the sample and the instrument fixture
[16,17], giving a more accurate yield value particularly for struc-
tured dispersions (shear yield stress >20 Pa) [18–20]. For indirect
shear yield stress measurements, the shear rate was increased
from 0 to 1000 s−1 and back to 0 over a 200 s period while
shear stress measured continuously as a function of shear rate.
As the dispersions showed a non-Newtonian, Bingham plastic
behaviour, the shear yield stresses were estimated by extrapola-
tion of the linear part of the flow curves using the Bingham plastic
model:

� = �B + �B�̇ (1)

where � and �B are the shear stress and Bingham shear yield stress
(Pa), respectively, �P is the plastic viscosity (Pa s) and �̇ is the
shear rate (s−1). For direct yield stress measurements, the vane was
immersed in 0.2 dm3 dispersion and rotated at constant slow rate
(� = 0.021 s−1) and the yield stress estimated from the maximum
torque (Tm) attained using following equation:

Tm = �D3

2

(
H

D
+ 1

3

)
�y (2)

where D and H are the vane diameter and height (m), respectively
and the units of Tm and �y are N m and Pa, respectively. To investi-
gate the compliance of the particles interactions with DLVO theory
[21,22], the elastic floc model [23,24] was applied on the basis that
a linear relation between measured shear yield stress and square
of zeta potential will be observed if DLVO forces were dominant:

�y = 1
20r�s�̇

(
Ah

12d2
1

+ B(d1)�2

)
(3)

where �y (or�B) is shear yield stress (Pa), Ah is Hamaker constant
(J), �̇ is the shear rate, d1 is interparticle separation distant (m), r
is the particle radius (m), �s is the suspension viscosity (Pa s), B(d1)
is a fitting constant which is negative in value and dependent on
the elasticity of the interparticle bonds and � is the particle zeta
potential (V).

2.4. Aging behaviour

Dispersions with 8 and 57 wt.% solid contents were prepared
and their pH decreased from the pristine value (∼pH 9) to pH 2 or 3
and then increased to the initial value after a fixed period of aging
(5 min or 1 h). Both the particle zeta potential and shear yield stress
of the dispersion were recorded at selected pH values. At each pH
unit, dispersions were allowed to equilibrate for 5 min before the
measurements were performed and an aliquot of suspension taken
for solid-supernatant separation by centrifugation. The resulting

supernatants were analysed by inductively coupled plasma (ICP)
for speciation. To achieve good reproducibility of results, all rheo-
logical, zeta potential and aging measurements were replicated at
least three times and the pure errors determined and reported at
95% confidence interval.
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concentrations profile of leached Al(III), Si(IV) and Fe(III) species in
ig. 1. Particle zeta potential of 8 and 57 wt.% solid muscovite dispersions in 10−3 M
NO3 as a function of pH solution. The arrows indicate the direction of pH sweep.

. Results and discussion

.1. Zeta potential and dissolution

Particle zeta potential of 8 wt.% (0.03 vol. fraction) and 57 wt.%
0.03 vol. fraction) solid dispersions as a function of pH in 10−3 M
NO3 solution was measured by first decreasing the pH from ∼pH
to 3 and then systematically back to pH 10 are shown in Fig. 1.

he data show that the electrokinetic potentials were negative
n the neutral to alkaline pH range, the magnitude of which was
airly low and, decreased with decreasing pH. An isoelectric point
iep) or first point of charge reversal (CR1) is indicated at ∼pH
.5, which is in good agreement with reported data [25]. Upon a
urther decrease of pH, the particles become positively charged.
he zeta potential and iep for both 8 and 57 wt.% solid disper-
ions are substantially the same for pH change from 9 to 3. The
nitial negative electrokinetic potential of the particles is largely
ttributed to the permanent, negative charge of the isomorphously
ubstituted clay mineral basal faces [14,15,26], and the depro-
onated silanol and aluminol groups at the pH-dependent edge
aces. Decreasing the pH from 9 to 3, particle surface protonation,

ainly of the edge surface hydroxyl groups, occurs [15] and hence,
he magnitude of negative electrokinetic potential of the particles
ecreased.

In return pH sweep, as the dispersion pH was raised from 3 to 10,
he particles displayed significantly different zeta potentials. This
eflected in a bifurcation and noticeable shift of the iep to a higher
H value (CR2). The magnitude of zeta potential first increased to
maximum at pH 4–4.5, before decreasing monotonically with

ncreasing pH. Furthermore, the extent of the pH-mediated elec-
rokinetic potential change is noted to be dispersion solid content
ependent. The higher the solid volume fraction the greater the
ifurcation effect and larger iep shift to higher pH. These obser-
ations are in good agreement with previous studies [4,14,27] and
uggest that an irreversible interfacial phenomena were occurring
t the particle–solution interface. This behaviour may be ascribed to
he effect of multivalent metal ions (e.g. Al(III)) leaching in the acidic
H range, subsequent hydrolysis and specific adsorption onto the
urfaces of the muscovite particles with increasing pH [4,14,27,28].

Complementary solution speciation analysis performed at var-
ous pH values, confirmed the presence and disappearance of
issolved Al(III), Si(IV) and Fe(III) ions with decreasing and increas-

ng dispersion pH, respectively (Figs. 2 and 3). These data also show

ignificant leaching of K+ ions with decreasing pH. However, since
OH solution was used to increase the dispersion pH, exact trend

ollowed by the concentration of K+ ions could not be deconvoluted
ith increasing pH. The use of NaOH to modify the pH and assess the
Fig. 2. Concentration of Al(III), Si(IV), Fe(III) and K ions leached into solution from
muscovite dispersions in 10−3 M KNO3, measured with ICP. For both 8 wt.% (A) and
57 wt.% solid (B) dispersions the pH decreased from ∼9 to 2.

behaviour of the K+ ions with pH increase from 3 to 10 is currently
under investigation.

Fig. 2(A) and (B) suggests that the concentrations of the main
constituent elements in muscovite particles that leached were sub-
stantially proportional to the pulp solid content. Upon increasing of
solid content from 8 to 57 wt.%, the concentration of leached species
increased by ∼8 times. For the 8 wt.% solid dispersions (A) at pH 2,
the pulp was allowed to age 1 h longer before increasing the pH. The
resulting data points are indicated as the two highest concentra-
tions (at pH 2), indicating that the dissolution rate after an initially
fast regime was practically insignificant over a longer time. The data
also suggest that above pH 3, the leach of interlayer K+ ions from
the muscovite structure occurs more readily in comparison with the
covalently bonded Al(III) and Si(IV) lattice ions. Furthermore, sig-
nificant variation is observed in the elemental concentrations with
pH, in particular between Al(III) and Si(IV) which have quite similar
atomic concentrations in the initial crystal lattice. The maximum,
molar concentrations of Al(III), Si(IV) and Fe(III) species observed at
pH 2 are 4.44 × 10−2, 2.14 × 10−2 and 1.81 × 10−3 M, respectively, for
8 wt.% solid content and 4.11 × 10−1, 1.54 × 10−1 and 1.43 × 10−2 M,
respectively, for the 57 wt.% solid dispersion. This trend is indicative
of incongruent leaching behaviour and highlights the fact that the
both the octahedrally and tetrahedrally coordinated lattice Al(III)
ions leaches out more rapidly than the tetrahedrally coordinated
Si(IV) species [14,29].

The links between pulp chemistry and dispersion’s electroki-
netic behaviour, specifically the probable reasons for observed
bifurcations, were investigated as delineated below. The complete
the high to low and low to high pH sweeps are shown in Fig. 3 for
both 8 wt.% (A and B) and 57 wt.% (C and D) solid dispersions. The
data are consistent with the general observation of species leaching
from the muscovite particles at low pH, followed by hydrolysis and
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ysis reactions and products detailed in Table 1, using the reported
ig. 3. Concentration of Al(III) and Si(IV) species leached into solution from musc
ispersion pH was initially decreased from ∼9 to 2 and then returned to pH 9.

pecific adsorption or even precipitation onto the pulp particles as
H is increased to higher values [14,30–33]. Analysis of the effect
f aging time and pH on the zeta potential is presented in Fig. 4 for
easurements at pH 2 and 3 with 1 h aging. The results indicate

hat the lower pH value or the longer aging time at similar low pH
alue, the greater the impact on particle zeta potential in terms of (i)

he magnitude of maximum zeta potential observed at ∼pH 4 and
ii) the shift of the second point of charge reversal (CR2). In Fig. 4
t is shown that after 1 h aging at pH 2, the particles display an iep
CR2) similar to that of gibbsite (Al(OH)3). To completely elucidate

ig. 4. Particle zeta potential of 8 wt.% muscovite dispersions in 10−3 M KNO3 as a
unction of pH and aging time. pH was decreased from 9.3 to 3 (5 min aging ( ),
nd aged for 1 h at pH 3 (�)) and from 9 to 2 (5 min aging ( ), and aged for 1 h
t pH 2 (�)) and then all returned to 10 (as indicated by the arrows). The unfilled
ymbols represent the same samples during forward pH sweep from high to low pH.
iamonds (�) show the zeta potential for pure gibbsite in pH range 7.5–9.5.
dispersions at 8 wt.% (A and B) and 57 wt.% solid (C and D) in 10−3 M KNO3. The

the trends displayed in Fig. 4, the data in Fig. 3(A) and (B) must be
reconciled with pH-speciation changes described in Figs. 5–7.

The equilibrium solubility, calculated speciation and hydrolysis
products of Al(III), Si(IV) and Fe(III) ions are shown in Figs. 5–7,
respectively. The calculations were based on the principal hydrol-
solubility and hydrolysis constants [30]. Figs. 5A, 6A and 7A pre-
dict that the equilibrium solubility of either Al(III), or Si(IV) and
Fe(III) species due to the solid phases indicated increase exponen-

Table 1
Principal hydrolysis reactions, products and stability constants for Al(III), Si(IV) and
Fe(III) ions.

Aqueous Al(III), Si(IV) and Fe(III) speciation K log10 K

Al(OH)3(s) + 3H+ ↔ Al3+ + 3H2O KS0 9.58
Al3+ + H2O ↔ Al(OH)2+ + H+ K1,1 −5.47
Al3+ + 2H2O ↔ Al(OH)2

+ + 2H+ K1,2 −10.28
Al3+ + 3H2O ↔ Al(OH)3 + 3H+ K1,3 −16.08
Al3+ + 4H2O ↔ Al(OH)4

− + 4H+ K1,4 −23.66
2Al3+ + 2H2O ↔ Al2(OH)2

4+ + 2H+ K2,2 −7.7
3Al3+ + 4H2O ↔ Al3(OH)4

5+ + 4H+ K3,4 −13.43
13Al3+ + 28H2O ↔ Al13O4(OH)24

7+ + 32H+ K13,24 −104.38
SiO2(s, quartz) + 2H2O ↔ Si(OH)4 KS0 −4
Si(OH)4(aq) ↔ SiO(OH)3

− + H+ K1,1 −9.21
Si(OH)4(aq) ↔ SiO2(OH)2

2− + 2H+ K1,2 −20.97
4Si(OH)4(aq) ↔ Si4O6(OH)6

2− + 4H2O + 2H+ K4,2 −11.12
4Si(OH)4(aq) ↔ Si4O8(OH)4

4− + 4H2O + 4H+ K4,4 −29.32
�-FeO(OH)(s) + 3H+ + H2O ↔ Fe3+ + 3H2O KS0 1.173
Fe3+ + H2O ↔ Fe(OH)2+ + H+ K1,1 −2.77
Fe3+ + 2H2O ↔ Fe(OH)2

+ + 2H+ K1,2 −6.42
Fe3+ + 3H2O ↔ Fe(OH)3 + 3H+ K1,3 −12.67
Fe3+ + 4H2O ↔ Fe(OH)4

− + 4H+ K1,4 −21.95
2Fe3+ + 2H2O ↔ Fe2(OH)2

4+ + 2H+ K2,2 −2.63
3Fe3+ + 4H2O ↔ Fe3(OH)4

5+ + 4H+ K3,4 −5.79
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Fig. 5. Calculated equilibrium solubility and speciation (A) and fractional abundance
in (B) 0.1 M Al(III) and (C) 0.001 M Al(III), with the distribution of various species: Al3+
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Fig. 6. Calculated equilibrium solubility and speciation (A) and fractional abundance
in (B) 0.1 M Fe(III) and (C) 0.001 M Fe(III), with the distribution of various species:
), Al(OH)2+ ( ), Al(OH)2
+ ( ), Al2(OH)2

4+ ( ), Al3(OH)4
5+ ( ), Al13O4(OH)32

7+

♦), Al(OH)3 (�), and Al(OH)4
− (©) as a function of pH at I = 1 M and 25 ◦C; the heavy

urve in A is the total concentration of Al(III).

ially with decreasing pH from neutral to acidic values at 25 ◦C.
he solubilities also increase sharply with increasing pH in alka-

ine solutions. This is in good agreement with the data shown in
ig. 3 where all the dissolved species concentrations increase dra-
atically with decreasing pH <5. The speciation and distribution of

ydrolysis products as a function of pH are shown in Figs. 5–7(B)
nd (C). The data clearly indicate that, depending upon the total
pecies concentration in solution, Al3+ and Fe3+ ions may begin to
ydrolyse at pH 3–4 and 1–2, respectively. The higher the species

onic strength, the lower the pH at which the hydrolysis begins.
or Si(IV) however, monomeric Si(OH)4 species prevail in the pH
ange 1–6, after which hydrolysis begins (pH 6.5–7.5). The decrease

n ionic concentration of Al(III), Si(IV) and Fe(III) with pH increase
s consistent with specific adsorption of the individual hydroly-
is complexes, and their combinations thereof, onto the surface of
he muscovite particles in suspension, as may be predicted from
Fe3+ ( ), Fe(OH)2+ ( ), Fe(OH)2
+ ( ), Fe2(OH)2

4+ (©), Fe3(OH)4
5+ (♦), Fe(OH)3 (

), and Fe(OH)4
− (�) as a function of pH at I = 1 M and 25 ◦C; the heavy curve in A is

the total concentration of Al(III).

the James and Healy model [28]. The greater the adsorbed elec-
tropositive complex coverage is, the larger the shift of the iep (CR2)
to higher pH values. The extent of iep shift correlates positively
with the maximum particle zeta potential which is observed at pH
4.0–4.5. Both parameters increase monotonically with increasing
solution hydrolysable species concentration.

A plethora of electropositive Al(III) and Fe(III) complexes which
form at specific pH values together with the Si(OH)4 species
may interact and form various complexes in dynamic equilibrium
within the pH range 3–7. For instance, the formation of hydrox-
yaluminosilicates complexes due to polycondensation reactions
between the silicic acid and Al(III) species in acidic and alka-
line solutions [34], used to produce zeolitic compounds, is well

known. Furthermore, the concentration of Al(III), Fe(III) and Si(IV)
species in solution leached from muscovite are all indicated to
exceed the equilibrium solubilities of pure silica and metal hydrox-
ides displayed in Figs. 5–7(A). Hence, following their hydrolysis
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ig. 7. Calculated equilibrium solubility and speciation (A) and fractional abundance
n (B) 0.1 M Si(IV) and (C) 0.001 M Si(IV), with the distribution of various species:
i(OH)4 ( ), SiO(OH)2

− ( ), SiO2(OH)2
2− ( ), Si4O6(OH)6

2− ( ) and Si4O8(OH)4
4−

�) as a function of pH at I = 3 M and 25 ◦C.

hese supersaturated species are both thermodynamically and
inetically predisposed to adsorb, polycondense, surface nucle-
ted and precipitate as secondary mineral phases at muscovite
olid residue surfaces. The reduction in species concentration in
olution with pH increase from 2 to 5 concurs with this obser-
ation. Optically clear supernatants obtained by centrifugation of
lurry samples removed during pH increase from 2 or 3 to 10 pro-
uced colloidal precipitates, the amount and colour of which was
H-dependent.

It may be concluded from the systematic shift of the iep to
igher pH values upon pH increase that the muscovite particles
ere coated with Al(III), Si(IV) and Fe(III)-containing surface lay-

rs to a differing extent. The greatest iep shift occurring at pH 10 is

imilar to that of colloidal gibbsite (�-Al(OH)3) and falls within the
eported iep range (pH 9.0–10.5) of gibbsite and alumina (Al2O3)
8,31,35]. This, thus, confirms that the interfacial layer was alu-

inium hydr(oxide) like in character, following intense leaching
f muscovite at low pH 2 and subsequent increase of pulp pH to
Fig. 8. Typical flow curves of 57 wt.% solid muscovite dispersion in 10−3 M KNO3 at
three different pH values.

higher value. The interfacial chemistry and concomitant particle
interactions may be probed in the following rheological and zeta
potential investigations.

3.2. Particle interactions: rheology

3.2.1. Typical flow curves
Fig. 8 shows the typical flow curves of 57 wt.% solid dispersion

at pH 8, 7 and 5 where the particles experiencing high, moderate
and no zeta potential, respectively. An approximately Newtonian
behaviour is displayed at close to pristine pH (8–9) conditions.
However, a non-Newtonian Bingham plastic behaviour is observed
as the pH is decreased, the extent of which accentuated with
decreasing pH from 8 to 5. This is consistent with electrokinetic
potential data at the same pH values, showing the direct effect
of particle zeta potential on particle interactions. As the iep is
approached, the repulsive electrical double layer interactions are
minimized. The predominance of attractive van der Waals forces
between the particles leads to the emergence of a yield value upon
application of a shear stress.

3.2.2. Effect of pH and solid content
Shear yield stress was measured for muscovite dispersions in

10−3 M KNO3 solution, as a function of pH, solid content and dif-
ferent pH histories (from high to low and then low to high pH).
Fig. 9(A) for solid contents in the range 55–65 wt.% (equivalent to
0.03 vol. fraction) indicates a gel point around 60 wt.% above which
a step change in particle networking occurs and the pulp structure
strength is dramatically amplified. It is observed that when the pH is
decreased from 7 to 5 and 3, the dispersions yield stress showed no
noticeable change. This observation may, at first, appear to be con-
trary to the zeta potential data shown in Fig. 1. It may, however, be
rationalized in terms of the fact that at these high volume fractions,
the subtle variation of the magnitude of particle zeta potentials
being <|10| mV due to the pH change, had no significant impact on
the overall inter-particle forces which determined the shear yield
stress. Subsequent shear yield stress measurements from low to
high pH values, on the other hand, revealed strong pH-dependent
particle interactions, particularly above the gel point (i.e. >60 wt.%
solid). Fig. 9(B) shows that upon increasing 65 wt.% solid disper-
sions’ pH from 3, the yield stress first decreased from a 400 Pa
to ∼20 Pa at pH 4 and then started to increase systematically to

∼130 Pa at pH 5 and reached maximum (∼550 Pa) at pH 7 (CR2).

To explain the pH history mediated rheological behaviour exhib-
ited in Fig. 9(B) in a set of shear yield stress and cognate particle zeta
potential data for 57 wt.% solid muscovite dispersions as a function
of pH are plotted together in Fig. 10. The data clearly indicate that at
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Fig. 9. Shear yield stress as a function of solid content of muscovite dispersion in
10−3 M KNO3 at different pH values. The yield stress was measured from pH 7 to 3
(A) and then from pH 3 to 7 (B).

Fig. 10. Shear yield stress (top) and particle zeta potential (bottom) of 57 wt.% solid
muscovite dispersion as a function of pH in 10−3 M KNO3 solution. The arrows indi-
cate the direction of pH change.
Fig. 11. Shear yield stress as a function of pH for 50 to 60 wt.% solid muscovite disper-
sions in10−3 M KNO3 solution. pH first decreased from 9 to 3 (A) and then increased
from 3 to 9 (B).

pristine pH (9.2), where zeta potential was −20 mV, the dispersion
shows no noticeable yield stress. Upon decreasing the pH, how-
ever, the shear yield stress increases systematically to a maximum
at around pH 5 (CR1) where the zeta potential is zero. The attractive
van der Waals forces start to dominate the particle interactions in
the absence of electrostatic repulsive forces at the iep (CR1) [24,36].
Moreover, assuming the iep of edge faces for clay minerals to be
around pH 6–7 [37–39], it is likely that by decreasing pH to <6, the
edge-face electrostatic repulsive forces diminish and instead some
edge-face attractive electrostatic forces may arise and contribute
to increased attractive forces. A further decrease of pH results in a
small increase in zeta potential with a marginal variation in yield
stress.

Fig. 10 also indicates that on subsequent increase of pH from
3 to 10, the yield stress first decreased dramatically to zero at pH
4. Thereafter, it increased gradually and reached maximum value
at pH 7–8 (point B). This observation correlates well with the cor-
responding particle zeta potential data. At pH 4–4.5 the particles
acquire maximum positive charge or zeta potential (≈14 mV) due
to the specific adsorption of electropositive Al(III), and to some
extent Fe(III), complexes arising from leaching at pH 3. Seemingly,
the resulting interfacial structure and particles interactions pro-
duced strong repulsive forces which reflected low yield stress at
pH 4. At pH 8 (CR2) the particles are neutrally charged and attrac-
tive van der Waals and also particle bridging by surface nucleation
and cementation forces govern the overall particle interactions in
the dispersion. Similar pH-history dependent dispersion rheology
observed at different solid content (volume fraction) of muscovite
dispersions is shown in Fig. 11(A) and (B).

To investigate the compliance of particle interactions with DLVO

theory [21,22], further analysis was performed through the appli-
cation of the elastic floc model (Eq. (3)) [24]. From Fig. 12, the shear
yield stress of 57 wt.% muscovite dispersion decreases linearly with
increasing zeta potential squared. Clearly, two sets of data emerge
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ig. 12. Shear yield stress as a function of the square of the zeta potential for 57 wt.%
olid muscovite dispersion in 10−3 M KNO3 solution. The pH first decreased from 9
o 3 ( ) and then increased from 3 to 10 ( ).

s indicated by the straight lines fitted to the pH-sweep data. The
bserved difference reflects the changes in solution and interfa-
ial chemistry of same dispersion with different pH histories. The
ata confirms the altered surface chemistry of the muscovite parti-
les due to leaching of Al(III), Si(IV) and Fe(III) species into solution
nd their subsequent disappearance from the aqueous phase as
ydrolysis products or complexes which deposited onto the surface
f particles. Assuming no noticeable change in the particles’ size
ue to the formation Al(III)–Si(IV)-rich containing interfacial layer,
he different maximum shear yield stresses (intercepts) observed
t CR1 and CR2 may suggest a noticeable change in the effective
amaker constant of particles. Based on literature data [40–45] the

atio of Hamaker constant (in zJ = 10−21 J) for alumina (36.7, 67, 21,
3) in water to muscovite (13.4, 22, 7.7 and 11.8) in water is about
hree times. It is also possible that surface nucleation and precip-
tation of the supersaturated Al(III)/Si(IV) species at pH 8 (CR2)
nhanced the interfacial area of particle contact, facilitating par-
icle bridging by aggregation and cementation. These in tandem
ith van der Waals forces would account for the significantly higher

ield stress observed at CR2 in comparison with CR1.

. Conclusions

The interfacial chemistry and particle interactions of muscovite
ispersions and their variation with pH, solid content and solution
peciation have been investigated. The particles zeta potentials and
ispersion shear rheology both showed a pH-history dependent
ehaviour. Significant incongruent leaching of major constituent
lements of muscovite (Al(III), Si(IV), Fe(III) and K+) at acidic pH was
mplicated, the extent of which increased dramatically by decreas-
ng pH, increasing solid volume fraction and aging time. Hydrolysis
nd specific adsorption of leached Al(III), Si(IV) and Fe(III) species
nto muscovite particles surface upon increasing pH led to the
evelopment of a new interfacial layer. These interfacial changes
eflected in dramatic modification of particle zeta potential, exem-
lified by a significant isoelectric point shift that is reminiscent
f gibbsite (�-Al(OH)3) particles surface. The concomitant shear
ield stress data showed maximum particle attraction at the dif-
erent isoelectric points, whilst negligible shear yield stress was
isplayed where the magnitude of the particles zeta potential was
reatest. Clear links between the interfacial chemistry and mus-

ovite particle interactions which show good compliance with the
LVO theory, have emerged. The findings show that pH-mediation
f muscovite pulp’s interfacial chemistry can be dramatic, with a
triking impact on particle interactions and flow behaviour during
queous processing.
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