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a b s t r a c t

In this study, the links between interfacial chemistry, polyethylene oxide (PEO) flocculant adsorption
behaviour, orthokinetic flocculation and dewatering behaviour of talc mineral dispersion have been
investigated. The effect of Mg(II) ions, suspension conditioning time, solid loading, PEO dosage and shear
was probed. Unflocculated dispersion of weakly charged, polydispersed talc particles at pH 7.5 displayed
very poor settling rate but good sediment consolidation (∼47 wt.% solid). PEO polymer adsorption rate
and density were greater at higher than lower Mg(II) ion concentration. The adsorption propensity also
decreased with increasing suspension conditioning time. An inverse correlation was observed between
PEO adsorption rate/affinity and settling rate where slower adsorption kinetics led to larger and faster
settling flocs. At equivalent PEO dosages (e.g., 200 g polymer t−1 solid), 8 wt.% solid dispersion solid pro-
ediment consolidation duced both superior supernatant clarity and greater sediment consolidation than the markedly faster
settling, dilute (2 and 4 wt.% solid) suspensions. The influence of Mg(II) ions and conditioning time on
settling rate was PEO dosage dependent, however, these factors had no noticeable effect on sediment
consolidation. Dramatic enhancement of flocculated sediment compaction (from 38 to 52 ± 2 wt.% solid)
was achieved in secondary dewatering under moderate shear. The results provide useful fundamental
knowledge of polymer adsorption rate, adsorption affinity and interparticle bridging behaviour which
underpin the flocculation and dewatering of talcaceous clay suspensions for significant improvement.
. Introduction

Water is critically essential for the existence and survival of the
ining and minerals industry with approximately 20% of global
ater used by the sector. Currently, several Australian and overseas

ompanies in the sector are limiting their operations due to acute
ater shortages, and this curtailed production leads to concomitant

oss of several millions of dollars annually [1]. Nevertheless, sub-
tantial amount of recyclable water is trapped in voluminous clay
ineral waste tailings generated at low to moderate solid loading

y the mining and minerals industry. Needless to say, frugal water
se and effective waste tailings management are important issues
or sustainable development of the sector.

In hydrometallurgical operations, fine clay gangue (i.e., talc,
aolinite, smectite, muscovite chlorite, etc.), occurring with valu-

ble minerals (e.g., gold, copper, nickel, etc.), invariably accumulate
n the plant circuit as waste tailings. Such clay tailings are periodi-
ally delivered alone or with other minerals at dilute concentrations
e.g., <8 wt.% solid) to the thickeners for flocculation and dewater-
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E-mail address: Jonas.addai-mensah@unisa.edu.au (J. Addai-Mensah).
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ing. Thereafter, the resulting sediments are impounded in dams
over long time for further consolidation and release of process
water [2]. Of interest to the present work is the dewaterability of
dilute dispersions containing fine talc particles. A 2:1 layered phyl-
losilicate mineral with Mg3(Si4O10(OH)2) ideal chemical structure,
the unit cell of talc comprises an octahedral brucite (Mg–OH) sheet
sandwiched between two tetrahedral siloxane (Si–O–Si) sheets.
The elementary particles which tend to be platy in morphology
are bounded by hydrophobic Si–O–Si basal faces (>90% of the total
surface area) and edge faces comprising pH-sensitive, hydrophilic
SiOH and MgOH groups [3]. Despite its predominantly hydropho-
bic character (contact angle > 80◦), fine (e.g., <10 �m) talc particles
may display strong colloidal stability in aqueous dispersions at low
to moderate ionic strength and pH > 5, reflecting poor dewatering
(settling rate, supernatant clarity and consolidation) behaviour.

Whilst clay mineral particles’ anisotropic crystal face charg-
ing character and cognate card house and banding formation are
readily amenable to rapid flocculation and fast settling behaviour,

the low compaction rate of the resulting flocculated sediments
continue to pose intractable challenges [4]. For instance, dewa-
tering of dilute kaolinite and smectite clay suspensions using
conventional flocculants (e.g., polyacrylamide, PAM) at dosages in
the range 50–500 g t−1 solid typically leads to good settling rates

ghts reserved.
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>10 m h−1) but low solid sediment content (e.g., 20–35 wt.%) [5].
he incompressible flocs which are formed through hydrophilic
AM polymer flocculation mechanisms are generally not conducive
o rapid release and drainage of trapped intra-floccule pore water
nder thickener raking and picket actions, and at atmospheric and
ailings dam hydrostatic pressure loadings. Consolidation of the
occulated clay sediments can be perennially slow, taking up to
0 years for pulp solid loading increase from, say, 30–60 wt.%. This
oor secondary dewatering behaviour causes significant long-term
am impoundment problems (e.g., voluminous space requirement
nd process water loss by evaporation). Thus, to date, the greatest
hallenge facing step change enhancement of clay tailings dewa-
ering resides in the rapid consolidation rather than the settling
ehaviour.

Recent studies involving non-conventional, shear-sensitive
olyethylene oxide (PEO) flocculant-assisted dewatering of smec-
ite and kaolinite showed that for clay mineral dispersions, it is
ossible to produce fast settling behaviour and more compact (low
oisture) sediment beds [4]. The PEO-flocculated clay sediments

ensified dramatically under moderate shear rates (10–40 s−1) dur-
ng secondary dewatering to form ‘spadeable’ pulps with solid
oadings up to 48 wt.%. Similar use of PEO to facilitate markedly
nhanced secondary dewatering of talcaceous dispersions is of
nterest. In addition, magnesium ions which may leach from
alc particles if not already present in recycled process water,
an impact on pulp particle interfacial chemistry and particle
nteractions, either exerting a positive or negative influence on
ewaterability [6,7].

Other studies showed that the rates of polymeric flocculant
dsorption and reconformation onto clay particles may be pru-
ently controlled to produce a more effective particle bridging
occulation mechanism for better dewatering performance [8,9].
or instance, studies by McFarlane et al. [10] demonstrated that
occulant chemistry and structures which lead to relatively slower
ate of polymer adsorption onto kaolinite and smectite clay par-
icles, resulted in larger and faster settling flocs. Rapid polymer
dsorption, on the other hand, leads to ineffective polymer dis-
ribution, flatter interfacial conformation and non-homogeneous
ridging of particles, and hence, smaller and slower settling flocs
esulted. Despite the persistence of challenges faced to dramati-
ally improve the consolidation behaviour of talcaceous mineral
ispersions, only a very limited number of studies dedicated to the
ubject has been reported [3,6]. Judicious extrapolation of the above
ndings from other clay mineral (e.g., kaolinite and Na-exchanged
mectite) dispersions is yet to produce meaningful outcomes, war-
anting further studies [4,11,12].

Polymeric flocculant adsorption at mineral particle–solution
nterface may be driven by several factors which relate to Gibbs
ree energy of adsorption (�G

◦
ads). For instance �G

◦
ads may be

onsidered as the sum of the standard free energies of chemical,
lectrostatic, hydrogen bonding, hydrophobic and van der Waals
nteractions involved in the adsorption process [13,14].

More than one of the five terms may be operative under a given
et of conditions. The dominant mechanism(s) will be determined,
nvariably, by the polymer structure and functionality, solution spe-
iation and mineral surface specific chemistry. It is pertinent to note
hat due to isomorphous lattice substitution, specific adsorption of
mpurities and other crystal defects, talc particles from different
ources or different faces of same or similar particles may display
ubtle to significant differences in surface chemistry, with a striking
mpact on their polymer adsorption behaviour. A non-face spe-

ific average adsorption free energy, however, may be estimated
ia polymeric flocculant adsorption isotherms studies [8,15]:

G
◦
ads = −RT ln K (1)
g Journal 162 (2010) 457–465

where R is the general gas constant, T is the absolute temperature
and K is the adsorption equilibrium constant. Estimation of �G

◦
ads

from all of the adsorption isotherms was made in this work.
The main aim of the present work was to investigate the influ-

ential role of PEO adsorption behaviour and flocculation conditions
on orthokinetic flocculation and dewaterability of talc clay suspen-
sion. Conducive conditions for orthokinetic flocculation and floc
restructuring were explored and linked to dewatering performance
for improved settling and consolidation behaviour under industri-
ally relevant conditions. As an important outcome, process water
recovery from talcaceous mineral waste tails for recycle will be
greatly enhanced.

2. Experimental methods

2.1. Materials

Pure, polydispersed, crystalline talc particles (>99% purity,
Merck, Australia) were used in the present work. The particle size
distribution determined using laser diffraction was in the range of
0.5–100 �m, with 10th, 50th and 90th percentile sizes of 5, 15 and
52 �m, respectively. X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD) and Energy Dispersive X-ray (EDX) analysis con-
firmed the high particle surface and bulk purity and crystallinity of
the sample with trace (<1%) Fe, Al and C impurities. Non-ionic PEO
polymer with molecular weight of 8 × 106 Da were used as a floc-
culant whilst Mg(NO3)2 salt was employed as a coagulant. Fresh
0.025 wt.% polymeric flocculant working solution was prepared by
diluting a previously prepared 0.325 wt.% stock solution stored at
room temperature and used within 3 days. Both the polymer solu-
tion and talc suspension pH were adjusted with small additions of
1.0 M KOH and 1.0 M HNO3 solutions. Analytical grade reagents and
high purity Milli-Q water (surface tension of 72.8 mN m−1 at 22 ◦C
and a specific conductivity <0.5 �S cm−1 at pH 5.6) were used. All
aqueous solutions used were maintained at pH 7.5 and 22 ◦C, with
a 10−3 M KNO3 background electrolyte, unless otherwise stated.
Where the effect of Mg(II) ions used as a coagulant was investigated,
a known mass of high purity (>99.9%) Mg(NO3)2 was dissolved
in the 10−3 M KNO3 background electrolyte. Particle zeta poten-
tial, PEO adsorption and settling rates measurements were carried
out on 8 wt.% agitated suspensions of talc particles dispersed in
10−3 M KNO3 with 0, 10−3, and 10−2 M Mg(NO3)2 concentration at
22 ◦C.

2.2. Particle zeta potential

Talc particle–aqueous phase interfacial chemistry was charac-
terized by electrokinetic zeta potential measurements. Particle zeta
potential (�) as a function of pH was determined from dynamic
mobility measurement using an Acoustosizer (Colloidal Dynamics,
Australia). Background correction was applied to the measurement
of zeta potential at different electrolyte concentrations.

2.3. Adsorption experiments

Polyethylene oxide adsorption as a function of time and equilib-
rium concentration was determined by batch depletion techniques
[16]. In all cases, the actual concentration of PEO was analyt-
ically determined by using tannic acid complexation method
[16], facilitated by presciently constructed calibration curves. For
kinetic experiments performed in the manner of McFarlane et al.

[10], flocculant dosage of 500 g polymer t−1 solid was added to
500 cm3 agitated talc dispersions and 5 cm3 aliquots were removed
at recorded time intervals within 120 s. The liquor was filtered
thorough syringe filter (0.45 �m) and the residual polymer con-
centration was determined. To determine the equilibrium polymer
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oncentration following adsorption, a known concentration of the
occulant was added to 10 cm3 of talc dispersion of 2.4 wt.% solid in
0 cm3 vials and mixed for 2 h by rotary mixer. After centrifugation
t 11000 rpm for 10 min to remove the residual solid, supernatant
as removed for the determination of solution equilibrium poly-
er concentration.
To elucidate the adsorption mechanism, the adsorbed polymer

ensity and the equilibrium conditions, the isotherms were fitted to
he commonly employed monolayer or simple adsorption models.
n the present work, the models used included those of Langmuir
nd Freundlich [9,14]. The Langmuir model which may account for
olecular adsorption at homogeneous surfaces is expressed as:

= �ads

� m
ads

= KCeq

55.5 + KCeq
= bCeq

1 + bCeq
(2)

here � ads is the adsorbed amount (mg m−2), � m
ads is the plateau

dsorbed amount (mg m−2), Ceq is the polymer equilibrium solu-
ion concentration (mol dm−3), K is the adsorption equilibrium
onstant and b is the Langmuir affinity constant (dm3 mol−1).

m
ads and b are determined by linearized model (Eq. (3)) fitting

o the adsorption data, where K is estimated as b = K/55.5, with
5.5 mol dm−3 being the concentration of the solvent (water), for
ilute solutions. The Langmuir equilibrium constant is, thus, an

ndication of the affinity of a polymer for surface with homogeneous
dsorption sites.

The Freundlich isotherm which better suits molecular adsorp-
ion onto heterogeneous surfaces may be quantified by the
ollowing equation:

abs = kFC1/nF
eq (3)

here kF and nF are empirical constants, with kF as the absorbent
apacity, and nF the adsorption affinity constant [14,17]. The larger
he value of nF, the greater the adsorption affinity.

.4. Suspension preparation

Talc dispersion of 8 wt.% solid was prepared by thoroughly mix-
ng a known mass of dry solid talc powder and a known volume of
0−3 M KNO3 solution with an overhead stirrer at an agitation rate
f 500 rpm for 1 or 18 h. Talc dispersion of 2 and 4 wt.% solid were
repared by carefully diluting known masses of 8 wt.% talc dis-
ersion (conditioned for 1 h) with known amount of 10−3 M KNO3
olution.

.5. Dewatering tests

For isothermal, batch flocculation and settling behaviour inves-
igation, known volumes of 0.025 wt.% PEO-flocculant solution was
dded to 500 cm3 of talc suspension within 5 s using a syringe.
he suspension was then well mixed for 10 s at an agitation rate
f 300 rpm. Thereafter, the initial settling rate of the flocculated
uspension (and also that of the pristine slurry with no poly-
er) was determined by recording the time taken for the “mud

ine” (solid–liquid interface) in the 500 cm3 graduated glass cylin-
er to fall between 450 and 350 cm3 marks. The sediment was
hen allowed to stand quiescently for a period of 24 h after which
he consolidated bed volume was recorded. The final sediment
ed solid content of a representative sample was gravimetrically
easured using infrared moisture balance. To examine the effect

f shear on sediment consolidation, the supernatant was then

ecanted and further agitation at 100 rpm was applied to the sed-

ment pulp for 10 min, using a four-blade impeller. After further
4 h quiescence, the final consolidated bed volume was recorded
nd solid content was measured. All tests were done at 22.0 ± 0.1 ◦C
nd were replicated at least 3 times. The error bars reported in this
Fig. 1. Zeta potential of unflocculated 8 wt.% solid talc particles dispersion in 10−3 M
KNO3 solution as a function of pH and Mg(II) ion concentration. (� = 10−2 M and
� = 0 M Mg(II)). pH was first altered from 11.5 to 3 and returned to 11.5 (as indicated
by the arrows).

work were estimated from pure errors at 95% confidence interval
(CI).

2.6. Supernatant clarity measurement

To determine the supernatant clarity of flocculated suspension,
20 cm3 of supernatant was withdrawn using a syringe at a fixed dis-
tance above the sediment mudline 20 min after sedimentation and
evaporated to dryness in an oven operating at 105 ◦C. The suspen-
sion turbidity is calculated as bone dry mass of talc in unit volume
of suspension removed.

3. Results

3.1. Zeta potential of unflocculated talc particles

Particle zeta potential as a function of pH of 8 wt.% solid agitated
dispersion determined from dynamic mobility in the background
of 10−3 M KNO3 and under different Mg(II) ions concentration is
shown in Fig. 1. The decrease of zeta potential with decreasing
pH from 12 to 2.5, resulting from talc particle surface protonation,
indicated an isoelectric point (iep) around pH 2, consistent with
previously reported iep values [3,18]. The zeta potential measured
from pH 2.5 to 12, however, followed a different bifurcation path.

The presence of 10−2 M Mg(II) ions led to a marked reduction
in the magnitude of the zeta potential, particularly at higher pH
(>7). The zeta potentials for 10−3 M Mg(II) (not shown to avoid con-
gestion of data) also laid mid way between those of 10−2 and 0 M
Mg(II) ions. At pH ∼ 10 where Mg(II) ions begin to hydrolyse into
specifically adsorbing Mg(OH)+ complex, complete particle charge
reversal, reflecting negative to positive zeta potential charge was
observed at 10−2 M Mg(II). This irreversible, pH-history dependent
behaviour displayed for no added Mg(II) ion dispersion is due to
inherent leaching of Mg2+ ions from the talc particles at low pH (<5),
accompanied by subsequent specific adsorption of Mg(II) hydroly-
sis products formed at high pH [3,19]. For the dispersion containing
pre-added 10−2 M Mg(II) ions, the leached Mg(II) ions effect on the
electrokinetic potential was quite subtle compared with the case
of no Mg(II) ions pre-addition.
3.2. Particle specific area and supernatant quality

The BET surface area measurement of talc particles in aging, agi-
tated dispersion indicated that the particle surface area increased
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Fig. 2. Settling rate and supernatant clarity of unflocculated 8 wt.% solid talc

rom 3.0 to 3.4 ± 0.1 m2 g−1 after 18 h conditioning. The small but
oticeable increase (≈10%) in surface area is consistent with shear-

nduced delamination of the sheet-like talc particles. Inductively
oupled plasma mass spectroscopy (ICP-MS) analysis showed that
eached Mg(II) ion concentrations in the supernatant were 10−5

nd 2 × 10−4 M after 1 and 18 h suspension homogenization (con-
itioning), respectively, consistent with previous studies [3,19,20].
he concentrations of Si, Fe and Ca ions leached into solution were
egligibly small (<10−6 M).

.3. Settling and consolidation behaviour of unflocculated
ispersion

Despite the low magnitude zeta potential (∼−7 mV) at pH 7.5
nd 10−3 M KNO3, pristine talc particles in 2–8 wt.% solid suspen-
ion, experienced a fairly high colloid stability. Without Mg(II) salt
r flocculant addition, the suspension produced very low settling
ate (<0.1 m h−1) and poor supernatant clarity (>12,000 mg dm−3).
he anisotropic, basal and edge faces charge character of the platy
alc particles commonly lead to a variety of particle packing modes
21,22]. The main two modes result from edge–basal face (house of
ards) and basal–basal face (band structure) particle interactions.
hese may lead to slow settling behaviour without flocculation aids,
onsistent with the current observation. Upon Mg(II) salt addition,
oagulation which resulted in marginally improved dispersion clar-
fication behaviour was achieved (Fig. 2). As the concentration of

g(II) ions increased to 10−2 M, the settling rate increased from
.1 m h−1 to 0.4 m h−1. Under higher ionic strength screening effect,
he magnitude of the zeta potential was reduced (−3 mV), leading
o coagulation presumably through a secondary minimum aggrega-
ion process. The aggregated particles settled faster in accordance
ith Stokes’ Law, accompanied by greatly improved supernatant

larity.
Despite the poor suspension settling behaviour, the sediment

ed formed after 24 h without the addition of Mg(II) ions or floc-
ulant displayed relatively high consolidation behaviour (∼47 wt.%

olid). This level of sediment consolidation is markedly greater than
he 20–25 wt.% solid commonly observed for other mineral clay
ulps (e.g., kaolinite and smectite) under similar conditions [5,11].
he strong consolidation ability of the pristine slurry, albeit pre-
eded by slow settling rate, may be partly due to the hydrophobic
rsions as a function of Mg(II) ion concentrations at pH 7.5 and 10−3 M KNO3.

character of the basal faces of the talc particles by which attrac-
tive, long-range hydrophobic forces may prevail in the presence
of dissolved nano-bubbles to facilitate compact packing [23,24].
Although the sediment consolidation showed a noticeable decrease
with increasing Mg(II) ion concentration, the decrease is statisti-
cally insignificant given the magnitude of the 95% CI error observed.
This may be ascribed to deleterious effect of the adsorbed, hydrated
Mg(II) ions on talc particles basal–edge face interactions and hence,
aggregates equilibrium structure. At pH 7.5, hydrated Mg2+ ions’
adsorption in the diffuse electrical double layer region around the
otherwise hydrophobic talc particles will render the aggregates
more hydrophilic, leading to increased intra-aggregate water con-
tent.

3.4. Adsorption kinetics

PEO adsorption rate showed a strong Mg(II) concentration and
suspension conditioning time dependent for talc dispersions at
pH 7.5 (Fig. 3). In general, the polymer adsorption was faster at
higher supernatant Mg(II) ion concentration. Longer suspension
conditioning time led to lower adsorption rate. It appears that
where rapid adsorption occurred, a greater proportion of poly-
mer adsorbed to the inner floc surfaces within the agglomerating
floc, whilst the slower adsorbing polymer profiles more closely
reflect adsorption at the exterior floc surface [10,25,26]. The fit
of the experimental data to empirical zero-, first- and second-
order adsorption kinetic models by least square regression analysis
indicated that the initial adsorption behaviour was best repre-
sented by a first-order rate law (Eq. (4)). This suggests that the
polymer molecules adsorbed at a rate proportional to their concen-
tration in solution and the available particle surface area, where the
molecules’ mutual interactions in solution or at the particle surface
were not influential in the adsorption process [10].

First-order rate constants estimated, following the fitting of the
solution PEO concentration versus time data to a first-order integral
power law below are given in Table 1.
Ct = C0e−kt (4)

where Ct and C0 are the solution concentrations (mg dm−3) at time
t (s) and zero, respectively, and k is the rate constant (s−1). The rate
constants indicate that PEO adsorption was 65% more rapid onto
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interface via Mg(II) sites mediation.
Comparison of the results of the Langmuir and Freundlich mod-

els analyses show that the former appears to provide a better fit
to all the isotherms, as evident from the higher correlation factor
ig. 3. Concentration of unabsorbed PEO as a function of time during flocculation o
ime, 2 × 10−4 M Mg(II), �: 1 h conditioning time, 10−5 M Mg(II) and �: 1 h conditio

alc in 10−2 M than in 10−5 M Mg(II) solution condition, and 75%
ore rapidly onto talc for the suspension conditioned for 1 h than

8 h.

.5. Adsorption isotherms

The adsorption density of PEO at aqueous–talc interface as a
unction of equilibrium polymer concentration in solution, suspen-
ion conditioning time and Mg(II) concentration at pH 7.5 is shown
n Fig. 4. The polymer adsorption increased steadily with increasing
quilibrium concentration up to 10 mg dm3, after which a plateau
as reached. All the isotherms exhibit high affinity behaviour,
here a single plateau of the adsorbed amount is readily attained

t relatively low equilibrium polymer concentration. At similar
EO dosages, adsorption densities which are an order of magni-
ude lower were observed for smectite and kaolinite clays [4,27].
t is pertinent to note that PEO dosages of 200–500 g t−1 solid
sed in flocculation and dewatering, correspond to ∼20–30% sur-
ace coverage of plateau adsorption densities (Fig. 4). These data
herefore suggest that the non-ionic PEO-flocculation mechanism
s bridging [9,28]. Using the Langmuir and Freundlich models, the
stimated adsorption parameters, given in Tables 2 and 3, clearly
how that there is a noticeable variation of PEO adsorption den-
ity with suspension/solution conditions. The flocculant adsorption

lateau density or adsorbent capacity decreased with increasing
onditioning time or lower Mg(II) ion concentration for a given
onditioning time (1 h). Based upon the Langmuir model fit, the
alculated affinity constant (b) and �G

◦
ads values <0 confirm that

he PEO adsorption onto the talc surface is readily favourable.

able 1
seudo-first-order rate constants for PEO adsorption to talc particles.

Suspension and solution condition k (mg dm−3 s−1)

1 h conditioning time, 10−2 M Mg(II) 0.212 ± 0.007
1 h conditioning time, 10−5 M Mg(II) 0.139 ± 0.005
18 h conditioning time, 2 × 10−4 M Mg(II) 0.090 ± 0.004
.% talc dispersion after initial dose of 500 g polymer t−1 solid. (�: 18 h conditioning
ime, 10−2 M Mg(II)).

The b values increased with increasing Mg(II) concentration in the
suspension, confirming that the hydrophilic PEO display a higher
affinity for the talc surface when more Mg ions are present. In
all cases, the magnitude of adsorption free energy is bounded as
62 < |�G

◦
ads| < 68 kJ mol−1. This suggests that the bonds underpin-

ning the adsorption of PEO onto talc are more than twice as strong as
that typically reported for hydrogen bonding (|�G

◦
ads|∼25 kJ mol−1)

suggestive of chemisorption [4,15,29]. It therefore appears that
substantial, specific adsorption of PEO takes place at talc–solution
Fig. 4. Adsorption isotherms of PEO on talc particles as a function of suspension con-
ditioning time and Mg(II) ion concentration (�: 18 h conditioning time, 2 × 10−4 M
Mg(II), �: 1 h conditioning time, 10−5 M Mg(II) and �: 1 h conditioning time, 10−2 M
Mg(II)). The solid and dotted lines represent Langmuir and Freundlich isotherms
plots, respectively.
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Table 2
Langmuir adsorption isotherm parameters.

Suspension and solution condition � m
ads

(mg m−2) b (dm3 mol−1) �G
◦
ads

(kJ mol−1) Correlation factor (R2)

1 h conditioning time, 10−2 M Mg(II) 0.75 ± 0.02 (1.28 ± 0.26) × 1010 −66.9 ± 0.5 0.91 ± 0.002
1 h conditioning time, 10−5 M Mg(II) 0.72 ± 0.02 (4.70 ± 0.26) × 109 −64.5 ± 0.5 0.94 ± 0.002
18 h conditioning time, 2 × 10−4 M Mg(II) 0.61 ± 0.02 (2.38 ± 0.26) × 109 −62.8 ± 0.5 0.89 ± 0.002

Table 3
Freundlich adsorption isotherm parameters.

Suspension and solution condition nF kF (dm3 g−1
solid

) Correlation factor (R2)

−2

(
p
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1 h conditioning time, 10 M Mg(II) 5.84 ± 0.87
1 h conditioning time, 10−5 M Mg(II) 3.73 ± 0.52
18 h conditioning time, 2 × 10−4 M Mg(II) 3.54 ± 0.39

R2) in Tables 2 and 3 (R2 is the quotient of the covariance and the
roduct of their standard deviations of the variables) [30]. For the
uspension conditioned for 18 h, it is interesting to note that PEO
dsorption onto talc particles may, alternatively, be represented as
Freundlich isotherm (comparable R2 values in Tables 2 and 3). In

his instance, the equally good fit of the data to Freundlich model,
f which no maximum adsorption density exist with increasing
quilibrium polymer concentration, possibly suggests that the talc
urface adsorption sites’ homogeneity begun to play an apprecia-
le role after prolonged suspension conditioning. Previous studies
f conventional polymers (i.e., Carboxymethyl cellulose, Dextrin,
olyacrylamides, polysaccharides, guar, etc.) adsorption onto talc
articles showed the isotherms to be more compliant with the
angmuir than Freundlich model [13,15,20,31,32]. The general
bservation of Langmuir adsorption behaviour implies that either
he polymer only adsorbs predominantly onto one of the two talc
article surfaces or similar affinities prevailed between the poly-
ers and both the edge and basal faces [14,32].

.6. Settling behaviour of flocculated talc dispersion of 8 wt.%
olid: effect of Mg(II) ion concentration, suspension conditioning

ime and PEO-flocculant dosage

The effect of Mg(II) ion concentration, suspension conditioning
ime and PEO dosage on settling rate of 8 wt.% talc dispersion is

ig. 5. Settling rate of 8 wt.% solid dispersion as a function of polymer dosage, sus-
ension conditioning time and Mg(II) ion concentration (�: 18 h conditioning time,
× 10−4 M Mg(II), �: 1 h conditioning time, 10−5 M Mg(II) and �: 1 h condition-

ng time, 10−2 M Mg(II)). The broken line indicates an acceptable 10 m h−1 norm in
ndustry practice.
0.41 ± 0.04 0.80 ± 0.002
0.27 ± 0.04 0.87 ± 0.002
0.19 ± 0.02 0.91 ± 0.002

shown in Fig. 5. Significant increase in settling rate was observed
upon increasing the PEO dosage, consistent with formation of larger
flocs as a result of increasing polymer concentration and hence,
bridging forces. Furthermore, the settling rates correlate inversely
with the flocculant adsorption kinetics (rate constant, k, Table 1).
Conditions which lead to faster adsorption kinetics resulted in
lower settling rates. This is exemplified by tests performed at
higher Mg(II) ions concentration which led to higher PEO adsorp-
tion rate and lower settling rate after 1 h conditioning (Fig. 5). Faster
polymer adsorption onto clay particles is consistent with flatter
polymer interfacial conformation and hence, ineffective polymer
bridging [10,33]. Besides, when adsorption takes place very rapidly,
the time available for microfloc growth is relatively shorter, lead-
ing to smaller, slower settling flocs [10,25]. The slowest polymer
adsorption kinetics observed for 18 h, in contrast with 1 h, is con-
ducive to a more extended interfacial conformation of the adsorbed
polymer and greater microflocs interactions and hence, greater
polymer bridging floc growth and better flocculation performance.
The relationship between flocculant adsorption rate and floc set-
tling behaviour is good agreement with the findings of previous
studies [8,10,34,35].

3.7. Effect of dispersion solid loading and PEO-flocculant dosage
on dewatering behaviour

The effect of initial suspension solid content (2, 4 and 8 wt.%)
on the dewatering behaviour was determined by flocculation in
background solution of 10−3 M KNO3 with PEO dosage in the
range 100–500 g t−1 solid. The settling rates, supernatant clarity
and consolidation with respect to the solid concentration of the
suspension are shown in Figs. 6–8 as a function of PEO dosages,
respectively.

Fig. 6 shows that the settling rate increased significantly with
decreasing initial suspension solid loading and increasing PEO con-
centration. On the other hand, the supernatant clarity became
poorer with increasing polymer concentration and decreasing ini-
tial slurry solid content, as indicated in Fig. 7. However, the more
concentrated suspension was more amenable to effective dewa-
tering over 24 h than the dilute one. Flocculated, 8 wt.% solid
content dispersion produced not only a better supernatant clarity
after 20 min, but also ≈4 wt.% solid greater sediment consolida-
tion than the faster settling, lower solid content (2 and 4 wt.%)
suspensions. How the initial solid content-dependent supernatant
clarity observed compares with the acceptable industry norm of

<50 mg solid dm−3 solution is demonstrated by the chain broken
line in Fig. 7. Previous dewatering studies intimated that high
settling rate and poor supernatant clarity were ascribe to poor
flocculation performance involving bimodal floc size distribution
[36–38].
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Fig. 6. Settling rate of flocculated talc suspension at 10−3 M KNO3 and pH 7.5 con-
ditioned for 1 h as a function of PEO dosage and talc suspension solid concentration
(� = 2 wt.%, � = 4 wt.% and � = 8 wt.% solid). The chain broken line indicates an accept-
able 10 m h−1 norm in industry practice.
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Fig. 8. Final consolidation behaviour of flocculated talc suspension at 10−3 M KNO3

and pH 7.5 as a function of PEO dosage and suspension solid concentration.

Fig. 9. Final consolidation behaviour of unflocculated and flocculated talc sus-
pensions (A) initially at 8 wt.% solid as a function of polymer dosage, suspension
ig. 7. Supernatant clarity of flocculated talc suspension at 10−3 M KNO3 and pH
.5 as a function of PEO dosage and suspension solid concentration. The broken line

ndicates the maximum acceptable limit of 50 mg dm−3 in industry practice.

.8. Consolidation of flocculated dispersion of 4 and 8 wt.% solid:
ffect of shear

Consolidation of the PEO-flocculated pulp was 9 wt.% solid load-
ng lower than that of the unflocculated pulps (∼47 wt.% solid) as
hown in Fig. 9. The decrease in the extent of consolidation of the
occulated sediments is believed to be due to the formation of

arge, open flocs resulting from expanded, interfacial conforma-
ion and strong interparticle bridging force of the adsorbed PEO
hains. Upon shear of unflocculated pulp sediment at 100 rpm for
0 min, an increase of ∼8 wt.% in solid loading resulted. The applied
hear facilitated the re-arrangement and compaction of the weakly
harged particles in the sediment, permitting the water trapped to
scape [9,39,40]. Similar agitation of PEO-flocculated sediments on

he other hand, showed a more dramatic increase of 12–16 wt.% to
50 ± 2 wt.% solid loading as Fig. 9(A) shows. The dispersion floc-

ulated at 4 wt.% solid loading showed a slightly lower (∼3–5 wt.%)
ediment consolidation behaviour than that of the 8 wt.% solid

conditioning time and Mg(II) ion concentration (�: 18 h conditioning time,
2 × 10−4 M Mg(II), �: 1 h conditioning time, 10−5 M Mg(II) and �: 1 h conditioning
time, 10−2 M Mg(II)). (B) Initially at 8 wt.% (�) and 4 wt.% (�) solid as a function of
polymer dosage, before (unfilled symbols) and after (filled symbols) pulp shear.
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Fig. 9B). Seemingly, at a given polymer dosage leading to <50%
article surface coverage, a more compact packing of flocculated
articles is achieved during consolidation when higher numbers of
oc particles are bridged by attachment to the available polymer

oops and tails as the dispersion solid content is increased.

. Discussion

Weakly charged talc particles in aqueous suspensions are
bserved to display poor settling behaviour without and with the
ddition of Mg(II) ions as a coagulant. The resulting settling rate
as two orders of magnitude <10 m h−1 threshold required in

ndustry gravity thickening/dewatering practice. Non-ionic PEO-
occulant adsorption rates which fostered floc formation, growth
nd size enlargement, determined the resulting settling behaviour.
he highest PEO affinity and adsorption rate constants observed
n the presence of the highest amount of Mg(II) ions in solu-
ion suggests that the bonding between PEO’s ether oxygen and
lectropositive Mg(II) species adsorbed onto talc particles play an
mportant role in the polymer adsorption mechanism [20,41,42].
uch interactions have been described in terms of hydrogen bond-
ng: PEO’s ether oxygen (Lewis base)–protonated clay surface
i(OH), Al(OH), Mg(OH) sites (Bronsted acid) or PEO’s chemisorp-
ions via complexation with clay surface exposed metal ions (e.g.,

g(II)) [4,21,41,43]. Regarding the present PEO adsorption mech-
nism, whilst it is believed that hydrogen bonding plays a role, the
ontribution of chemisorption appears to be pivotal judging from
he higher values of the adsorption densities and �G

◦
ads when com-

ared with hydrogen bond driven PEO adsorption onto kaolinite
nd smectite clays [4]. Spectroscopic investigations are currently
eing performed to unravel the exact adsorption mechanism.

The lower affinity of PEO for the talc particle surface after pro-
onged homogenization of 18 h may be partly attributed to longer
hear-induced delamination of the platy talc particles. This would
esult in the reduction of hydrophilic brucite edge face surface area.
ne may expect greater adsorption of PEO to take place at the
rucite edges at Mg–OH and Si–OH sites than at the siloxane basal
aces. Increased bonding facilitated by the addition of Mg(II) ions
mplified the affinity and adsorption rate of PEO onto talc particle
urface. This will result in a flatter polymer interfacial conforma-
ion where the shorter polymer loops and tails which emerge are
ess conducive to bridging flocculation [44]. Thus, the leaching of

g(II) ions from talc edge faces after longer conditioning time leas-
ng to a lower adsorption density, attest to the pivotal contribution
f hydroxylated (brucite) layer or surface Mg(II) sites in fostering
he adsorption process [20]. Addition of Mg(II) ions to the suspen-
ion would not only lead to suppression of leaching of lattice Mg
ons but also result in their proliferation at talc particle surface.

Flocculation at different solid loadings under orthokinetic con-
ition has significant influence on the rate of flocculant–particle
nd particle–particle adsorption/collisions, as well as the effective
olymer dosage requirement. For the more dilute talc dispersions,

ower particle–polymer molecule collision rate and fast polymer
dsorption reduced the opportunities for homogeneous bridging
occulation and microflocs (i.e., smaller, primary flocs) growth to

arger flocs formed. This not only resulted in several fast settling
ocs formation but also small flocs and very fine particles expe-
iencing negligible gravitational force and hence, remained in the
upernatant. The lower settling rate and higher supernatant clarity
bserved at higher suspension solid loading may be rationalized as

ollows. Higher particle concentration facilitated greater collisions
etween the polymer chains and bridging of a larger number of par-
icles by the polymer chains via multi-segment adsorption. As the
olid volume fraction increased, the particles and their floc interact
ore closely and interfere with each other. Therefore, the settling
g Journal 162 (2010) 457–465

rate attenuates with increasing hindrance, which in turn, enable the
formation of microflocs and slower growth of the supra-flocs (i.e.,
larger aggregates of microflocs) [38,45]. The hindered settling flocs
produced a filtering effect where the remaining unflocculated fine
particles and smaller non-settling flocs were trapped or captured.

The possible contribution of long-range hydrophobic attraction
induced by the presence of nano-bubbles on hydrophobic talc sur-
face may not be discounted [23,46–48]. The contact angle measured
at the basal of the talc particles is ≈85◦, indicative of a strongly
hydrophobic surface. The entrapment of air bubbles after peren-
nial homogenization may lead to the formation of nanoscale gas
bubbles on hydrophobic talc basal faces enabling long-range attrac-
tion of the two approaching particles. Such hydrophobic attraction
suggests that gaseous phase plays an important role in the initial
particle aggregation step, prior to polymer bridging flocculation
[23].

For 4 wt.% talc dispersion which conditioned for 1 h, 200 g t−1

solid was required to achieve settling rate of ∼15 m h−1 with rela-
tively good supernatant clarity (<50 mg dm−3). On the other hand,
for 8 wt.% solid dispersion, similar settling rate may be achieved
with equivalent PEO dosage provided that the dispersion was con-
ditioned for 18 h prior to flocculation. In comparison with 8 wt.%
solid dispersion conditioned for 1 h, 500 g t−1 solid was required to
achieve settling rate of ∼10 m h−1 instead. Thus, the PEO dosage
requirement may vary markedly with suspension pre-treatment
and solid loading conditions.

In spite of the strong influence of polymer dosage, Mg(II) ion
concentration and suspension conditioning time on settling rate,
these factors had no noticeable effect on the extent of sediment
consolidation, consistent with the finding of reported clay min-
eral dewatering studies [4,10]. The sediment bed formed after 24 h
without the addition of flocculant displayed ∼9 wt.% higher in con-
solidation compared with the consolidation of the PEO-flocculated
pulp. This is due to the formation of space-filling of ‘hard flocs’
under atmospheric pressure loading, such robust flocs are produced
by polymer bringing forces arising from multi-segment polymer
adsorption onto the talc particles. The dramatic increase in con-
solidation to 52 ± 2 wt.% solid achieved upon further agitation,
mimicking rake and picket action in the consolidation zone at the
bottom of the thickener, shows how shear or loading force is essen-
tial for reconformation of the adsorbed polymer chains for compact
packing of the flocs, leading to their densification [49,50]. For com-
parison, a consolidation test was performed by flocculation with
a conventional carboxylate-substituted PAM co-polymer of similar
molecular weight. At the same pH and flocculant dosage of 500 g t−1

solid, 36 and 42 wt.% sediment solid loadings were observed, with-
out and with shear, respectively. The difference in behaviour is
due to the shear-responsive, interfacial reconformation and subse-
quent floc restructuring ability of the more-flexible PEO polymer.
This remarkable compaction of shear-induced PEO-flocculated talc
dispersions agrees well with reported smectite/kaolinite studies
[4,21].

5. Conclusions

The influence of suspension conditions, interfacial chemistry,
PEO adsorption behaviour and shear on orthokinetic flocculation
dewatering performance of talc dispersions had been investigated.
Higher Mg(II) ion concentration and shorter suspension condition-
ing time, whilst leading to enhanced flocculant adsorption, were

found to be less conducive to a better flocculation performance
and improved dewaterability. Conditions which facilitate relatively
slower flocculant adsorption produce better dewatering behaviour.
Higher settling rate accompanied by poor supernatant clarity was
observed at lower (e.g., 2 and 4 wt.%) than higher (8 wt.%) solid
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oading. Longer conditioning time (e.g., 18 h) is essential for produc-
ng acceptably high settling rate at higher dispersion solid loading.
he present work demonstrates how judicious selection of talc
uspension treatment conditions may lead to dramatic enhanced
ewaterability using shear-responsive PEO as flocculant.
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