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Introduction

Abstract: The stabilising action of sodium polyacrylate on colloidal dispersions
of calcite has been investigated through measurement of viscosity, ion concen-
tration and electrophoretic mobility. The dose of sodium polyacrylate was in
the range 0 to 28 mg per g of calcite and the dispersions were prepared at a
solids content of 70% (by weight). The ionic strength of the dispersions, ca.
0.005 to 0.5, increased with dose. An increase in divalent ion concentration with
dose was attributed to sodium polyacrylate-ion exchange.

The stabilising action of sodium polyacrylate was evident from the sharp fall
in viscosity observed at low levels of addition, and the invariance of this low
viscosity throughout the remainder of the dose range. The stability of the
dispersions at low doses was quantified by DLVO theory and attributed to
electric double layer (EDL) repulsion. However, at higher doses, and with the
resultant EDL compression, DLVO theory was found inadequate. Instead,
recourse was made to steric stabilisation theories in order to explain the
observed stability. A model was formulated to characterise the observed
multilayer uptake of polyacrylate at higher doses. The steric repulsion evalu-
ated using this model increased with dose and explained the observed higher
dose stability. The stability over the dose ranges < 2,2to 6, and > 6 mgper g
is best described as arising from, respectively, electrostatic, electrosteric and
steric repulsions.

Key words: Sodium-polyacrylate — calcite-dispersion — colloidal-stability —
slurry-viscosity — paper

In a broader context, a study of the calcite/Na-
PolyA system will provide a fundamental under-

Since the production of low viscosity, colloidal-
ly stable calcite slurry at a high solids content
necessitates the addition of sodium polyacrylate
(NaPolyA), it is essential to understand both
qualitatively and quantitatively the fundamental
processes, involving both the mineral and the
dispersant, which give rise to this stability.

Aqueous slurries of finely ground calcite find a
wide range of applications in the paper industry.
The ideal slurry is at a high solids content in order
to minimise transportation and storage costs, and
has a low viscosity to facilitate processing. In
order to prepare such a slurry it is necessary to
add a dispersant to reduce the viscosity. The
industry standard dispersant for this application
is NaPolyA.
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standing of the polyelectrolyte stabilisation of
colloids.

Materials

The dispersed phase

Fine calcite was prepared from Carrara marble
by low solids, dispersant-free grinding and sub-
sequent filtration. The resultant carbonate (99%
calcite, by chemical analysis) was in the form of a
high-solids content (ca. 76%) plug, which was
subsequently sliced/broken down into a more
manageable form.

The weight-averaged size distribution of the
calcite particles was recorded on a Micromeritics
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Sedigraph; the particles were assumed to be
spheres. The weight-averaged median radius of
the particles was calculated to be 515 + 10 nm.
The amount of material smaller than 1 um radius
was ca. 90%. The weight-based distribution was
translated into a number-averaged size distribu-
tion by the Micromeritics software. The number-
averaged, median radius of the particles (R, in
units of nm) was calculated to be 193 + 23 nm.
From R, the geometric specific surface area (S, in
units of m? g~ ') of the particles was calculated
using the expression

S =3x%x10°%/(p,7), (1)

where p, is the density of calcite (2.71
% 10° gm~3), and r = R. The value of 5.7 m? g™ !
was obtained for S, which was not significantly
different from the measured N, BET area of 6.3
+1.0m?g L

A polyacrylate-free suspension of the calcite in
distilled water was pressure filtered at 4.14 Nm ™2
on a multi-filament woven fabric for 45 min. The
supernatant was clarified by further pressure fil-
tration at ca. 048 to 0.62Nm~? (with N,)
through a 0.1 um cellulose nitrate membrane. The
resultant solution was analysed for the more com-
mon elements found in aqueous environments®,
by inductively coupled plasma atomic emission
spectroscopy (ICP). This revealed the presence of
Ca, Na and Mg, and trace amounts of K. The Mg
originates from small amounts ( < 1%) of dolo-
mite that are invariably found in Carrara marble.

The dispersing agent.

The NaPolyA was the sodium salt of a linear
homopolymer of polyacrylic acid. It was obtained
as a high concentration solution from Allied Col-
loids. The potentiometric titration of this solution
against NaOH gave a weight/weight percent
NaPolyA concentration (A) of 39.1 £+ 0.5%,
a weight/weight percent degree of Na™-
neutralisation of 99.2 + 0.2% and a Na™ concen-
tration of 4.168 molkg~!. The solution was
analysed for the more common elements found in
aqueous environments by ICP. This revealed, in
addition to the expected high level of Na, a
measurable level of S (probably in the form of the

1 Na, S, Si, Ca, Mg, K, Al, P, Fe, B, Zn and Cu

end group ¢OSOJ) and trace amounts of K. The
high concentration solution was diluted with dis-
tilled water to give 1000 g of a dilute stock solu-
tion with an A of 12.8% and a Na™ concentration
of 1.365 molkg 1.

The molecular weight (M) of the polymer was
that preferred for the dispersion of calcite, and
was in the range 3500 to 9500 gmol ! (as deter-
mined by low-angle laser light scattering).

Apparatus

Gel permeation chromatography (GPC) mobile
phase was 0.025 moldm ™~ * NaH,PO,2H,0 and
Na,HPO,, 0.1 moldm~3 NaCl and 0.02 weight/
volume % NaN; in distilled water. The pH of the
mobile phase was 6.8 £ 0.2 and it was filtered
(0.2 um cellulose acetate membrane) and degassed
(vacuum and ultrasonication) prior to use. A blan-
ket of He was maintained over the mobile phase.
The GPC stationary phase was a Polymer Labo-
ratories 300 x 7.5 mm aquagel-OH 40 column
{protected by a guard column). Operational Set-
tings of the GPC system: a) Pump flow rate
16.7 mm?3s~?*; b) Sample loop size 20 mm?; ¢) UV
detector wavelength 222 nm; d) Data collection
by Jones Chromatography JCL6000 GPC soft-
ware.

Method

Contacting of dispersed phase and dispersing agent

The dispersed phase and the dispersing agent
were contacted at a solids content of 70% (volume
fraction (¢) = 0.463) for about 2 days as follows.
Fine calcite, equivalent to a dry weight of 140 g,
was weighed into a brass mixing pot. A known
weight of NaPolyA was added, in the form of the
dilute stock solution, such that the weight of
NaPolyA per unit weight of calcite (i.e. the Na-
PolyA dose) was in the range 0 to 28 mg per g
calcite. Finally, sufficient water was added such
that the total weight of the contents of the pot was
200 g. The contents of the pot were homogenised
initially by hand and then using a mechanical
mixer.
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Slurry viscosity measurement and slurry separation

The initial viscosity of the slurry was measured
using a Brookfield viscometer (model RV) at
1.67 revs.s~'. About 2 cm?® of the slurry was re-
tained while the remainder was separated into
solid and supernatant phases by pressure filtra-
tion (as described above).

Analysis of supernatant

A part of the supernatant was analysed for the
elements Na, Ca, S and Mg by ICP. In addition, a
part of the supernatant was analysed for cation
polyacrylate (CATPA) by GPC. The remainder of
the supernatant was retained for electrophoretic
mobility measurements.

Electrophoretic mobility measurements

An appropriately small amount of the slurry
was redispersed in the supernatant and the
electrophoretic mobility of the suspended par-
ticles measured using a Malvern Zetasizer-4 in-
strument.

Repetition

This entire procedure was repeated 23 times.
With each repeat the dose administered to the
calcite was a value in the range 0 to 28 mg per g
calcite, such that the dosage difference between
repeats was roughly 0.5 mg per g at low doses (i.e.
< 10 mg per g) and roughly 5 mg per g at higher
doses.

Results and discussion

Viscosity

The initial Brookfield viscosity data of the
twenty-four slurries are presented as a plot of
viscosity against dose in Fig. 1. The sharp fall in
viscosity at low levels of addition, and the invaria-
nce of this low viscosity throughout the remainder
of the dose range demonstrated the stabilising
action of NaPolyA on colloidal dispersions of
calcite.
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Fig. 1. Brookfield viscosity as a function of NaPolyA dose.

Solution species

The principal species found in each supernatant
were Na®, CATPA, Ca*?*, ¢OSO; and Mg?".
The quantitative analyses of Na® and Ca®* are
presented as plots of solution concentration
against dose in Fig. 2.

The pH of the supernatants was in the range ca.
9.2 to 9.5, except for the supernatant obtained
from the lowest-dosed (i.e. 0.49 mg per g) slurry
which had a pH of 8.4; the undosed slurry super-
natant had a pH of 6.4.

In general, above a dose of ca. 1.0 mg per g the
solution concentrations of all the principal species
increased with dose. In the case of Na*, CATPA
and ¢OSOj this increase was linear, whereas the
concentrations of Ca** and Mg?* tended to-
wards limiting values at high levels of addition. At
dose levels of < 1.0 mg per g, however, the con-
centration behaviour of the various species was
not uniform. Thus, no CATPA was found in
solution, while the concentration of Ca?" and
Mg? ™" decreased with increasing dose. In contrast,
the concentration of Na™ increased linearly, with
an intercept close to the origin. The ¢OSO;
concentration increased rapidly up to 1.0 mg per g
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Fig. 2. Sodium and calcium solution concentrations as func-
tions of NaPolyA dose

and thereafter increased at a slower rate with
increasing dose.

The behaviour of Ca?* and Mg?™ concentra-
tions at very low doses (i.e. < 1.0 mg per g) may
be explained in terms of an initial reaction of these
alkaline earth cations with NaPolyA to produce
mixed cation polyacrylates (eg. sodium-calcium-
polyacrylate), followed by the uptake of these
polyacrylates by the calcite. This explanation im-
plies that the polyacrylate acted as an ion ex-
changer and exchanged Na* ions for Ca?" and
Mg?* ions. From a thermodynamic point of view,
such an exchange is predicted on the basis of the
small solubility product values (ca. 107% to
1072° mol*dm~°) of Ca?* and Mg?* carboxy-
lates and the vast difference between these values
and the much larger values of Na™ carboxylates

[1, 2]

In a similar way, the increasing concentrations
of Ca?* and Mg?* with dose above 1.0 mg per g
may also be explained in terms of a polyacrylate
ion-exchange reaction. However, this time Na*
ions of the polyacrylate are exchanged for Ca?*

and Mg?™" ions from the solid phase, and the so-
formed water soluble, mixed cation polyacrylate
now remains in the solution phase.

It is to be noted that the observed zero values of
alkaline earth concentrations, at a dose of ca.
1.0 mg per g (see Fig. 2, for Ca?*), is somewhat at
variance with the obvious excess of calcite over
polyacrylate in this system; an excess of calcite
should have prohibited the fall of alkaline earth
concentrations to zero values. It may be inferred,
therefore, that the system was not at equilibrium
when the concentrations were recorded. In addi-
tion, the increase in alkaline earth concentration
with dose (above ca. 1.0 mg per g) may be at-
tributed, in part, to the increase in the solubility of
mixed cation polyacrylate with increase in ionic
strength.

The calculation of the concentrations of poly-
acrylate repeating unit anions associated
with Ca?*, Mg?* and Na™ ions

In order to satisfy the condition of electron-
eutrality in the solution phase, associations were
sought between oppositely charged ionic species.
The associations involving polyacrylate repeating
unit anions (PA ™) are discussed in this section,
while associations involving Na* ions are dis-
cussed in the next section. Throughout all discus-
sions, the mol dm ™2 concentration of species i, of
molecular weight m;, gmol™?, is designated [i]
and the mgem ™3 concentration of species i is
designated (i), such that

Gy = m[i] @

The concentrations (respectively, [PA™ ], and
[PA ) of those PA™ ions associated with Ca®*
and Mggz+ ions (i.e. CaPA, and MgPA,) were
calculated from the measured (ICP) concentra-
tions of Ca and Mg. Thus, [PA™]., = 2[Ca?**]
and [PA™ ], = 2[Mg®*].

The concentration ((PA ™ ]y,) of those PA™ ions
associated with Na™ ions (i.e. NaPA) was calcu-
lated from the difference between the measured
(GPC) concentration of CATPA and the sum of
the concentrations of CaPA, and MgPA,. Thus,

[PA™ ]y, = ((CATPA) — (KCAPA,)
+ (MgPA,>))/Myapa > 3

where (CaPA,> and (MgPA,> were obtained
from, respectively, [Ca®*] and [Mg®*] using Eq.
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(2) with the appropriate value for m;, i.e. either
1822gmol™!  (CaPA,) or 1664 gmol!
(MgPA,), and my,p, is the molecular weight of
NaPA (94.05 gmol ™ 1).

The concentrations of NaPA ([NaPA]) and
alkaline earth polyacrylate ([CaPA, + MgPA,])
were similar at low doses (ie. <2 mg per g).
However, at higher doses [NaPA] increased with
dose at a much greater rate than did [CaPA,
+ MgPA,], and by the highest dose [NaPA] was
ca. 20 times greater than [CaPA, + MgPA,] (ie.
ca. 0470moldm™® compared to ca.
0.024 mol dm ~3).

The calculation of the concentrations of Na* ions
associated with PA~, $OSO;3 and HCOj ions

The concentrations (respectively, [Na®],, and
[Na™*]40s0,) of those Na* ions associated with
PA™ and ¢OSOj3 (i.e. NaPA and Na¢OSO,)
were given, respectively, by the equivalences
[Na*TJps = [PA™ ]y, and [Na™ 4050, = [¢OSO3].

The concentration ([Na™]yco,) of those Na™*
ions associated with HCOj ions (ie. NaHCO,)
was calculated from the difference between the
measured (ICP) concentration of Na ions and
the sum of the concentrations [Na*]p, and

[Na*],0s0,- Thus,
[Na*Jyco, = [Na*] — ((Na™Jp,
+ [Na+]¢oso3) .
Throughout most of the dose range,
[NaHCO;] was fairly steady at ca.
0.015moldm ™3, while [Na¢OSO,] increased

only slightly (ca. 0.002 to 0.008 moldm ~3) with
dose.

)

Ionic strength

The ionic strength (I) of each supernatant was
calculated in the conventional way, from
moldm ~? ionic concentrations, using an expres-
sion of the form

I =0.52%[Ca?*] + 12[PA ], + 22[Mg?*]
+ 12[PA ™ ]y, + 1?[¢OSO5 ]
+ 12[Na™Jy0s0,
+12[Na*]ps + 1*[PA ]y,

+ 12[Na" Jyco, + 1?[HCO5]) , (5)

where [HCO3 ] was given by the equivalence
[HCO;] = [Na+]HCO3. ThIlS,

I =05(Na*]+[PA™] + [¢0SO;]
+ [HCO;]) + 2([Ca®"] + [Mg*"]), (6)
where
[PAT] = [PA" ]¢, + [PA Iy + [PA7 Ina - (7)

I increased linearly with dose, with an intercept
close to the origin. The major contributors to I
were Na™ and PA ™. For example, at a dose of ca.
5.0 mg per g the I was 0.1004 of which 0.0418 was
due to Na™ and 0.0391 was due to PA~; the
minor contributors were Ca?* (0.0090) and
HCOj3; (0.0067). Consequently, the form of the
dose versus I plot is similar to the dose versus
[Na™*] plot shown in Fig. 2.

Electrical double layers of the particles

The increase in I across the dose range studied
affected the electrical double layers (EDLS) of the
particles. Thus, the effective thickness of the par-
ticle EDLS, as quantified by the reciprocal of the
(I dependent) Debye—-Huckel parameter (K), de-
creased by about an order of magnitude (ca. 5.3 to
0.4 nm). This was reflected in an increase in the
ratio of particle radius to EDL thickness (KR)
from KR = 36 to KR = 457.

The calculation of the quantities of abstracted
species

The interaction of polyacrylate with calcite is
better described as an abstraction rather than an
adsorption process. This is because of the very
likely occurrence of a chemical reaction between a
portion (at least) of the interacting polyacrylate
and the carbonate surface [3—6]. In this event, it is
reasonable to assume that the polyacrylate/calcite
system under study did not attain a state of
equilibrium in the time scale of the experiment
[7]. Thus, the concentration of CATPA found in
solution ((CATPA ) was considered as a residual
concentration, at the time of sampling, rather
than an equilibrium concentration.

The total amount (pror, in units of mg per g
Calcite) of CATPA abstracted was evaluated, for
each dose, from the difference between the
amount of NaPolyA administered to the calcite,
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and (CATPA>. This abstracted amount was con-
verted into an abstraction density (I'tgr, in units
of ugm™?) using the geometric specific surface
area of the calcite (5.7 m?g™1).

An abstraction isotherm (Fig. 3) was construc-
ted from a plot of I'tor against (CATPA). This
isotherm may be conveniently divided into three
dose-range regions for the purposes of discussion
(see Table 1). Over the first two regions, the
isotherm has a rectangular hyperbolic shape with
an initial sharp rise in abstraction in Region 1
followed by a short plateau in Region 2. This
shape of isotherm obeys the Langmuir model, and
the abstraction data can be fitted to the linear
equation

<CATPA>/FT6T = KL/(FTOT)P
+ (CATPA} /(I'vor)e » (8)

where K| is a constant and (I'rop)p is the abstrac-
tion density at the plateau. Thus, a plot of
{CATPA}/I'1or against (CATPA) should yield
a straight line having a slope of 1/(I'top)p from

Table 1. Division of abstraction data into three dose-range
regions

which the value of (I'tor)e may be readily ob-
tained. Such a plot is shown in Fig. 4. There was a
good correlation between (CATPA)/Ipor and
{CATPA} (correlation coefficient = 0.99) up to
the end of Region 2. The value of 369.7 ugm >
was obtained for (I'tor)p- The isotherm as a whole
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is of the type H3 in the Giles et al. [8] system of
isotherm classification.

It may be inferred from the sharpness of the
initial rise in abstraction (Region 1) that there was
a high affinity of the polyacrylate molecules for
the calcite surface [9], while the plateau at
369.7 ugm~? (Region 2) indicates the completion
of an abstracted layer of polymer molecules. The
shortness of the plateau means that the abstracted
layer exposed a surface to the bulk solution which
had nearly the same affinity for more polyacrylate
as that of the original surface.

There was a small, but discernible, increase in
T'ror (ca. 84 ugm™2) across the plateau region.
This may be attributed to the development of the
abstracted layer with increase in dose (i.e. increase
in I). The increase in I'ygr with increase in I,
across the plateau region, is shown in Fig. 5.

It is known that the excluded volumes of poly-
electrolytes, such as polyacrylate, decrease ap-
preciably with increase in I [10, 11]. This is
because such an increase causes a shielding of
charge centres which gives rise to a reduction in
the long-range, electrostatic intra- and inter-

375

350 4

325 A

Tror /Hg m~2

300

275

Fig. 5. Plateau abstraction density as a function of ionic
strength (1)

molecular repulsions. The result is a collapse of
polymer chains [12]. It would appear reasonable
to assume, therefore, that the increase in I (ca.
0.036 to 0.139) across the plateau region brought
about a collapse of the polyacrylate chains in the
abstracted layer and the production of vacant
sites on the calcite surface. Further polyacrylate
was then able to bind to these vacant sites, thereby
generating an increase in I'roy across the plateau
region.

Thus, the I'to value at the start of the plateau
(ca. 282 ugm™?) refers to a monolayer of extended
polymer chains, while the I'top value at the end of
the plateau (ca. 366 ugm ™ 2) refers to a monolayer
of collapsed polymer chains.

In the third region of the isotherm there is a
steady rise in abstraction, and no correlation was
found between (CATPA)/I1or and (CATPA)
(see Fig. 4). It may be inferred, therefore, that the
further uptake of polyacrylate molecules occurred
onto the layer of molecules initially abstracted,
i.e., Region 3 describes muitilayer formation. The
reason for this multilayer formation may well lie
with the increase in I (ca. 0.139 to 0.524) across
Region 3. The effect of I on the amount of poly-
electrolyte abstracted from solution has been
studied by several groups [13, 14, 15, 16]. Irres-
pective of the relative signs of the surface charge
and the polyelectrolyte, the abstracted amount
generally increases with increasing I. Such behavi-
our arises from two sources: 1) the solvency of the
solution for the polyelectrolyte decreases with
increasing I, and 2) the shielding of the poly-
electrolyte charge centres increases with I [12].
The combined effect of these two phenomena will
be to drive the polyelectrolyte into the abstracted
state.

Molecular footprint and molecular radius in the
initial layer, up to the completion of this layer
(i.e. Regions I and 2)

In the development of a layer, j, of abstracted
polymer molecules (of average molecular weight
M gmol™1), the average molecular footprint (F;,
in units of nm?) of a polymer chain on a surface
may be obtained from the abstraction density
attributable to that layer (I) by means of the
relation

F, = 10**M/(TI;N) 9)
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where N is Avogadro’s number. It is to be noted
that Eq. (9) assumes that the collection of mole-
cules taken up by a surface, at any stage in an
abstraction processes, occupy all the available
surface. Although this is a valid assumption when
the collection of molecules form a complete
monolayer, it is not strictly valid when the layer is
incomplete, i.e. in the early stages of layer forma-
tion. However, in view of the high affinity iso-
therm observed for the abstraction process
under study it is apparent that layers developed
quickly over very narrow concentration ranges.
Consequently, it was considered reasonable to
apply Eq. (9) across the entire abstracted data
range.

The average molecular footprint (F,) of poly-
acrylate in the initial layer (i.e. j = 1) on calcite is
given, therefore, by Eq. (9) with I, set equal to the
abstraction density (I',) attributable to the initial
layer. If it is assumed that F, is a circle, then the
actual radius (r,pg, in units of nm) of this circle is
given by

Faps = (F/TC)I/2 (10}

with F = F, while the equivalent radius of gyr-
ation ((rg)aps) is obtained using the expression

(rg)ass = VABS/(5/3)1/2 (11)

The appreciable variation in the excluded vol-
umes, i.e. the radii of gyration, of polyelectrolytes
with I was acknowledged earlier. The variation
with I of the radius of gyration ((rg)soy.) in bulk
solution of NaPolyA, with a molecular weight in
the range 3500 to 9500 gmol ™', has been evalu-
ated by Rogan [17] from the intrinsic viscosity
data of Takahashi [18]. The variation is expressed
as the second order polynomial

(ra)sor = 2.3289 + 0.24166/1'/>

— 0.005175/I (12)

It is reasonable to expect that (rg)aps Will also
vary with 1/I'/2, and in a similar fashion to that
found for (rg)sor. The variations of (rg)sor and
(rG)ans With 1/1*/2 of the supernatants, are shown
in Fig. 6; the values of (r;),ps Were calculated from
the abstraction data up to, and including, the
development of the initial layer (i.e. up to the end
of Region 2).

The collapsing effect of I on polyacrylate
chains, whether in bulk solution or at a calcite
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Fig. 6. Radii of gyration of solution {{rg)so.) and abstracted
{({(rg)aps) cation polyacrylate as functions of ionic strength
(inverse square root)

surface, is evident from the general decrease in
radii of gyration from ca. 4 to 2 nm with increas-
ing 1.

On close inspection of Region 2 in Fig. 6 it is
apparent that at high I the variation of (rg)ass
with 1/I'? is very similar to that of (rg)sor. In-
deed, the difference between (rg) s and (r¢)sor, at
high I, has a steady value of ca. 0.549 nm, while
the variation of (rg)ags With 1/I'/* is described
very well by an equation analogous to Eq. (12),
viz.,

(ro)aps = 1.7795 + 0.24166/1'/2
— 0.005175/1 (13)

This equation, therefore, describes the variation
with I of the radius of gyration of polyacrylate
chains in an abstracted monolayer. The curve of
this equation is shown in Fig. 6.

Zeta potential

In view of the intermediate values of KR en-
countered in the present work, particularly at the



Rogan et al., Sodium polyacrylate-treated calcite dispersion

1183

lower doses, the measured electrophoretic mobil-
ity was converted into zeta potential on the basis
of the mathematical procedure developed by
O’Brien and White [ 19], using the computer pro-
gram containing this procedure written by White,
Mangelsdorf and Chan [20].

The input into this program includes the con-
centrations, valencies and equivalent ionic con-
ductivities at infinite dilution (I'y) of the principal
ionic species present in the continuous phase sur-
rounding the particles undergoing electrophor-
esis. In the case of two of the principal ionic
species, viz.,, PA™ and ¢OSOj, the I', values were
taken to be those of simpler analogues. Thus, the
PA~ ion was assigned the I', value of glutarate,
while the OSO; ion was assigned the I'y, value of
ethyl sulphate.

The zeta potential of the calcite particles is
plotted as a function of dose in Fig. 7. Zeta
potential increased with dose, reaching a max-
imum value of ca. — 50 mV at a dose of ca. 6 mg
per g, i.e. just prior to multilayer formation. At
higher doses, the zeta potential decreased with
increasing dose. The initial rise in zeta potential is
readily attributable to the uptake of polyacrylate

50
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Zeta Potential /mV
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Fig. 7. Zeta potential as a function of NaPolyA dose

(anionic polyelectrolyte) by the calcite surface (see
Fig. 3). The fall in zeta potential at higher doses is
reasonably explained in terms of the reduction in
the decay distance of electrical potential incurred
by the increase in I (see above). Apparently, this
collapse of particle EDLS outweighs the increase
in electrical potential expected with polyelectro-
lyte uptake.

Particle—particle interactions

Derjaguin and Landau [21] and Verwey and
Overbeek [22] introduced the idea that colloid
stability could be quantified on the basis of elec-
trostatic repulsion and van der Waals attraction
energies (Vy and V,, respectively). That is, the
potential energy of interaction (F;) between
approaching colloid particles is given by the sum
(Vg + V). This idea has been applied in the pre-
sent work, and the equations of Ottewill [23] and
Verwey and Overbeek [22] were used to describe
the variations of Vi and V,, respectively, with
inter-particle (surface to surface) distance (h, in

Repuision
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Fig. 8. Interaction energy curves: van der Waals attraction
+ electrostatic repulsion (no steric repulsive energy). Values
in parentheses are NaPolyA dose in units of mg per g calcite
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units of nm); the Hamaker constant was taken as
223x1072°7 [24].

The variation of V., scaled in units of kT, with &
(interaction energy curve) is shown in Fig. 8, for a
wide range of doses. The repulsive energy maxima
of the interaction energy curves increase in height
with increasing dose up to ca. 2 mg per g. There-
after, the height of the energy maxima decrease
with increasing dose. The increase at low dose is
readily attributable to the increase in the zeta
potential of these particles as they take up poly-
acrylate from low I solution.

At higher doses, the decrease in the height of the
energy maxima may be attributed to the collaps-
ing effect of I on EDLS, and the increasing im-
portance of this effect at higher doses. Thus,
although the zeta potential of the particles is
observed to increase with dose above 2 mg per g,
as polyacrylate is taken up, this is overshadowed
by EDL collapse. The net effect is a loss of
electrostatic repulsive energy and the energy max-
ima diminish with increasing dose.

Thus, on the basis of an inter-particle repulsion
derived solely from electrostatics, the net potential
energy of interaction between particles becomes
less repulsive with increasing dose. That is, ac-
cording to DLVO theory the colloidal stability of
calcite slurry should diminish with dose above ca.
2 mg per g. However, this is at variance with the
increase in colloid stability with dose inferred
from the observed decay of slurry viscosity with
dose, up to and beyond 6 mg per g. It would
appear, therefore, that such stability cannot be
explained solely on the basis of electrostatics, and
that another repulsive energy exists between poly-
acrylate-covered calcite particles at high dose. It is
highly likely that this energy is steric in origin.
The remainder of this work describes the quanti-
fication of a steric repulsion energy, and its inclu-
sion in the total potential energy of interaction
between calcite particles.

A model of the polyacrylate abstracted by calcite in
the region of multilayer formation

A necessary input into any steric energy term is
the total thickness of the abstracted layer. In the

present work, total layer thickness and other rel-
evant parameters were evaluated using a model of
polyacrylate uptake, based on polymer chain
radii. A direct evaluation of layer thickness was
not possible due to the polydispersity of both the
calcite and the polyacrylate, and the expected
relative thinness (in comparison with R) of such a
low molecular weight polyacrylate layer.

Description of model

The model was formulated in such a way so as
to be consistent with the observed behaviour of
abstracted polyacrylate chains in the development
of the initial layer: 1) After the completion of the
initial layer, at a particular I, further abstracted
polymer chains then reside on top of the initial-
layer chains and form a second layer. On the
completion of this layer, at a particular I, the
process is repeated and polymer chains are assim-
ilated into a third layer; 2) For a given I, all
abstracted polymer chains have the same radius
of gyration, (rg)aps, irrespective of their placement
in the abstracted layers. Therefore, the abstraction
densities and the thicknesses of complete layers
are equal at a given I; 3) (rg)aps decays with
increasing I, and the form of this decay is taken to
be that observed in the development of the initial
layer and described by Eq. (13). Thus, more poly-
acrylate is accommodated in each of the in-
nermost layers, and there is a steady rise in the
abstraction density of these layers, as the dose
(i.e. I) is increased; 4) For a given I, the volumes
occupied by a polymer chain in the abstracted
state and in bulk solution are equal®.

Molecular footprint, molecular radius and
abstraction density in the initial layer, in the
region of multilayer formation (i.e. Region 3)

F, in the region of multilayer formation may be
calculated by means of the relation

Fy = nrigs (14)
where
FABs = (TG)ABS(5/3)(1/2) s (15)

and (rg)aps is given by Eq. (13). Then, I'; in the

2 The shape of the volume occupied by a polymer chain in bulk solution is taken as spherical.
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region of multilayer formation may. be calculated
from F,; by means of the relation

I't = 10** M/(FN),
with F equal to Fy.

(16)

Layer thickness

The inequality (rg)ass < (Fg)sor Shown in Fig. 6,
may be taken to infer a lateral compression of the
abstracted (and collapsed) polymer chains. The
simplest shape of laterally compressed polyacry-
late chains in an abstracted layer, j, is a cylinder of
radius r,ps and height (or thickness) ;. In view of
the assumed equivalence of volumes cited above,
the thickness 6; (in units of nm) of the abstracted
polymer layer 1s given by

55 = 4”30L/ 3r fst > (17

where rg; is the actual radius (in units of nm) of
sodium polyacrylate in bulk solution, and is given
by

rsoL = (rg)sor(5/3 (18)

and (rg)sor, 18 given by Eq. (12). The thickness of
each abstracted layer was calculated in this way.

)(1/2)

Abstraction density, molecular footprint and
molecular radius in the second layer up to
the completion of this layer

The amount of polyacrylate abstracted into the
second layer may be obtained from the difference

(19)

where 7, is the amount of polyacrylate abstracted
into the first layer, and is given by

7, = 8T;/1000 , (20)

with § =57m?g ' and I'; = I'; .y, may be con-
verted into an abstraction density (I';) in the
second layer using the relation

r, = 1000y/S , (21)

with y = 7,, and S = the geometric specific sur-
face area (S;) of the calcite with a single layer of
abstracted polyacrylate (i.e. the geometric specific
surface area at the outer edge of the first abstrac-
ted layer): S; is given by Eq. (1) with r =

R + 9,.

Y2 = Ytor — 71>

I'y=1T,. The actual radius of this footprint is
given by Eq. (10) with F = F,, while the equival-
ent radius of gyration is obtained using Eq. (11).

Abstraction density, molecular footprint and
molecular radius in the second layer, in the region
of layer three formation

The second layer was considered to be com-
plete when its abstraction density became equival-
ent to that of the first layer. This occurred at
I, ~ 448 ygm ™2 and a dose of ca. 16.0 mg per g.
Thus, the second layer was complete at the two
highest doses, viz., 19.7 and 27.9 mg per g.

The F,, rags and I', of polymer chains in the
second layer at the two highest doses, i.e. in the
region of layer 3 formation, are given, respectively,
by Eqgs. (14), (15) and (16) with F = F,.

The abstraction density, molecular footprint
and molecular radius in higher layers (i.e. third
and fourth layers) may be calculated in an analog-
ous manner to that described above for the first
two layers.

The variation of the total layer thickness (61or,
equal to 6, + 6, + 85 + 04) with dose is shown in

0
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Table 2. Characteristics of the layers of polyacrylate abstracted by a calcite surface

Layer

Dose at Tonic strength Abstraction density of Thickness of a complete
completion at completion a complete layer at this layer at this ionic
of layer of layer ionic strength strength
mg per g Calcite ugm~ 2 nm
1 6.4 0.139 366 7.76
2 16.0 0.318 448 7.38
3 232 0.447 470 7.30

Fig. 9, while the characteristics of the layers of
abstracted polyacrylate are given in Table 2.

Thus, the model predicts a sharp increase in
dror With dose in Region 1. This correlates well
with the sharp uptake of cation polyacrylate in
this region, as quantified in Fig. 3. It may be
inferred, therefore, that polyacrylate uptake is
more important than chain collapse in Region 1.
dror attains a value of ca. 9.8 nm at a dose of ca.
2 mg per g.

In Region 2, the model predicts a sharp de-
crease in dop after which dpgp remains fairly
steady at a value of ca. 7.8 nm up to a dose of ca.
6 mg per g. Such a reduction in é4or With increase
in I (i.e. increase in dose) has been observed by
several groups [15, 16, 25, 26]. It may be inferred,
therefore, that chain collapse dominates polymer
uptake in Region 2.

In Region 3 the model predicts a steady in-
crease in dyor with increase in I (ie. increase in
dose). This correlates well with the multilayer
uptake of polyacrylate in this region as quantified
in Fig. 3. It may be inferred, therefore, that poly-
acrylate uptake dominates chain collapse in
Region 3.

Particle—particle interactions, incorporating
a steric energy term

An additional potential energy term (V) was
introduced into the calculation of V7 to provide a
measure of the steric repulsion between abstrac-
ted polyacrylate chains residing on approaching
calcite particles. Thus, V; was now calculated
from the summation (¥ + V, + V5). The equa-
tion of Ottewill [23] was used to describe the
variation of V5 with h:

Vs=4x 10_277EC2kT'(1// — %2) (bror — h/2)>
%X (3R + 26101 + h/2)/3vp3 , (22)

where C is the concentration (in units of mgem ™3)
of cation polyacrylate in the total layer of abstrac-
ted polyacrylate, v is the molecular volume
of water molecules (18.02x107%/Nm?), p, is
the density of the abstracted polyacrylate
(1300 mgem™3), ¥ is a dimensionless entropy
parameter, which for ideal mixing can be taken as
0.5, and y, is the dimensionless NaPolyA/solution
interaction, or solvency, parameter. C is given by
the expression

c="r 'll"OT/ 5T0T s (23)

where I'tor = (I'y + I', + I'y + I',). C rose sharp-
ly with dose in Regions 1 and 2, and then tended
toward a limiting value of ca. 65mgem™ in
Region 3; the variation of C with dose was
described very well by an asymmetric sigmoid
function. The variation of y, with I, for sodium
polyacrylate, has been evaluated by Rogan [17],
from the intrinsic viscosity data of Takahashi
[18]. The variation is expressed as the linear
function

X, = — 0.02167/1*/? + 0.5232 (24)

The variation of V7, scaled in units of kT, with k
(interaction energy curve) is shown in the three
plots (corresponding to the three dose-range re-
gions) of Fig. 10. The behaviour of the (Vg + V,
+ V) interaction energy curves with increasing
dose is similar to that of the (Vi + V,) curves
(shown in Fig. 8) up to a dose of ca. 6 mg per g, i.e.
just prior to multilayer formation at the end of
Region 2. However, at higher doses (i.e. in Region
3) the behaviour of the two sets of curves differ, in
that the heights of the energy curves computed
with a steric repulsive term increase steadily with
dose, above a dose of ca. 6 mg per g. Thus, the
formation of multiple layers of polyacrylate on the
calcite surface gives rise to a strong steric repul-
sion which dominates interparticle interactions.
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Region 3

Fig. 10. Interaction energy curves: van der
Waals attraction + electrostatic repulsion
+ steric repulsion. Values in parentheses
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Fig. 11. Effective interaction distance as a function of Na-
PolyA dose

This occurs in a high I region in which electro-
static repulsion is negligible.

Inter-particle interaction distance

A useful way of describing particle-particle in-
teractions is to calculate the effective surface to

are NaPolyA dose in units of mg per g
calcite

surface interaction distance (H, in units of nm).
Following Ottewill and Richardson [27], this can
be done by utilising the theory of Barker and
Henderson [28, 29]. Using their approach H is
defined as

[ee]

H = [[1— exp(— V4/KT)]dh (25)

The function [1 — exp(— V4/kT)] decayed
sharply with increase in h, for all but the very
lowest doses (i.e. 0 and 0.49 mg per g) indicating
that the particles interact to a first approximation
as hard spheres, for most of the dose range cov-
ered. The computed H values are plotted against
dose in Fig. 11. H is about 15 nm throughout
Regions 1 and 2, and then rises steadily to ca.
50 nm in Region 3. It is of interest to compare the
H values with the estimated surface-to-surface
distance (Hy 57, in units of nm) between particles
based on a concept of a f.c.c. lattice. H ,; was
obtained using the expression

Hyar = R[(1.8094¢ 1) — 27 ; (26)
this gave the value of 65.5 nm for H; ,;. That is,
H < H; 41 over the dose range studied. Thus, the
interactions between calcite particles at a slurry
solids of 70% (¢ = 0.463) are such that the system
is not highly ordered but the particles are appar-
ently arranged in a “liquid-like” configuration.
However, on the assumption of a f.c.c. packing of
particles, it is envisaged that the system will attain
a “glass-like” state at a dose of ca. > 30 mg per g.
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Conclusions

Sodium polyacrylate has a high affinity for a
calcite surface and a monolayer is assimilated at
low doses, ca. 2 mg per g. Hardly any polyacrylate
remains in the continuous phase and the I of this
medium is low and increases only slightly with
dose. The polymer chains are in a relatively
extended configuration and the thickness of the
monolayer is modelled to be ca. 9.8 nm. In this
low I region, the electrical double layers of par-
ticles are relatively extensive. As a result, the
initial uptake of polyacrylate (anionic polyelec-
trolyte) generates quite high, negative zeta poten-
tials, ca. — 45 mV. In such a situation of extensive
double layers and high zeta potentials, the electro-
static repulsion between approaching particles is
strong and a slurry of the particles is colloidally
stable.

The colloidal stability of sturries of the poly-
acrylate-covered particles is evident from the
sharp fall in slurry viscosity observed at low levels
of sodium polyacrylate addition.

With further addition, more and more poly-
acrylate appears in the continuous phase and
a steady increase in I is observed with increase
in dose; the main contributors to I are sodium
cations and polyacrylate anions.

The sodium polyacrylate exchanges Na™ ions
for Ca?* and Mg?* ions, and water-soluble,
mixed polyacrylates (eg. sodium-calcium-poly-
acrylate) are produced. With the uptake of
virtually all the polyacrylate at low doses, this
exchange results in the Ca®"/Mg?* depletion of
the continuous phase as these ions are taken to
the calcite surface. However, as more polyacrylate
appears in the continuous phase at higher doses,
this exchange now gives rise to increasing concen-
trations of these cations as the polyacrylate ex-
changes Na™ jons for solid phase Ca?*/Mg>™
ions.

The steady increase in I leads to a collapse of
surface polyacrylate chains and the production of
vacant surface onto which further polyacrylate
then binds. However, the rate of production of
vacant surface cannot keep pace with the rate of
uptake of polyacrylate chains, and multilayer
formation begins at a dose of ca. 6 mg per g. The
thickness of the initial layer, at this stage is model-
led to be ca. 7.8 nm. The increase in I also
collapses electrical double layers and this eflect

begins to dominate over the observed increase in
zeta potential arising from the uptake of poly-
acrylate. In terms of DLVO theory, interparticle
electrostatic repulsion begins to diminish with
increasing dose above ca. 2 mg per g.

Zeta potential attains a maximum value just
prior to the onset of multilayer formation, and is
then increasingly suppressed by the steady rise in
I throughout multilayer assimilation.

In spite of the predicted diminution in electro-
static repulsion, the viscosities of slurries of poly-
acrylate covered particles continue to decay with
dose up to and beyond 6 mg per g. On the reason-
able assumption that such a decay in viscosity
infers an increase in colloid stability, then such
stability cannot be explained solely on the basis of
electrostatics. Apparently, the notion that the col-
loidal stability of sodium polyacrylate-treated cal-
cite slurries is due entirely to the development of
electrostatic repulsion between particles, is an
inadequate representation of the true picture
above a dose of ca. 2 mg per g.

The formulation of a model to characterise the
uptake of multiple layers of polyacrylate, based on
the observed collapse of polyelectrolyte chains
with increasing I, leads to the evaluation of sec-
ond and third layer completions at doses of ca.
16.0 and 23.2 mg per g, respectively. Using this
model, the layer thicknesses at these doses were
calculated to be ca. 7.4 and 7.3 nm, respectively.

The characterisation of abstracted polyacrylate
multilayers by this model enables an assessment
to be made of the steric repulsive energy between
polyacrylate-covered particles. Calculations have
shown that the incorporation of such a repulsion
in the total interparticle interaction energy can
generate increasing colloidal stability above ca.
6 mg per g and so reconcile theory with experi-
ment. It would appear that, while electrostatic
repulsion diminishes, steric repulsion increases
with dose. Thus, in the dose range ca. 2 to 6 mg
per g, colloidal stability is a result of both electro-
static and steric repulsions (i.e. electrosteric repul-
sion). In contrast, above ca. 6 mg per g, stability is
achieved almost solely by steric repulsion, while
electrostatic repulsion in this high I region is
negligible.

Although the colloid particles increase in size
with dose as polyacrylate layers are built up, the
viscosity of a slurry of the particles continues to
decay even at high doses (i.e. up to ca. 28 mg per g)
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because the colloid particles are still small enough
to be freely mobile, and thereby allow the inter-
particle steric repulsion to operate. However, it is
envisaged that the colloid particles will touch, and
the system will attain a “glass-like” state, at a dose
of ca. > 30 mg per g.
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