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Abstract

Aggregating fine particulate matter is common practice in many industrial solid-liquid separation processes. Data obtained in this wor
on dilute aqueous dispersions of model colloidal polystyrene latex spheres indicate that depletion flocculation, which uses non-adsorbi
polymer, can yield very compact aggregates. Flocculation of the negatively charged latex particles was induced by the addition of
poly(acrylic acid) at pH 10. The structural compactness of the latex flocs formed in the dilute dispersions was characterised usin
small-angle static light scattering in terms of mass fractal dimensions. Rheological measurements on the concentrated latex dispersion:
the presence of the non-adsorbing polyacid showed Bingham yield stress behaviour. Both the compactness and strength of the latex fl
were found to be significantly dependent upon the level of the polyacid, as well as the concentration of the initial particles. In particular
as the level of the polyacid was raised the floc compactness decreased, whereas its strength increased. They were both seen to leve
at high polymer concentrations. Atomic force microscopy measurements were made at varying concentrations of the polyacid to provic
a qualitative explanation of the observed floc structural behaviour of the dilute dispersions. By combining the fractal dimension and th
Bingham yield stress we were also able to estimate the energy required to separate the flocs into single units in the concentrated dispersic
It was concluded that the interparticle interaction energy is the key to understanding the dependence of both the floc structure and stren
on the polymer concentration. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction of a simple inert electrolyte [3,4]. Destabilisation can also be
induced by adding a polymeric flocculant [5] which either
An understanding of the aggregation processes of fine adsorbs to the particle surface (bridging flocculation) or is
particles is of fundamental importance in colloid, mate- non-adsorbing (depletion flocculation). Salt-induced parti-
rial, biological and environmental sciences. It also has cle coagulation and in particular polymer-induced bridging
wide implications in many industrial solid-liquid separation flocculation are currently the most common mechanisms
processes such as thickening, settling, filtration or flota- being employed in industrial applications.
tion, where solids separation efficiency is enhanced with  Knowing the structure of aggregates is vital if one wishes
the increased size of the resultant aggregates. Differentto better understand and control the aggregation process.
applications may, however, require aggregates of differ- Since the advent of fractal mathematics in the mid 1970s
ing characteristics [1]. For instance, in applications where [6], fractal techniques have been increasingly applied to the
solids consolidation is the main objective, aggregates pos-aggregate structural analysis. Itis now known that aggregates
sessing higher mass densities are desired, since low densitjormed from random aggregation processes are generally
aggregates are voluminous due to high solvent content. mass fractals, meaning that the aggregate structure is scale
The majority of industrial processes involve aqueous invariant. In the theory of mass fractals the mass fractal
dispersions whose stability is controlled by the presence dimension,D, corresponds to the degree of irregularity or
of some surface charge on the constituent particles whichthe space-filling capacity of an objed. is related to the
results in the DLVO-type electric double layer repulsion mass densityp(R), of an aggregate of radilR by
[2]. The suppression of this stabilising effect can easily be

achieved, for example, by the addition of moderate amounts p(R)oxRP 3 1)
* Corresponding author. Telt61-2-49216181; fax:-61-2-49601445. Hence,D is a good measure of the structural compact-
E-mail addressccgyy@cc.newcastle.edu.au (Y.-d. Yan). ness of an aggregate. In three-dimensional Euclidean space

1383-5866/00/$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.
PIl: S1383-5866(00)00073-3



24 Y.-d. Yan et al./Chemical Engineering Journal 80 (2000) 23-30

D ranges from 1 for tenuous aggregates to 3 for totally com- aspects of depletion induced flocs, with both using the
pacted material. small-angle static light scattering technique. Burns et al.
In salt-induced perikinetic aggregation processes the ag-[17] monitored the flocculation behaviour of very dilute
gregate mass fractal dimension generally ranges from 1.75aqueous dispersions of colloidal polystyrene latex spheres
for diffusion-limited cluster-cluster aggregation at high salt in the presence of a non-adsorbing poly(acrylic acid),
concentrations to 2.1 for reaction-limited cluster-cluster ag- whereas Poon et al. [16] studied the depletion phenomena
gregation at low salt concentrations [3,4,7]. In comparison, of concentrated non-aqueous dispersions of coated PMMA
the structural aspects of polymer bridging flocculated ag- spheres. Both investigations revealed the fractal nature of
gregates are less well known. There has been some experithe particle flocs. Values for the floc mass fractal dimension
mental [8—10] and computer simulation work [11,12] which from 1.7 up to 3 were obtained. These studies show the pos-
indicates that the mass fractal dimension of such aggregatesibility that very highD values and therefore very compact
ranges from 1.7 to 2.5. The aggregate structure was foundaggregates can be obtained through depletion flocculation.
to be strongly dependent on the molecular weight, charge This paper presents an experimental study on the struc-
density (in the case of a polyelectrolyte) and conformation ture and strength of depletion-induced flocs. Our aim is
of the polymer used. to provide a qualitative understanding of the observed floc
It has long been observed that when a colloidal disper- characteristics on the basis of interparticle interaction en-
sion is mixed with a polymer that does not adsorb onto ergy. Colloidal-sized polystyrene latex spheres were used as
the particle surfaces, phase separation into particle-richthe primary particles. These latices are particularly useful
and polymer-rich phases can occur [13,14]. This is widely model particles for aggregation studies, since they can be
known as polymer-induced depletion flocculation. Asakura prepared with controlled sizes and low polydispersity. Their
and Oosawa [15] were the first to predict theoretically the neutral buoyancy in water also reduces problems associated
depletion phenomena. Depletion interactions can generallywith particle settling during extended experimental periods.
be understood as follows (cf. Fig. 1): There is a segmental Depletion flocculation of the latex particles was induced by
concentration gradient of a polymer coil in the vicinity of the addition of a poly(acrylic acid) at a high solution pH.
a particle surface such that the polymer concentration is es-Structural compactness of the flocs was examined with the
sentially zero at the particle surface and increases to the bulksmall-angle static light scattering technique, whereas floc
value. The distance over which this interaction occurs is strength was obtained from rheometry. Information about
known as the depletion layer thickness, which in reality can the interparticle interaction energy was derived from atomic
be approximated by the radius of gyration of the polymer force microscopy and rheological measurements.
coil. Upon close approach of two colloidal particles, each
having a depletion layer, polymer segments from the dilute )
region between the particles are forced out into the more 2- Experimental
concentrated bulk solution, thus leaving behind a reservoir of
pure solvent between the particles. This creates an osmotic2-1. Latex particles and poly(acrylic acid)
pressure gradient and hence an attractive force between the
particles. It should be noted that the depletion layer thickness ~ The primary polystyrene latex spheres used in this work
and the osmotic pressure act in opposite directions: Increas-were synthesised according to the surfactant-free emulsion
ing the polymer concentration leads to a rise in the osmotic Polymerisation method of Goodwin et al. [18] using styrene
pressure and a decrease in the depletion layer thickness. monomer and ammonium persulphate as the initiator. Af-
Almost all existing work on depletion flocculation has ter synthesis, the particles were thoroughly dialysed against
focussed on the phase behaviour of such systems. Very littleMillipore water. Details of the preparation and characterisa-
is known about the structure of aggregates that are formedtion procedures can be found in Ref. [7]. Transmission elec-
from this flocculation mechanism. Two studies [16,17] have tron microscopy yielded a particle radius of H&nm. The
appeared in the literature which deal with the structural particles carried negative surface charges and their surface
functional groups were found to be fully ionised above pH 6.
T Y Poly(acrylic acid) (or PAA) with a nominal molecular
N weight of 250000 g mol! was purchased from Aldrich
and used as supplied. It is estimated that tkg @f a high
molecular weight polyacid is around 5. Above pH 5 more
than 50% of the functional groups along the polyacid chain
will be ionised.

2.2. Depletion flocculation

Fig. 1. A schematic illustration of polymer depletion between two ap- . . .
proaching particles of equal size, each having a polymer depletion layer ~Adsorption tests were carried out as a function of the aque-

thickness ofA. ous solution pH (adjusted using KOH and HR)@o ensure
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that under the solution conditions used in the subsequentcorresponds to the maximum force per unit area that the floc
flocculation work no adsorption of the polyacid onto the la- structure can withstand before rupturing, can be related to
tex particle surfaces occurred. This was done by mixing the the energy Esep required to separate the flocs into single
PAA solutions at a range of concentrations with a fixed vol- units [21-24], i.e.
ume of latex particles and tumbling at“Z5for 24 h. After

i i ifugati ilib- 78 = 3¢sNEsey/ (8mrd) 3)
settling out of the particles by centrifugation the equilib- B sNEsep/ (877

rium concentration of PAA in the supernatant was analysed . . : .
where ¢s is the volume fraction of the primary particles

using a spectrofluorimetric technique [19]. The results indi- . ; . .
cate that there was no measurable adsorption of the polyacidn the d|_sper5|onn IS the average _”“”_“ber of contacts per
at pH>7. As a result, the solution pH of all the floccula- part'de |n.the floc (|.e._the coord_lnatlon number), ard
tion tests reported in the subsequent sections was maintained® thg radius of the primary particles. Although the real
at 10. situation can be significantly more complex, Eg. (3) shows
the inherent relationship between the floc microstructure
(n), strength ¢g) and the force or energyEep) existing
amongst the primary particles.

The steady-state shear stresy ¢nd shear ratey() rela-
tion of the concentrated latex dispersions in the presence of

Small-angle static light scattering is well suited for the e non-adsorbing polyacid was measured on a Bohlin CVO
study of aggregate structures in dilute dispersions. For a masg,gnstant shear stress rheometer. The instrument uses a con-

fractal aggregate consisting of monodisperse primary parti- centric cylinder configuration. The gap width between the

cles and satisfying the criteria of the Rayleigh-Gans-Debye 4 cylinders is 1.25 mm and the outer cylinder is stationary.

regime, there exists a simple power-law scattering relation 1o Bingham yield stress was obtained from the intercept by

[20] between the scattered intensity from the aggrede®, extrapolation of the linear portion of the-y curve toy =0.

and the magnitude of the scattering wavevedgr.e. All measurements were performed at pH 10 angi23rior

1(0)x0 P @) to a measurement each sample was pre-sheqred for 10_ min.
The pre-shear stress was chosen to be considerably higher

provided that 1R<<Q<<1/rg, where R and rg are the than the yield stress of each dispersion. The sample was then

respective radii of the aggregate and the primary particles. Ieft to flocculate for 10 min in the rheometer. A shear stress

The magnitude of the scattering wavevector is defined assweep was then applied to obtain the relevant curve.

Q=4mngsin (0/2)/rg, whereng is the refractive index of the

dispersion mediuny is the scattering angle arig is the 2.5 Direct force measurements with atomic force

in vacuo wavelength of the incident light. Since&lis the microscopy

length scale probed in a scattering experiment, the low and

high regions ofQ reveal, respectively, the overall structure 1 petter understand the properties of depletion-induced

of the aggregate and the structure of the constituent primarypayticle flocs it is invaluable to gain information about the in-

particles. The spatial arrangement of the primary particles teraction forces between the primary particles. Atomic force

2.3. Probing floc structure with small-angle static light
scattering

inside an aggregate can only be probed wh&aQ<« 1/ro. microscopy (AFM) is one of the most powerful tools for this
Eq. (2) is the basis for determining the mass fractal dimen- ,,ose [25].
sion of aggregates from scattering techniques. All force measurements reported here were taken for the

The Mastersizer S (Malvern Instruments, UK) with @ gphere-plate geometry on an atomic force microscope (Dig-
632.8 nm He-Ne laser was used for the scattering work Onjta| |nstruments Nanoscope Il) using a microfabricated can-
our dilute latex dispersions. This instrument provides a si- tjjever with integral tip and a flat silica surface. In the force
multaneous measurement of scattered intensities from themgge the cantilever tip is held stationary and the flat surface
aggregating sample at a range of scattering angles (9-46 s mounted on a piezoelectric tube which can be driven in a
The aggregating sample in the scattering cell was monitoredcontrolled manner toward and away from the tip. The can-
as a function of time under perikinetic conditions. When jjever spring constant was calibrated using the method of
the size of the aggregates was sufficiently larger than thatcjeveland et al. [26] and was found to be 0.038 NniThe
of the primary particles, the loffQ) versus logQ plot was  AFM fluid cell and the silica wafer were thoroughly washed
used to determine the mass fractal dimension of the aggre-i 5 strong alkaline solution. The cantilever and silica wafer
gates. Typical average diameters of our depletion-inducedyere ultraviolet irradiated for 30 min (9 mWcrh at 253.7

latex aggregates were 3-43n. nm) in a laminar flow cabinet prior to use. The effective ra-
dius of the cantilever tip was determined using the method
2.4. Measuring floc strength with rheometry of Drummond and Senden [27] and was found to be 150

nm. The force measurements were made using solutions of
In weakly flocculated colloidal dispersions the Bingham the poly(acrylic acid) of known concentration, all at pH 10.
yield stress €g), which is a measure of floc strength and Scanning frequencies from 0.1 to 0.5 Hz were used over
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4

scan ranges of 0—100 nm. The force curves were found to
be reversible, hence only the approaching curves are shown.
In our AFM measurements the total force acting between
the tip (with an effective radius cd) and flat surface was
primarily composed of the electric double layer repulsion
(Fr), van der Waals attractior4), and depletion force
(Fp). Although the interaction geometry in the AFM was
between a sphere and flat plate, the Deryaguin approxima-

—e—0.0020% w/w
—0—0.0035% w/w
——0.0070% w/w

Mean Diameter (um)
N

tion allows the geometry to be simplified to the interaction 0 : . , ‘
of two plane parallel half-spaces [28]. The approximation 0 10 20 30 40 s0
relates the interaction force between a sphere and flat sur- Time (hours)

face to the interaction energy per unit ar&pg) between
two planar surfaces by

Epp = (FrR + Fa + Fp)/(2ma) 4)

As a result, the interaction energy derived from Eq. (4)
can, to a first approximation, be used as a qualitative indi-
cation of the interaction energy per unit area that was acting
between the latex particles in our dilute dispersions.

Mean Diameter (um)

0 10 20 30 40

3. Results and discussion )
Time (hours)

Flocculation of the very dilute latex dispersions (0.002— Fig. 3. Dependence of the floc growth kinetics on (a) the concentration
0.007% w/w) was monitored over time using small-angle of initial latex particles at 10 g poly(acrylic acid), and (b) the con-
static light scattering as a function of the poly(acrylic acid) centration of poly(acrylic acid) at 0.0035% w/w latex particles.
and initial particle concentrations. Fig. 2 shows the typical
floc growth behaviour observed in these aggregating disper-
sions. It is interesting to note that floc growth continued tWo particles approach, there is also a large probability for
for quite a number of hours before coming to completion. the interacting particles to separate under thermal motions
This time scale was much longer than commonly observed due to the relatively shallow secondary potential energy well.
in polymer-induced bridging flocculation processes [9,10] The flocculation kinetics were found to be significantly
or simple electrolyte-induced coagulation processes at highinfluenced by the levels of the initial particles (Fig. 3a) and
salt concentrations [7]. An explanation for the slow kinet- the polyacid (Fig. 3b) in solution. To a first approximation,
ics observed in the depletion flocculation processes is thatone can view aggregate formation as a simple bimolecular
depletion flocculation takes place in the secondary potential collision process whereby the rate of aggregate formation
energy minimum [14]. This can be seen clearly from our is proportional to the product of the rate constant and the
atomic force microscopy data, which will be discussed fur- Square of particle (or cluster) concentration. It is then easy to

ther on. Although there is no repulsive energy barrier when comprehend why there would be an increase in floc growth
kinetics with an increase in the initial particle concentration.

However, the observed trend in the floc growth kinetics with
polymer concentration (see Fig. 3b) is somewhat surprising.
One would expect the growth rate to rise with an increase
in polyacid concentration, since our experimental observa-
tion (vide infra Fig. 7) indicates that the secondary poten-
tial energy well deepens with increasing polymer concentra-
tion. Slower kinetics at higher polyacid concentrations must
be related to the increase in solution viscosity. Rheological
measurements show that an aqueous solution containing 10

£ - x . g I=1 PAA (8.1 cP) is almost twice as viscous a 3 g 1
0 2 4 6 8 10 12 PAA solution (4.1 cP).

Mean Diameter (um) During the floc growth period the scattered intensity from

. . . . . each flocculating sample was seen to rise. However, once
Fig. 2. Typlcal growth beha_Mour of the _Iatex_ particle flocs as |ndu_c§d the average floc size had grown to about 10 times the pri-
by depletion flocculation using poly(acrylic acid). The polyacid and ini- : A 3
tial particle concentrations used here are 10-§ and 0.0035% wiw, mary particle size, the scattering exponent calculated from
respectively. The insert shows the flocculation time in hours. the linear portion in the fractal regime (cf. Eq. (2)) reached
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particles in the flocculating sample results in a reduction in

27 the time available for a particle attached onto the edge of
") a cluster to roll around in order to find its most favourable
s, energy position prior to it being locked into position by
= D =-slope other incoming particles. This reduced ability for particle
_8_" rearrangement or cluster structural annealing gives rise to

more open floc structures.

0 t t +
-5 4 3 \ -1 Having described the scattering results, it should be
pointed out that the power-law scattering relation (i.e.
- Ty— Eq. (2)) is derived based on the assumption that the fractal
0gq @ (NM

aggregate may be treated as a Rayleigh—-Gans—Debye scat-
Fig. 4. A typical light scattering pattern from the depletion flocculated t€rer. That s, its index of refraction should be close to that
latex flocs. The poly(acrylic acid) and initial particle concentrations used Of the dispersion medium, and the phase difference between
here are 20 g1* and 0.0035% w/w, respectively. the two waves passing, respectively, through the aggregate
and the solvent should be small. These conditions can gen-
) erally be met for small, open aggregates. But care should be
a platea.u valqe. This plateau yalue was taken.to be the masg;ken for aggregates with>>2. Aggregates possessilly
fractal dimensionD of the flocs in the sample. Fig. 4 shows a ¢, greater than 2 are relatively compact and geometrically

typical scattering pattern from whidhwas derived. It is ev- opaque. As a result, there may be multiple scattering and
ident that the depletion flocculated latex particles possessedshadowing effects among the primary particles.

typical scattering characteristics of a mass fractal object. Lindsay et al. [29,30] have carried out qualitative and nu-

Fig. 5 shows that the mass fractal dimension of the latex erical analyses of the effects of multiple scattering on the
flocs varied significantly with changes in either the poly- gcattering pattern. They conclude that multiple scattering
acid or initial particle concentration, ranging f_rom 2upto 3. mainly changes the mean-field index of refraction of an ag-
TheD values at very low polymer concentrations are much 4reqate and hence its scattering intensity, but the power-law
higher than those generally obtainable from salt aggregationgcattering relation is unaffected in the fractal regime (i.e.

or polymer bridging. At a fixed particle concentrati@nde-  ithin 1/R«Q<«1/ro). Unfortunately, the effects of particle
creased as the polymer concentration was raised at low 'e"'shadowing on the measured scattering exponent are still un-

els of the polyacid, eventually levelling off at high polymer no\vn But we are confident that our observed trend in the
concentrations. This trend can be better understood whenmass fractal dimension as a function of the polyacid con-

results of the atomic force microscopy measurements aréceniration is reliable, although the absolute value may be
presented. Nevertheless, it suffices to say at this point thatgpiect to some uncertainty. A very similar trend to ours has
the determining factor for the formation of a particular floc een observed in a small-angle light scattering work of Poon
structure is the depth of the secondary potential energy wellg¢ 5 [16] on the depletion flocculation of a concentrated
between a pair of primary particles. The well depth will p\vA particle dispersion (10% viv) (compare Fig. 3(d) of

necessarily influence the efficiency of particle sticking upon ret [16]). Since their particles were dispersed in an almost

collision. _ , optical matching solvent, shadowing or multiple scattering
At a fixed level of PAA the fractal dimension was seen in  gfects are expected to be negligible.

Fig. 5 to decrease as the initial particle concentration was 1, help understand the observed floc structural behaviour
increased. This can be attributed to the increased frequency, or scattering study, the forces between two solid sur-
of particle collision. The presence of a larger number of ;.5 in the presence of varying concentrations of the non-
adsorbing poly(acrylic acid) were measured on an atomic
3 force microscope; the results of which are illustrated in
—+—0.0020% wiw Latex Fig. 6. Since these force curves have been normalised by
o7 0.0095% wi Latex the effective radius of the cantilever tip, they possess the
same features as the corresponding potential energy curves
per unit area between two planar surfaces (the Deryaguin
approximation). Values calculated from the AFM data for
the depth of the secondary potential energy well are shown
in Fig. 7. Three important features regarding the data in
Fig. 6 and Fig. 7 are worth mentioning: (a) In the pres-

( ‘ ‘ ence of the non-adsorbing polyacid there exists a shallow
0 5 10 15 20 secondary potential energy minimum between two solid
Concentration of PAA (g/L) h . . .

surfaces. The electrostatic repulsive energy barrier is by

Fig. 5. Mass fractal dimension of the depletion flocculated latex flocs as COmparison very significant. This clearly indicates that de-
a function of poly(acrylic acid) and initial particle concentrations. pletion flocculation is indeed a secondary potential energy
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—e—0.0070% wiw Latex
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<ol PAA Although not shown here, fitting results of the measured
08gLPAA | force curves using the appropriate force equations show that
AA

220 g/L PAA both the size of the polymer coil and the Debye decay length
x40 gLP around the charged surfaces became very small and rela-
tively insensitive to polymer concentration at high polyacid
levels. Under these conditions any increase in the depletion
attraction energy due to increased solution osmotic pres-
sure was offset by the electrostatic repulsion. Clearly, the
observed behaviour in Fig. 6 was the result of a complex in-
terplay between the osmotic pressure, depletion layer thick-
ness and ionic strength effects.

The AFM results provide solid information for explain-
Fig. 6. The normalised force curves between the AFM cantilever tip and iNg qualitatively the trend in the floc fractal dimension with
silica wafer as a function of poly(acrylic acid) concentration. varying levels of the polyacid (cf. Fig. 5). An increase in

the polymer concentration results in the deepening of the

secondary potential energy well and hence a higher particle
minimum process; (b) As the polyacid concentration is sticking efficiency. The increased probability of particle
increased, the secondary energy well deepens. This is acsticking upon collision prevents a particle from reaching
companied by the displacement of the secondary energyfurther into the interior of the existing cluster structure or
well toward smaller interparticle separation distances and rearranging on the cluster surface. The result will be a more
also a decrease in the electrostatic repulsive energy barrierppen floc structure with a lower mass fractal dimension. The
and (c) Above 20 g1! polyacid the depth of the secondary levelling off of the fractal dimension simply corresponds to
energy well remains essentially unchanged. the plateau in the depth of the secondary energy well.

As mentioned in the Introduction, a common conse- We have so far been focussed on the structural compact-
guence with increasing polymer concentration is an increaseness of depletion-induced flocs. Another important property
in the solution osmotic pressure which is accompanied by athat has close relevance to industrial applications is the
decrease in the polymer size (i.e. the depletion layer thick- mechanical strength of a floc. Tadros and his coworkers
ness near the particle surface). Higher osmotic pressureq21-24] have published a series of papers on this sub-
at increased polymer concentrations are certainly one ofject. They found that concentrated dispersions with added
the driving forces behind the observed deepening in the non-adsorbing polymer exhibited Bingham yield stress be-
secondary energy well, whereas smaller depletion layer haviour. The magnitude of this yield stress was strongly
thickness can partly account for the movement in the posi- dependent on the polymer and particle concentrations.
tion of the well minimum toward smaller surface separation  In this work, the Bingham vyield stress was obtained at
distances. Since poly(acrylic acid) in a solution of pH 10 a range of poly(acrylic acid) concentration (0-1¢)land
is expected to be highly charged, an increase in the poly- latex particle concentration (15-30% w/w). The results are
acid concentration will lead to a noticeable increase in the shown in Fig. 8. Below 0.05 gt PAA the yield stress was
solution ionic strength. This will result in a compression of found to be similar to that of the dispersion without PAA.
the Debye decay length in the diffuse part of the electric As commonly observed, the Bingham yield stress increased
double layer surrounding a charged surface. lonic strengthas the polymer concentration was raised. Interestingly, here
is thus another contributing factor for the observed force the yield stress reached a saturation level at high polymer
(or energy) behaviour in Fig. 6.

Force/Radius (mN/m)

Separation Distance (nm)

0.00 =
— o
~N ~— _
E 2 ——15% wiw
g 0041 g —a20% wiw
£ o ——25% wiw
2 ° ——30% wiw
E o081 i~
£ €
= ©
> <
2 012+ 2
2 @
lu 'Y . 3 *
0.16 : : : 0 . * * L
0 10 20 30 40 0 0.2 0.4 0.6 0.8 1
Concentration of PAA (g/L) Concentration of PAA (g/L)

Fig. 7. Dependence of the depth in the secondary potential energy well Fig. 8. Dependence of the floc Bingham yield stress on the concentrations
between two planar surfaces on the poly(acrylic acid) concentration. of poly(acrylic acid) and latex particles.
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Table 1

29

The coordination numbers, used in the calculation of energy of separation under various poly(acrylic acid) and latex particle concentrations

Concentration of PAA (g1%)

Latex concentration 0.05 0.1 0.15 0.2 0.3 0.4 0.5 0.6 0.7 0.8 1.0
15% w/w - 12 6.9 6 5.2 3.8 2.6 1.9 1.9 1.9 1.9
20% wiw 12 6.9 6 5.2 3.8 2.6 1.9 1.9 1.9 1.9 1.9
25% wiw 12 6.9 6 5.2 3.8 2.6 1.9 1.9 1.9 1.9 1.9
30% wiw 12 6.9 6 5.2 3.8 2.6 1.9 1.9 1.9 1.9 1.9

concentrations. Furthermore, the yield stress was strongly

influenced by the solids concentration in the sample, de-
creasing rapidly as the particle concentration was lowered.
Values of the Bingham yield stress can be used to esti-
mate the energyHsep required to separate the flocs into
single units via Eg. (3). In this equation the only unknown
is the number of contacts per particle inside a floc (i.e. the
coordination numbem). For a face-centred cubic crystal-

lite n=12, whereas the generally tenuous nature of a mass

fractal aggregate normally gives rise to lawvalues. In
this work n, as a function of the polyacid concentration,

5000

4000 +

——15% wiw
——20% wiw
——25% wiw
—a—30% wiw

assanses

0.2 0.4 0.6 0.8 1
Concentration of PAA (g/L)

3000 +

2000 +

1000

Energy of Separation (kT)

0
0

was generated from the trend of the measured mass fractal

dimensions of Fig. 5. We are aware that the data in Fig. 5 Fig. 9. Energy required to break the latex flocs into single units as a
are, strictly speaking, only applicable to very dilute disper- function of poly(acrylic acid) and initial particle concentrations.

sions. Nevertheless, a similar trend to that of Fig. 5 has been

reported for concentrated non-aqueous dispersions of Coate%machowski [32] from calculations of computer simulated

PMMA particles [16].
In our calculation o a value ofD=3 was assumed for
polyacid concentrations close to the phase stability bound-

ary. For polymer concentrations corresponding to the plateau

region in the Bingham yield stress curves a valu®efl1.8

was used. In this region it is expected that diffusion-limited
cluster-cluster aggregation prevails [16] and hence the frac-
tal dimension should be close to the commonly recognised
values of 1.75-1.80 [3,7]. In the slope region a linear rela-
tion was used to interpolate tievalues. We believe that the
above approach used in estimating the coordination num-
ber is closer to reality. Nevertheless, qualitative features in
the estimated separation energy curves will remain the sam
even if a constant value d or n is used for the varying
levels of polymer.

The n value corresponding to a particulBris estimated
following the method of Torres et al. [31]. The number of
particle centresN(r), within a radius of of a given particle
in a floc is given by Eg. (5),
N(r) = 1+ H(r—2r0)B(r/ro)” ®)

where H(r—2rg) is the Heaviside step function, which
accounts for the excluded volume. From this equation it can

aggregates. The values used for the calculation of energy
of separationEsep are tabulated in Table 1. The estimated
Esepdata are shown in Fig. 9.

As can be seen from Fig. 9, as the polymer concentra-
tion was raised, the attraction between the primary particles
increased, but it eventually reached a plateau value at high
polymer concentrations. Therefore, the trend in the strength
(rg) of the latex flocs with varying concentrations of the
polyacid was seen to follow closely that in the magnitude
of the energy required to break the interparticle bonds. Al-
though the coordination numben)(decreased from 12 to
1.9 as the polyacid concentration was increaségep still

ad a marked increase. There was also a significant increase
in the energy required to break the flocs when the initial
particle concentration was raised.

To sum up we have observed that the structural compact-
ness and strength of the depletion-induced latex flocs were
strongly dependent on the levels of the polyacid. The under-
lying factor that led to the observed behaviour is the energy
that acts among the primary particles.

4. Conclusions

be shown that the number of nearest neighbours is given by

n = B2P (6)

whereB is the structure pre-factor and is a function®f
Various approaches can be taken to estintaté&or con-
venience, use was made of tlBeD curve as given by

Small-angle static light scattering and rheometry have
been utilised to explore, respectively, the structure and
strength of polystyrene latex particle flocs that were formed
by adding a non-adsorbing poly(acrylic acid). It was found
that both the structural compactness and strength of the
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particles. In particular, the polymer concentration effect on [ EhJi;/erHS‘i‘tmir;eszo“I_r‘:n"gi(?flgo;? Colloid Science, vol. 1, Oxford
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