
Introduction

Aggregation is widely used in many industrial proces-
ses, such as water treatment, mineral recovery, paper
manufacturing, enhanced oil recovery, and in biopro-
cesses as a means of enhancing solid/liquid separation
rates. In most industrial applications, an increase in
¯oc size and/or density is required to improve the
e�ciency of separation; however, in practice, an
increase in aggregate size is generally accompanied by
a reduction in aggregate density [1]. Aggregates are
commonly considered to be fragile and can be disrupt-

ed during processing, for example, pumping and
centrifugation. In order to minimise the disruption, it
is essential to understand the mechanisms by which this
takes place.

Colloidal aggregates formed by Brownian motion
have previously been shown to be fractals [2]. Their
structures can be characterised in terms of the fractal
dimension, which describes how aggregate geometric
properties change with their characteristic length. Two
well-de®ned regimes of irreversible colloid aggregation
have been identi®ed: di�usion-limited colloid aggrega-
tion (DLCA) and reaction-limited colloid aggregation
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Abstract Disruption of polystyrene
latex aggregates, formed in 1 M
citric acid/phosphate bu�er solution
at pH 3.8 through di�usion-limited
colloid aggregation (DLCA) and in
0.2 M NaCl solution at pH 5.5
through reaction-limited colloid ag-
gregation (RLCA), was studied with
respect to aggregate size and fractal
nature. This was achieved using
small-angle laser scattering in con-
junction with a specially designed
sampling method, which brought
about the elimination of the disrup-
tion of the aggregates caused by
a commercial stirrer sample unit.
Aggregations were carried out in a
mixture of deuterium oxide and
water instead of water alone as a
solvent to minimise sedimentation
resulting from the di�erences in
density between the latex particles
and the electrolytes. An initial
``steady state'' in terms of aggregate

size and fractal dimension was found
to occur after around 20 min and 2
days for DLCA and RLCA aggre-
gates, respectively, at 25 °C. No
aggregate disruption was detected
for DLCA and RLCA aggregates
after their passing through a capil-
lary tube for shear rates up to 1584
and 2694 s)1, respectively. At higher
shear rates, signi®cant decreases in
the aggregate volume-mean diame-
ter, D[4, 3], occurred after shearing.
The degree of reduction in D[4, 3]
was larger for DLCA aggregates in
comparison to RLCA aggregates.
The results would suggest that
DLCA aggregates were more subject
to disruption during shearing. A high
degree of disruption was observed in
turbulent ¯ow for both aggregates.
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(RLCA) [3]. DLCA occurs when there are negligible
repulsive forces between the colloid particles; as a
result, the particles are able to come together even
closer than the thickness of the double layer under
attraction forces, causing the particles to stick upon
contact and form highly tenuous structures. In contrast,
in RLCA a substantial repulsive force remains between
the particles, so the particles may collide many times
before sticking and the sticking probability approaches
zero. The regimes are determined by the collision
mechanism; experimentally the sticking probability can
be varied by the addition of electrolytes into suspen-
sions to eliminate or reduce the repulsive force between
the particles [4].

The mechanisms involved in aggregate formation and
breakup in laminar and turbulent ¯ows are complicated
since shear and di�erential sedimentation can also lead
to particle collisions, resulting in formation and/or
breakup of aggregates. Practically only one of these
mechanisms is assumed to dominate, depending on
particle size, temperature and shear rate [5]. Brownian
motion is generally acknowledged to be important only
for small particles (1 lm or smaller); both shear and
di�erential sedimentation have been suggested as pre-
dominating in the ¯occulation of larger particles. As
¯uid shear changes the trajectories of the colliding
particles and applies forces on the aggregates, the
clusters are subject to fragmentation, eventually leading
to a breakup of the aggregates [6].

Whether or not aggregates can survive during
shearing depends on the resistance of the aggregates
to hydrodynamic shearing forces, i.e., the mechanical
strength of the aggregates. Aggregates have di�erent
strengths depending upon how well their component
particles ®t together. As particles grow by collision of
particles because of Brownian motion their surface
geometry becomes more complex resulting in a progres-
sively poorer ®t upon junction (contact) and progres-
sively lower aggregate density [7]. In general, larger
aggregates are weaker because of the poor ®tting
inherent with their formation [7, 8]. Theoretical models
have also predicted that the aggregate tensile strength is
inversely proportional to aggregate size [8, 9], although
the aggregates were treated as porous but homogeneous
structures neglecting a density gradient present.

Latex particles are widely used for investigating
various aspects of colloidal and aggregation behaviour
because of their initial monodispersity, chemical resis-
tance and ability to be destabilised by salts. Latex
particles are composed of a large number of polymer
chains, with the individual chains having molecular
weights in the range 105±107. Previous studies on latex
aggregation have been done either in the aspect of size
distributions [10±12] or fractal natures [6, 13±15]. How-
ever, a major problem could arise from the breakage of
fragile aggregates either by the method of sampling or

by measurement [16]. In this work, a new method was
devised to introduce samples into the measurement cell
of a Malvern Mastersizer [17] so as to eliminate the
disruption of aggregates during size and fractal dimen-
sion measurements.

Whilst the shear-induced formation and breakup of
latex aggregates has been studied in recent years [6, 14]
and an investigation into the breakage of latex aggre-
gates in laminar ¯ow has been carried out previously by
the authors [18], no result on the disruption of latex
aggregates in turbulent capillary ¯ow has been reported
yet. The aim of this work was to systematically study
the disruption of polystyrene latex aggregates in
laminar and turbulent capillary ¯ows in terms of
aggregate size and fractal dimension. A small-angle
laser light scattering method was used for measuring the
aggregate size and fractal dimensions of latex aggre-
gates.

Materials and methods

Polystyrene latex particles

The surfactant-free zwitterionic polystyrene latex particles used in
this work (batch no. 719) were purchased from the Interfacial
Dynamics Corporation, Portland, Ore., USA. The number-mean
(D[1, 0]) and volume-mean (D[4, 3]) diameters of the single
particles were 1.11 and 1.18 lm � 0.01 (standard error) measured
using a Malvern Mastersizer S (Malvern Instruments, UK). The
isoelectric point of the latex particles was estimated to be about pH
3.1 by measuring the electrophoretic mobilities of a series of latex
dispersions at di�erent ionic strengths and pH using a Zeta Master
(ZEM 5000, Malvern).

Aggregate generation

The latex stock sample was placed in an T-9 ultrasonic bath (L&R
Manufacturing Company, Jersey, USA) for about 20 min prior to
aggregation, in order to break doublets in the suspensions [19].
Aggregates were generated using the zwitterionic latex particles as
follows: 0.002% w/v latex in 1.0 M citric acid/phosphate bu�er at
pH 3.8 (DLCA); 0.008% w/v latex in 0.2 M NaCl solution at
pH 5.5 (RLCA). The bu�er solutions were composed of sodium
hydrogen orthophosphate citric acid and potassium chloride [20].
The aggregate suspensions were mixed by swirling gently 10 times
at 33 rpm using an SB1 blood tube rotator (Stuart Scienti®c, UK)
and were placed in a water bath at 25 °C. In order to minimise
particle sedimentation, aggregation was carried out in a mixture of
deuterium oxide (54%)/water (46%)/electrolyte having a density of
1.055 g cm)3 identical to that of the latex particles.

A capillary device

A capillary ¯ow apparatus (Fig. 1) which consisted of a reservoir
and a capillary test section connected by wide-bore silicone tubing
[21] was used to study aggregate disruption as a function of shear
rate. The capillary tube had an internal diameter of 1.1 mm and a
length of 22 mm and was in turn connected via wide-bore silicone
tubing to the measurement cell of the Malvern Mastersizer. Flow
rates through the capillary tube were adjusted via a variable speed
pump on the outlet of the Malvern Mastersizer.
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Aggregate size measurement

A Malvern Mastersizer in conjunction with a specially designed
sampling method (outlet pumping) was used in this work [17]. A
pump (Watson-Marlow 501 U) was connected to the Mastersizer
with wide-bore silicone tubing (4.8-mm internal diameter). During
measurements, suspensions were sucked into the Malvern optical
cell at a very low ¯ow rate of 4.60 ´ 10)7 m3 s)1 (shear rate about
4 s)1) by using the pump. This newly designed sampling method
was found to cause no damage to the latex aggregates being
measured.

Fractal dimension

The fractal dimension (D3) of the latex aggregates was obtained
from the slope of the logarithmic plot of scattering intensity (I)
against wave vector (Q), because the scattering intensity of the
waves scattered from an aggregate obeys a power law in the
magnitude of the wave vector (at a given scattering angle one
probes ¯uctuations of Fourier spatial frequency) [22]

I / QÿD3 ; �1�
where Q is a function of the scattering angle (h) and the wavelength
(k) of laser light; i.e., Q = (4pn/k) sin(h/2), where n is the refractive
index of the medium. The angular dependency of the scattering
intensity of the latex aggregate samples was measured using a
Malvern Mastersizer S [17] consisting of a 5-mW He±Ne laser
with a wavelength of 632.8 nm, an optic lens (300RF) and 45
photosensitive detectors which allow the collection of light
scattered at angles from 0.03° to 46.4°.

Image analysis

The image analysis system (Quantimet 500, Germany), consisting
of a microscope (Leica DMR, Germany) and a charge-coupled-
device (CCD) video camera (Sony, Japan), was used to take images
of the latex aggregates. Images from the CCD video camera
focused through the microscope were fed to a personal computer
for image analysis [23].

Results and discussion

Growth of latex aggregates

As the repulsive forces between particles are negligible
for DLCA, the rate of aggregation is solely limited by

the time taken for clusters, and/or particles to encounter
each other by di�usion. D[1, 0] and D3 of 0.002% w/v
DLCA latex aggregates formed in 1 M citric acid/
phosphate bu�er are shown in Fig. 2. Six samples of
latex aggregates were measured at each time and the
error bars indicated in the ®gure represent the standard
errors between the samples. D[1, 0] and D[4, 3] were
essentially constant during the time of the experiment at
25 °C, with D[1, 0] � 1.7 lm. D3 was found to be about
1.7, close to the D3 value of 1.8 indicated for DLCA
aggregates [13]. Hence it was considered that a ``steady
state'' in terms of D[1, 0] and D3 existed after around 20
min until 6 h.

For RLCA, the aggregation rate was limited by the
time taken for particles and/or clusters to overcome
the low repulsive barrier by thermal activation before
aggregation could proceed. A slightly higher solids
concentration of latex of 0.008% w/v was employed to
provide a higher collision frequency for the particles,
ensuring the formation of aggregates in a reasonable
time. As shown in Fig. 3, D[1, 0] increased with time
before reaching a plateau between 1.5 and 4 days with
D[1, 0] � 2 lm; D3 decreased starting from 2.9 (corre-
sponding to single particles) during the ®rst day and
thereafter reached a plateau over 3 days with D3 � 2,
close to the value of 2.1 expected for RLCA aggregates
[13]. The reduction in D3 indicates that the population of
single particles decreased with time whereas the forma-
tion of aggregates progressed. The period of 2±4 days is
then considered as an initial ``steady state'' for the
RLCA aggregates. The slight decrease in D3 implies the
formation of larger aggregates with loose structures.
This may be a consequence of the formation of
``colloidal gels'' observed in the top part of the aggregate
suspensions after 5 days.

Fig. 1 Schematic of the disruption apparatus

Fig. 2 Number-mean diameters, D[1, 0], and fractal dimensions, D3,
of di�usion-limited colloid aggregation (DLCA) latex aggregates,
formed in 1 M citric acid/phosphate bu�er at pH 3.8, as a function of
aggregation time
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Characterisation of capillary ¯ow

A number of experiments were made to assess whether
di�erences in size and/or structure, arising from di�erent
aggregate formation mechanisms and collision e�cien-
cies of particles, resulted in di�erent degrees of disrup-
tion in laminar shear and turbulent shear.

A capillary tube with an interior diameter (D) of
1.1 mm and a length (L) of 22 mm was used in this
work to provide laminar shear and turbulent shear.
The ¯ow rate (q) at which the aggregate suspensions
passed through the capillary tube was adjusted to
produce laminar and turbulent ¯ows in the capillary
tube with a series of Reynolds numbers (Re = qud/l,
where u is the mean ¯ow velocity, equal to 4q/pD2).
The shear rate (c) in the capillary tube can be predicted
from Eq. (2) [21]

c � �D=4lL�DP ; �2�
where l is the viscosity of the ¯uid, L the length of
the capillary and DP the pressure drop in the
capillary tube. The pressure drop in capillary laminar
¯ow may be calculated from the Hagen±Poiseuille
equation [24]:

DP � 128 lLq=pD4 : �3�
For capillary turbulent ¯ow, assuming ¯at-plate theory,
DP is given by [21]

DP � 2:413qReÿ0:2L0:8Dÿ4:8q2 ; �4�
where q is the density of the ¯uid. The estimated values
of the shear rates for the capillary tube at di�erent ¯ow
rates are summarised in Table 1. The ¯ow with
Re > 2000 is considered as turbulent for the capillary
tube [25]. The energy dissipation rate in the turbulent
region (e) is estimated by

e �
�4=p�qDP ÿ lLc2 D2 ÿ Dÿ 5m�D=lLDP �0:5

h i2� �
qD2L

;

�5�
where m is the kinematic viscosity of the medium, equal
to 0.99 ´ 10)6 m2 s)1 (assuming waterlike properties
of the media). Hence, the Kolmogorov microscale of
turbulence (k¢) can be given by

k0 � �m3=e�1=4 : �6�

Disruption of DLCA latex aggregates

Disruption experiments on DLCA latex aggregates were
conducted 20 min after aggregate generation since after
this time measurements of D[1, 0] and D3 showed steady
values. Following initial measurement of these param-
eters, aggregate suspensions were passed through the
turbulent capillary tube and then introduced directly
into the sample unit of the Malvern Mastersizer for
further measurements on their size and fractal dimen-
sion (Fig. 1). At least three samples of aggregate
suspensions were passed through the capillary tube at
each shear rate, so as to minimise the measurement
errors resulting from both the generation and measure-
ment of the aggregates.

D[4, 3] and D[1, 0] for 24 samples of DLCA aggre-
gates at 20 min before shear were determined to be
15.83 � 0.56 and 1.49 � 0.02 lm respectively, showing
a high degree of reproducibility in both the generation
and measurement of the aggregates. The percentage
changes in aggregate D[4, 3] and D[1, 0] of the DLCA
latex aggregates aged 20 min before and after shearing
are shown in Fig. 4. At the lowest shear rate of 473 s)1,
no obvious changes in either D[4, 3] or D[1, 0] were
detected; the slight increases in D[4, 3] and D[1, 0] after
shearing (less than 3%) can be attributed to the
measurement errors, which were estimated to be about
5% and 3% for D[4, 3] and D[1, 0], respectively. D[4, 3]
of the aggregates decreased dramatically after shearing

Fig. 3 D[1, 0] and D3 of reaction-limited colloid aggregation (RLCA)
latex aggregates, formed in 0.2 M NaCl solution at pH 5.5, as a
function of aggregation time

Table 1 Characterisation of a capillary tube

Flow rate
(m3 s)1)

Reynolds
number

Shear rate
(s)1)

Type of ¯ow

6.18 ´ 10)8 72 473 Laminar
2.07 ´ 10)7 240 1584 Laminar
3.52 ´ 10)7 407 2694 Laminar
7.37 ´ 10)7 853 5640 Laminar
1.33 ´ 10)6 1539 10178 Laminar
1.94 ´ 10)6 2245 26928 Turbulent
2.59 ´ 10)6 2998 45300 Turbulent
4.10 ´ 10)6 4745 104000 Turbulent
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at shear rates greater than or equal to 1584 s)1, implying
the disruption of larger aggregates during shearing. The
reduction in D[4, 3] increased with increasing shear rate,
reaching a level higher than 70% for shear rates greater
than or equal to 26928 s)1. This is consistent with the
expectation that aggregates should be more vulnerable
to disruption at higher shear rates.

In contrast to D[4, 3], D[1, 0] remained relatively
constant for shear rates less than 10178 s)1 after
shearing (Fig. 4), when taking the measurement errors
into account, suggesting that those aggregates which
were broken during passage through the capillary are
likely to have been the largest aggregates and represent-
ed a small proportion of the total aggregate population.
The slight increase in D[1, 0] for shear rates above
10178 s)1 was a consequence of large aggregates being
broken into small aggregates with diameter slightly
larger than the original D[4, 3].

Whilst measuring aggregate size, the scattering inten-
sity data required for determining fractal dimension
were collected simultaneously. D3 of the DLCA aggre-
gates before and after their passing through the capillary
tube is shown in Fig. 5. Standard errors of about 0.01
were estimated for measurements of D3. No signi®cant
change in D3 was observed for shear rates less than 5640
s)1; thereafter D3 increased to 1.94. The increase in D3

would imply the formation of slightly compact, smaller
aggregates and/or the reappearance of single particles
resulting from the breakage of larger aggregates during
shearing. Since D[1, 0] of the aggregates (Fig. 4) either
did not change signi®cantly after shearing or showed a
slight increase, the formation of more compact aggre-
gates was the most likely reason for the increases in D3.

Based on changes both in aggregate size and in fractal
dimension, it is shown that a high degree of disruption
of the DLCA aggregates occurred in turbulent ¯ows
with high shear rates. Aggregate disruption most likely

took place in a very small region close to the capillary
wall where local energy dissipation rates could be higher
[22, 25]. The results are also consistent with the predic-
tion that aggregates can be disrupted when the Kol-
mogorov microscale of turbulence (ranging from 5.54
to 9.43 lm for latex aggregates here, calculated using
Eq. (6)) is compatible with the aggregate size [1, 21, 26].

The DLCA aggregates aged 6 h presented great
similarities in the changes of diameters and fractal
dimension. This showed a high reproducibility in the
disruption experiments.

Disruption of RLCA latex aggregates

Similar disruption experiments were carried out for
RLCA latex aggregates formed in 0.2 M NaCl solution
at pH 5.5. Aggregate suspensions were passed through
the capillary tube at a series of ¯ow rates.

D[4, 3] and D[1, 0] for 24 samples of RLCA latex
aggregates aged 2 days before passage through the
capillary tube were measured to be 4.42 � 0.05 and
2.07 � 0.03 lm, respectively; the relative errors in
determining D[4, 3] and D[1, 0] were estimated to be
about 2.5% and 3%. The results indicate a high degree
of reproducibility in both the generation and measure-
ment of the aggregates.

The changes in D[4, 3] and D[1, 0] of the RLCA
aggregates aged 2 days before and after shearing are
shown in Fig. 6. No signi®cant changes in either D[4, 3]
or D[1, 0] were detected at shear rates of 473 and 1584
s)1; however, for shear rates of 2694 s)1 or higher D[4, 3]
decreased progressively, implying breakup of aggre-
gates. The reduction in D[4, 3] reached about 66% at the
highest shear rate of 104000 s)1, showing a high degree
of disruption of the aggregates occurred in turbulent
¯ows.

Fig. 4 E�ect of laminar and turbulent shear on the volume-mean
diameter, D[4, 3], and D[1, 0] of DLCA latex aggregates aged 20 min,
formed in 1 M citric acid/phosphate bu�er at pH 3.8

Fig. 5 E�ect of laminar and turbulent shear on D3 of DLCA latex
aggregates aged 20 min, formed in 1 M citric acid/phosphate bu�er at
pH 3.8
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In contrast to DLCA aggregates, for which D[1, 0]
remained constant or showed a slight increase after
shearing, D[1, 0] of RLCA aggregates decreased sub-
stantially after shearing for shear rates greater than or
equal to 2694 s)1, as shown in Fig. 6. This would suggest
that the larger aggregates were being disrupted into
smaller aggregates with diameters smaller than the
original D[1, 0]. The percentage reduction in D[1, 0]
increased with increasing shear rate; at the highest shear
rate of 104000 s)1, D[1, 0] was reduced to about
1.26 lm, close to D[1, 0] of single latex particles (about
1.11 lm). This implies the presence of a large population
of single particles resulting from breakage of large
aggregates.

The changes in D3 of the RLCA aggregates aged 2
days before and after shearing are shown in Fig. 7. The
standard error was estimated to be about 0.03. No
noticeable changes were observed in D3 at low shear
rates less than 2694 s)1, when taking the measurement
errors into account. For shear rates of 2694 s)1 or higher
the fractal dimensions increased signi®cantly after
shearing. The increase in D3 was indicative of the
increase in the proportion of single particles and/or the
formation of more compact, smaller aggregates resulting
from breakage of larger aggregates during shearing. A
large increase in D3 to 2.44 was found after shearing at
104000 s)1, as a consequence of the formation of a large
population of single latex particles. This can be seen in
the number-based size distributions of latex aggregates
before and after shearing at di�erent shear rates in
the capillary, as shown in Fig. 8. For a shear rate of
104000 s)1 there was a large shift in the size distribution
such that there was signi®cant overlap with the size
distribution for a suspension of single latex particles,
which had the same solid concentration of latex
(0.008%), indicating a large proportion of single latex
particles in the sheared aggregate suspensions. Therefore,
the large increase inD3 in turbulent ¯ows was mostly due

to the reappearance of single particles resulting from
breakage of large aggregates during shearing. This was
also con®rmed by the fact that D[4, 3] after shearing at
104000 s)1 was reduced to about 1.21 lm, close to that of
latex single particles (1.18 lm).

Disruption experiments were also conducted for
RLCA latex aggregates aged 1 day and 6 days so as to
discover how time (ageing) in¯uences the disruption of
aggregates. All the aggregates presented very similar
trends in the changes of mean diameters and fractal
dimension with varying shear rate. No signi®cant
di�erences in the reductions in D[4, 3] and D[1, 0] were
found for the aggregates aged for di�erent days when
taking the standard errors into account. Comparisons of
the changes in D3 of RLCA latex aggregates aged 1, 2
and 6 days before and after shearing are shown in Fig. 9
D3 increased after shearing, which was indicative of the
formation of more compact aggregates and single

Fig. 6 E�ect of laminar and turbulent shear on D[4, 3] and D[1, 0] of
RLCA latex aggregates aged 2 days, formed in 0.2 M NaCl solution
at pH 5.5

Fig. 7 E�ect of laminar and turbulent shear on D3 of RLCA latex
aggregates aged 2 days, formed in 0.2 M NaCl solution at pH 5.5

Fig. 8 Number-based size distributions of single latex particles and
RLCA latex aggregates aged 2 days before and after shearing at a
series of shear rates in capillary ¯ow
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particles; and the increases in D3 increased with shearing
rate. The degree of increase in D3 after shearing is in the

order 6 days > 2 days > 1 day, especially at higher
shear rates. This can be explained in terms of the
population of single latex particles, i.e., for the aggre-
gates aged 6 days the largest number of single particles
are ``released'' from the aggregates after shearing, as all
of the aggregates aged di�erent days presented similar-
ities in the percentage changes of aggregate diameters
before and after shearing.

Prediction of aggregate strengths

The structures of DLCA and RLCA latex aggregates
were observed using image analysis. The images clearly
showed aggregate growth during the time course for
RLCA aggregates (Fig. 10). It was found that the
majority of the DLCA aggregates possessed a tenuous
structure, while the RLCA ones were more compact.
This is consistent with theoretical expectation and

Fig. 9 E�ect of shear onD3 of DLCA latex aggregates aged 1, 2 and 6
days, formed in 0.2 M NaCl solution at pH 5.5

Fig. 10 Images of RLCA and
DLCA latex aggregates taken
using image analysis (magni®ca-
tion ´400)
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indicative of their fractal nature [2, 22]. From size
distribution measurements DLCA > RLCA. Based on
these ®ndings it is anticipated that the larger, less
compact DLCA aggregates are more susceptible to
breakage during shearing.

The results described in the previous sections showed
that for DLCA latex aggregates aged for 20 min D[4, 3]
began to decrease at a shear rate of 1584 s)1, whereas no
breakage was detected for RLCA latex aggregates until
the shear rate reached 2694 s)1. This is further indicated
by changes in the size distributions of the aggregates. As
shown in Fig. 11, the volume-based size distributions of
DLCA latex aggregates shifted gradually to the left (low
diameter) with increasing shear rate for shear rates of
1584 s)1or higher, implying a gradual increase in the
degree of disruption of larger aggregates. For RLCA
aggregates, the volume-based size distribution had the
identical shape until shear rates equal to 2694 s)1;
thereafter shifts in the size distribution to the left were
observed. The results would suggest DLCA aggregates
are more subject to disruption by shearing.

The degree of the reduction in D[4, 3] of DLCA
aggregates after shearing is larger in comparison to that
of RLCA aggregates; the former reached about 80%
while the latter less than 70%. One can expect that
RLCA aggregates are more resistant to the extent of
shearing.

In order to understand the disruption mechanisms
further, the disruption results in terms of aggregate size
and fractal dimension are to be linked to the mechanical
strengths of both DLCA and RLCA latex aggregates,
which are to be measured using micromanipulation with
the aid of the novel design of Zhang et al. [27].

Conclusions

A Malvern Mastersizer in conjunction with a specially
designed sampling method has been used for aggregate
size and fractal dimension measurements. For DLCA, a
``steady state'' in terms of D[1, 0] and D3 existed
after around 20 min until 6 h, with D[1, 0] � 1.7 lm
and D3 � 1.8. For RLCA, an initial ``steady state'' in
terms of D[1, 0] and D3 was found to be in the range 2±4
days, with D[1, 0] � 2 lm and D3 � 2.

Both DLCA and RLCA latex aggregates were found
to be disrupted after passing through a capillary tube at
higher shear rates. The changes in aggregate size showed
a low degree of breakage of RLCA aggregates after
shearing. This would suggest that RLCA aggregates had
more or less high strength. Both DLCA and RLCA
aggregates aged for di�erent times presented great
similarities in the changes of mean diameters and fractal
dimension before and after shearing. Disruption results
are to be related to the strength measurement using
micromanipulation.
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Fig. 11 Volume-based size distributions of DLCA latex aggregates
aged 2 days before and after shearing at a series of shear rates in
capillary ¯ow
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