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Abstract
Aggregation and breakage of aggregates of fully destabilized polystyrene latex particles
in turbulent flow was studied experimentally in both batch and continuous stirred tanks
using small angle static light scattering (SASLS). It was found that the steady state
values of the mean radius of gyration are fully reversible upon changes of stirring speed
as well as solid volume fraction in the tank. Steady state values of the mean radius of
gyration were decreasing with decreasing solid volume fraction as well as with
increasing stirring speed. Moreover, it was found that the structure and shape of the
aggregates is not influenced by the applied stirring speed.
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INTRODUCTION

Aggregation processes have been traditionally used for separating finely dispersed
solids from liquids, for example, in the production of powders from polymer latexes
prepared by emulsion polymerization or in the removal of suspended particles in
wastewater treatment. Additionally, properly controlled aggregation and breakage
processes can also be used to produce particulates with desired size distribution and
morphology at nano and/or microscale.
More detailed studies of aggregation processes usually start from dispersions of primary
particles where an appropriate amount of coagulant has been added in order to
destabilize the particles and initiate the growth of aggregates (1-5). There have been few
previous studies investigating the dynamic response of the systems containing
aggregated dispersions due to variations of the shear rate (3, 6-8). Nevertheless, the
fundamental understanding of factors controlling steady state distributions in systems
undergoing aggregation and breakage, in particular the effect of the solid volume
fraction, is still lacking. In order to address this deficiency, in the presented work the
aggregation and breakage of aggregates of fully destabilized polystyrene latex particles
in turbulent flow was studied experimentally in both batch and continuous stirred tanks.

Small angle static light scattering was used to monitor the time evolution of the mean
radius for the cluster distribution.
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EXPERIMENTAL METHOD

In all experiments we used white sulfate polystyrene latex supplied by Interfacial
Dynamics Corporation (IDC), Portland, OR (USA) (Product-No: 1-800, CV: 2%,
Batch-No: 642,4, solid% = 8.1). The mean diameter of latex particles was 810 nm as
measured by small angle light scattering in agreement with the particle size declared by
the producer. The particle size distribution was very narrow and can be well
approximated as monodisperse. All experiments were performed in a 2.5 L stirred tank
coagulator, shown schematically in Figure 1, operated in broad range of stirring speeds
(200 - 1073 rpm). More details about the geometry of the coagulation unit can be found
in Figure 2.
The initial suspensions with solid volume fractions φ 0 in the range from 1×10-5 to 4×105
were obtained by diluting the original latex with appropriate amount of de-ionized
water which was afterwards pumped from the storage tank into the coagulator. The
coagulator was filled with care not to introduce air bubbles. An overflow tube was used
as a small reservoir of about 100 mL in order to allow replenishing of liquid in the
coagulator during sampling and to prevent air from entering the coagulator (see Figure
1). The initial suspension was stirred for approximately 15 minutes at 1000 rpm to
ensure its stability and break any loose aggregates that might be present. Subsequently,
the required stirring speed was set.
The aggregation process was started by introducing the required amount of a coagulant
solution (30 mL of 20% w/w Al(NO3)3 in water) to the coagulator using a syringe (see
Figure 1). The resulting salt concentration was well above the critical coagulation
concentration (CCC) for the given system, i.e., the electrostatic repulsive forces
between primary particles were fully screened and the particles were completely
destabilized. In order to achieve a good reproducibility of the initial aggregation
kinetics, the salt injection was carried out with a Lambda Vit-Fit programmable syringe
pump applying the maximum speed, corresponding to the injection time of
approximately 15 seconds. A typical mixing time of the injected salt solution was about
5 seconds at 200 rpm (tested by dye measurements), which is an order of magnitude
below the characteristic time of aggregation at all conditions considered in this work.
More details about evaluation of the characteristic times can be found in (10).
Two types of experiments were carried out. First, batch experiments for various values
of solid volume fraction, φ 0 and stirring speed, N were performed. After the aggregate
growth in the batch coagulator reached a steady state, the second type of dynamic
experiment, using continuous dilution or step changes in the stirring speed, was carried
out. In the dilution experiments the tank was operated in a continuous mode, where a
particle-free salt solution with the same salt concentration as the one in the tank was
pumped into the tank at a constant flow rate. A peristaltic pump was used to pump the
salt solution in and the suspension flowed out through the overflow tube, (see Figure 1).
The range of solid volume fractions examined in the dilution experiments was from
4×10-5 down to below 1×10-6. In all experiments we used the small angle static light
scattering (SASLS) instrument Mastersizer 2000, by Malvern (UK), for on-line
characterization of cluster distributions in the tank in terms of angle dependent intensity
of scattered light. The measurements were performed using continuous recirculation
from the coagulator to the measurement cell and back into the coagulator as shown in
Figure 1 (similar to previous works in the literature (1, 4, 6, 11)). Complete validation
of the used on-line technique can be found in (10).
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Figure 1 Schematics of the experimental setup
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Figure 2 Diagram of the coagulator with specified dimensions (in mm)
The cluster mass distribution (CMD) in our experimental system was characterized
using small angle static light scattering, where the intensity of the scattered light I as a
function of the scattering wave vector amplitude q was measured. The scattered light
intensity can be expressed as(12)
I(q) = I(0) P(q) S(q)
(1)
where I(0) is the zero angle intensity, P(q) is the form factor (due to primary particles),
S(q) is the structure factor (due to the arrangement of primary particles within the
aggregates), and q is the scattering vector amplitude defined as:
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where θ is the scattering angle, n the refractive index of the dispersing fluid and λ the
laser wavelength in vacuum.
Analysis of the measured scattered intensity I(q) in the Guinier region (qRg < 1) allows
one to extract certain moments of the CMD, namely the root mean square radius of
gyration, Rg and the zero angle intensity I(0) (corresponding to the mass weighted
average mass) from the slope and the intercept of the linear relationship between
ln ( I ( q ) / P ( q ) ) and q 2 3 defined as:
⎛ I (q ) ⎞
q2 2
I
Rg
(3)
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⎟
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Moreover, if all aggregates exhibit a fractal scaling and they are in the limit of the
Raylegh-Debye-Gans (RDG) theory, rigorously valid within the following constraints
m − 1 ≤ 1 and ( 4π R p λ ) m − 1 ≤ 1 , where m is relative refractive index (m = 1.195 for
polystyrene), Rp is the radius of primary particle and λ is the laser light wavelength.,
where each primary particle in the aggregate scatters light independently from all the
others, one can also estimate the fractal dimension of the aggregates df from the slope of
the power law region of the log-log plot of S(q) vs. q. However, since the diameter of
primary particles used here is comparable to the wavelength of the incident light used in
light scattering experiments, we are well outside the region of validity of the RDG
theory. Therefore we will denote the slope of log-log plot S(q) vs. q as the scaling
exponent (SE), which is not necessarily equal to the fractal dimension df. Therefore, the
structure of aggregates was independently obtained from image analysis of 2D
microscopy pictures of aggregates, using inverted microscope (Zeiss Axiovert 100),
originating from the samples withdrawn for off-line measurement taken at various
operating conditions. In this way the structure of aggregates can be characterized by the
perimeter fractal dimension Dpf, obtained from the scaling of the projected surface area
(A) vs. the perimeter (P) of the binary image of an aggregate (13-16),
2D
A ∝ P pf
(4)
Since Dpf depicts the surface morphology of the aggregate in two dimensional
perspective, its value varies between 1 (corresponding to a linear aggregate) and 2
(corresponding to a Euclidean aggregate). As was observed by several authors (15, 17,
18) typical values of Dpf at steady state for aggregates produced under turbulent
conditions are in the range from 1.1 to 1.4. Consequently, the value of df can be
estimated using a correlation between perimeter fractal dimension and three
dimensional fractal dimension presented by Lee and Kramer (19). Other information
which can be extracted from the analysis of the aggregate images is their shape. In this
case the ratio between the major and minor axis of the best fitted ellipse was used. All
above mentioned quantities were obtained using the image analysis software ImageJ
v1.34s (http://rsb.info.nih.gov/ij/).
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RESULTS AND DISCUSSION

Two types of experiments were performed in this study. First one operated in batch
mode was run at a given stirring speed and the dilution pump in Figure 1 was switched
off. We investigated the behavior of the system on the variation of the initial solid
volume fraction and stirring speed. Once the system reached steady state another type of
experiment was performed during which the operating conditions, such as solid volume
fraction or stirring speed, were changed. The cluster growth process was monitored online by the SASLS instrument using the recirculation technique as explained above.

Result of the experiments from batch as well as continuous flow conditions, where the
solid volume fraction was reduced applying continuous dilution (10) is presented in
Figure 3 for solid volume fraction in the range from 4.5×10-6 to 4×10-5 and stirring
speed equal to 635 rpm. The obtained results are shown in the form of mean radius of
gyration as a function of the dimensionless time for shear aggregation τ = t〈G〉 φ 0 .
Appropriate values of the volume averaged shear rate were evaluated from the
simulation of the flow field using a commercial computational fluid dynamics (CFD)
software Fluent using a standard k-ε model (9).
As one can see at the beginning of the process (dimensionless time smaller then two),
the time evolution of both moments for all values of solid volume fraction plotted in
dimensionless time τ reduces to a single curve, which indicates that the growth of
aggregates in these systems is solely controlled by shear aggregation. As the aggregates
grow further and their distribution approaches a steady state, the different experimental
curves deviate from each other, thus indicating that the evolution of the measured
moments of the CMD depends on the solid volume fraction. In the same figure we can
see that steady state values of both moments increase with the solid volume fraction.
The same trend, in terms of one single moment of the distribution, has been reported by
Oles (1), Kusters et al. (2) and Kobayashi et al. (20) for primary particles with diameters
of 2.17, 0.8 and 1.36 µm, respectively, and for values of φ 0 close to those considered in
this work. It is worth mentioning that, at least in qualitative terms, these findings are
consistent with the different dependency of aggregation and breakage kinetics on cluster
concentration: second order for aggregation and first order for breakage, which balance
each other at steady state.
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Figure 3 Time evolution of 〈Rg〉 for various values of the initial solid volume
fraction for three batch and two dilution experiments; (”) φ 0 = 4×10-5, dilution
with Qd = 0.31 L/min, interruptions at φ = 2×10-5 and 1×10-5; (æ) φ 0 = 4×10-5,
dilution with Qd = 0.21 L/min, interruptions at φ = 1×10-5; (r) φ 0 = 2×10-5 dilution
with Qd = 0.22 L/min, interruption at φ = 1×10-5 and 5×10-6; (˚) batch experiment
with φ 0 = 1×10-5. Stirring speed 635 rpm.

When the CMD reaches steady state a second type of experiment, continuous dilution
with particle free salt solution, was performed and the results are shown in Figure 3. In

this way one can collect in a very simple and fast way many cluster mass distributions
corresponding to different steady state conditions. For this, the dilution rate has to be
selected in a way that macromixing timescale is smaller then those of both aggregation
and dilution whereas the aggregation timescale has to be smaller than that of dilution.
The first one of these two timescale criteria ensures that the flow pattern and
concentration profile in the tank are close to those in an ideal CSTR (21), so that the
solid volume fraction is uniform in the tank and can be calculated easily and accurately.
The second criterion ensures that dynamic equilibrium condition between aggregation
and breakage is achieved at every single instant of time during the dilution experiment.
In other words, the dilution rate is slow enough that aggregation and breakage processes
can readjust the CMD almost instantaneously with respect to the gradually changing
solid volume fraction. It appears that we are indeed in the conditions mentioned above
where mixing is much faster than aggregation, and that aggregation/breakage are
sufficiently fast compared to dilution. The experimental verification of this conclusion
is shown in Figure 3, where we show a dilution experiment (indicated by solid circles),
which starts from the steady state conditions corresponding to the solid volume fraction
φ 0 = 4×10-5 obtained in batch operation mode. It is seen that the values of both
moments decrease steadily during dilution, but as soon as the dilution is interrupted (by
turning off the peristaltic pump shown in Figure 1) both moments stop decreasing and
remain constant almost immediately. This suggests that the dilution rate is sufficiently
slow compared to the rates of aggregation and breakage that dynamic equilibrium is
achieved instantaneously with respect to the dilution characteristic time.
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Figure 4 Examples of the time evolution of the radius of gyration 〈Rg〉 during step
changes of the stirring speed measured for a solid volume fraction equal to 4×10-5;
(˚) 200 rpm, (r) 1073 – 200 rpm, (u) 200 – 1073 – 200 – 1073 rpm

Another aspect which can be investigated with this type of experiment is the
reversibility of the equilibrium between the aggregation and breakage processes. If such
equilibrium is reversible then the values of both moments of the CMD at steady state for
a given solid volume fraction should be independent on the path through which this
steady state was reached (at given stirring speed). This means that the same steady state
CMDs should be obtained from either a batch experiment at the given solid volume

fraction or from a dilution experiment starting from a higher initial solid volume
fraction and then diluting the dispersion to the desired solid volume fraction. When the
dilution experiments were stopped at suitable times as illustrated in Figure 3 three
plateaus can be seen corresponding to three pairs of solid volume fraction values which
are identical but achieved through different paths. Nevertheless, it is clear that the mean
radii of gyration are identical, which indicates that the process is fully reversible.
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Figure 5 Average values of 〈Rg〉 as a function of the solid volume fraction in the
stirred vessel during dilution for starting value of solid volume fraction equal to
4×10-5 and various dilution rate: ( ) Qd = 0.66 L/min, (æ) Qd = 0.38 L/min, (”) Qd
= 0.31 L/min with interruption, (s) Qd =0.21 L/min, (t) Qd = 0.14 L/min and
starting value of the solid volume fraction φ 0 = 2×10-5 with dilution rate Qd =0.21
L/min (v). Stirring speed equal to 635 rpm.

As was shown here as well as in our previous work (10), the steady state CMD of the
system investigated here is controlled by a dynamic equilibrium between second order
aggregation and first order breakage. In addition, it was also observed that this system
shows complete reversibility of the steady state with respect to the variation of the solid
volume fraction. In order to test observed reversibility further and investigate if this will
be through with respect to the variation of the stirring speed and therefore shear rate,
once the system reached steady state we performed a series of step changes of the
stirring speed where the dynamic response of the system was measured on-line using
above mentioned loop technique. Obtained results for several variations of the stirring
speed are summarized in Figure 4. It can be seen, that the steady state values of both
moments of the CMD are independent from the applied shear rate history, indicating
complete reversibility of the steady state. Similar observations with respect to shear rate
variation were made by various authors (11, 22, 23) using activated sludge or colloidal
polymer particles destabilized with strong electrolytes. On the other hand, as shown by
(3, 24, 25) for the system when the coagulant is a precipitating solid (i.e., Fe(OH)3) or a
polymer, the suspension may exhibit irreversible aggregation dynamics. This is caused
by modification of the internal structure of the aggregates by these coagulants which

increase the aggregate strength over time and therefore make them more resistant
against shear effect.
Since aggregation and breakage equilibrate each other, we can plot the CMD
characteristics as a function of the actual solid volume fraction inside the coagulator
calculated using the washout function of an ideal CSTR (21). Due to the reversibility of
the process we expect that these values do not depend on the path followed to reach the
specific solid volume fraction considered. This is indeed the case as it can be seen in
Figure 5 where all data in terms of 〈Rg〉 obtained for different dilution rates as well as
for different starting values of the solid volume fraction collapse in a single curve when
plotted as a function of the solid volume fraction. Moreover, it was found, that the
region of low solid volume fractions the value of the 〈Rg〉 starts to level off and
approach certain limiting value, which is dependent only on the applied stirring speed.
Since by dilution we favor breakage against aggregation, this leveling off indicates that
at “infinite” dilution (applying extrapolation of the measured data to φ = 0) the
aggregates reach a certain critical size below which the effect of breakage is negligible,
at least within the timescale of the experiments investigated here.
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Figure 6 Time evolution of the scaling exponent SE for various values of the solid
volume fraction and stirring speed 635 rpm; (») φ 0 = 4×10-5, (r) φ 0 = 2×10-5, (u)
φ 0 = 1×10-5, (¼) φ 0 = 4.5×10-6.

In Figure 6 we show the time evolution of the scaling exponent for the same
experiments considered in Figure 3. It can be seen that changes in the solid volume
fraction do not significantly affect time evolution of the SE. The low values of scaling
exponent at the beginning of the process is caused by the presence of a significant
fraction of the smaller aggregates, which scatter light differently compared to large
clusters with fully developed fractal scattering behavior (9, 26). As the aggregates grow,
the effect of these small non-fractal aggregates becomes less important and the value of
SE increases. When CMD reaches steady state (compare with 〈Rg〉 in Figure 3) then also
SE approaches its steady state value, which is in this particular case around 2.2 for all
the investigated solid volume fractions. A similar trend in SE was observed by
Selomulya et al.(4, 27) and Waldner et al.(9) for two different vessel geometries

(Taylor-Couette device and stirred tank respectively), where larger values of SE were
found in the case of Taylor-Couette compared to the stirred tank.
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Figure 7 An example of the aggregate image (a) together with obtained scaling of
the area vs. perimeter (b) obtained from the image analysis of produced aggregates
at steady state for a solid volume fraction equal to 4×10-5 and stirring speed equal
to 635 rpm

It is worth emphasizing that the value of SE can not be assumed to be equal to the
fractal dimension of the aggregates, since for this large size of primary particles light
scattering is outside the range of validity of the RDG theory. Therefore, we decided to
use an independent method to obtain the structure of aggregates over the range of
operating conditions investigated in this work. In Figure 7 an example of aggregate
image obtained for a batch experiment at 635 rpm and a solid volume fraction equal to
4×10-5 using laser scan (LSM) is presented. It can be seen, that the obtained aggregate is
highly compact and slightly elongated in shape which is in agreement with observations
of other authors (28-30).

As can be seen from Figure 7 using image analysis of the obtained aggregates presented
here in the form of area as a function of perimeter they can be approximated by a power
law scaling, where according to Eq. 4 the slope is equal to 2/Dpf. The obtained value of
the perimeter fractal dimension is equal to 1.214 ± 0.025. This value is in agreement
with the other values of perimeter fractal dimension measured by other authors (14-18).
To relate the value of the perimeter fractal dimension to the mass based fractal
dimension we used results of Lee and Kramer (19) where we obtained value of 2.62 ±
0.18, which is in agreement with other values published in the literature (1, 3, 4, 16).
Comparing the values of the scaling exponent obtained from S(q) with the fractal
dimension recalculated from the correlation between Dpf we see that the scaling
exponent underestimates the approximated value of the fractal dimension obtained from
image analysis. These support our previous comments that for such large size of
primary particles the structure of aggregates has to be obtained independently.
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CONCLUSION

In this work we investigated the effect of the solid volume fraction and stirring speed on
the aggregation and breakage processes in turbulent flow in a stirred tank coagulator.
Aggregation of fully destabilized polystyrene particles in a batch coagulator yielded
steady state distributions with the mean cluster size (in terms of the mean radius of
gyration measured by small angle static light scattering) monotonically increasing with
the solid volume fraction. Using a combination of batch operation and continuous
dilution with particle-free solution in the stirred tank, it was found that the steady state
distributions were fully reversible upon changing the solid volume fraction and stirring
speed. This indicates that the steady state distribution in this system is controlled by the
dynamic equilibrium between aggregation and breakage. In addition, using this dilution
experiment down to very low solid volume fractions it is possible to obtain a critical
aggregate size below which breakage rates become negligible. Moreover, as was shown
by the results of the image analysis of the obtained aggregates at steady state the values
of scaling exponent could lead to significant under prediction of the real value of the
fractal dimension.
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