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We consider single two-dimensional aggregates containing glass particles trapped at a water/oil or water/air interface.
Two modes for aggregate break up are observed: break up by fragmentation into a few parts and break up by erosion
of single particles. We have studied the critical shear rate for these modes as a function of the aggregate size. Two
different particle sizes were used. The smaller particles, with a radius @ih§5orm aggregates that break up
predominantly by erosion at a shear rate between 0.5 and0.7kis value hardly depends on the size of the
aggregates. The larger particles, with a radius of Arh5 form aggregates that break by erosion or by fragmentation.

In both modes, the critical shear rate again depends only weakly on the size of the aggregates and ranges between
1.6 and 2.2 8. Also the structural changes inside the aggregate before break up were studied. The aggregate behavior
at the water/air and water/oil interfaces is quite similar. The critical shear rate for break up was also modeled. The
model shows in both modes a weak dependence of the critical shear rate on the aggregate size, which is consistent
with the experimental observations. The kinetics of the erosion process was also modeled and compared with the
experimentally obtained time dependence of the aggregate size. The differences in the large and small particle systems
can be attributed to the occurrence of friction forces between the particles, which one expects to be much larger for
the large particle system, due to the stronger two-particle interaction.

1. Introduction different conditions. Floc break up has been classified in two
general mode&?® The first one is the removal of single particles

or small aggregates from the parent aggregate, called surface
erosion. In the second mode, the flocs break up into pieces with
similar sizes, called fragmentation. The resulting size distribution
after rupture can inform us whether erosion or fragmentation has
occurred. Erosion produces fragments with much smaller size
than the original aggregate, thus the particle size distribution is

The behavior of aggregates is an important issue in liquid
suspension processes. For example, in wastewater treatmen
one needs an efficient method for the removal of partitiés.
Larger particles are easier to remove, thus it is convenient to
work with aggregates of particles. Also, smaller flocs will settle
down slower and will be captured less efficiently by air bubbles.
Small flocs can also block the membranes during filtration. These rouahly bimodaf The main qualitative difference between
processes are designed to minimize the breaking of flocs, but gnly ) main g . s
they can still be subjected to high shear rates (e.g., close to Jerosion and fragmentation is the energy input, which is low for

e . o erosion and high for fragmentation. The time scales of the two
mixing impeller or during the transfer from one tank to another), . h ! .
where the flocs have to resist the corresponding stréssass processes are also different. Fragmentation occurs immediately

o : ' after applying the critical stress, while the erosion occurs over
it is important to study aggregate behavior when subjected to : T

. . .- . much longer time scalés-or 3D systems, there are indications
flow in order to design efficient methods for their treatment.

Detailed knowled fhow three-di ional (3D i that the two modes are driven by different stresses. Erosion is
etaredknowliedge othow three-dimensiona ( )a_ggrega €S caused by shear in the tangential direction, and fragmentation
will break is still missing. This is due to the complexity of the

. . _ is caused by a tensile stress acting normally across théffoc.
system and the involved processes: many-body interactions, There is no unique way to determine the floc strength because
irregular shapes, and the influence of contamination. Moreover, d ay S 9 X
not all forces acting in these processes are dddre logical '_[he flocs can be very different in size, shape, a_nd properties. It
way to investigate such a complicated system is to start with the Is also difficult to compare the results from d|ffer(_ent studies
simpler two-dimensional (2D) case. Inthe 2D case, the influence becausg the results depend strongly on the technlqug use(_j for
of capillary forces on the structure formation is an interesting measuring the aggregate strength. Most resgarchers Investigate
issue itself. The main advantage of 2D experiments is the absenc h?jr%?jpigﬁgiiggrtngvjlosofgere?/isev% (f)l]f Tﬁg?gcﬂfmthjezzgf dd
of gravitational settling of the aggregates, which makes the Y Y h ' . ques ’
visualization much easier. The theoretical modeling in two we refer to Jarvis and co-worketShe simplest way of evaluating

dimensionsis also simpler. However, even for 2D systems, thereLheefJ:gca?]tée;ggr' ;)Sr et(;kmuea?grreathzrtriiﬂfaf)zmzir:;?ee fll_?](; ?Ilgi
is little information available on the break up mechanisms for P P :

strength can be related to the energy dissipation of the system
or the velocity gradient applied to the system. This technique
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relies upon complex theories and floc break up models. Recentlyrate depends on the flow type and the ratio between the aggregate
developed techniques directly measure the floc rupfrg. and primary particle size, but it was independent of the shear
Pantina and Fu&tinvestigated the bending of bonded colloidal rate.

particles using optical tweezers. The results show the existence In our previous study®we presented experimental results for

of strong tangential forces between the particles, which they the break up of aggregates of glass particles (radiug:tri)zat
explain are from surface roughness. Yeung and P¥ltosed a water/air (w/a) interface. An advantage of our experimental
micromechanical techniques to pull flocs apart. They found that method is that it is direct and nondestructive. We observed with
break up occurs at the weakest spot inside the aggregate. Thisvideo microcopy single aggregates, which gave us a detailed
explains why a compact aggregate will break as a result of erosion.look into the processes of breaking. In addition, the reverse process
According to their results, the aggregate strength does not dependf aggregation after collision with another aggregate is suppressed,
on the aggregate size. which also simplifies the analysis. However, the method has

In 2D experiments, most of the research has been concentrate@rtain drawbacks, too. First, like every method looking at the
on the investigation of particle monolayers at a liquid single-particle level, it is difficult to get enough data for

interfacel 16 Aggregates in two dimensions were investigated statistically significant results. Second, it was not possible to
by Hoekstra” and Hanse? Hoekstra and co-worket&studied keep the aggregates in the field of view, and thus the exact moment
two systems of 2D suspensions with a different interaction of aggregate preak up is seldom seen. To be able to gol!ect
potential. In one system, the particles could slide over each other,St‘rjltIStlcaIIy reliable data, we worked with aggregates consisting

while, in the other system, they could not, depending on the of submillimeter noncolloidal particles, which gave a similar
attrac’tion strength betweer,l the particles. fhey found that shearJnltlal structure for all experiments. Using noncollmdal pgrtlcles
flow induces the same type of anisotropy in both systems. In the has the advantage that we have a well-defined attraction force
system with a strong attractive potential, the density inside the because the capillary force is significantly larger than the other

. . . L2 forces. Our results showed that the aggregates break at nearly
aggregates increases with the applied shear flow, while |tdecrease§ne same shear rate, independent of their size. The evolution of
in systems with a weak attraction between the particles. Break ! )

the aggregate before break up was also investigated. With
ti{:creasing shear rate, the aggregates adopt a more circular shape,
: . nd the particles order in a denser hexagonal structure. A simple
observed. Hansen and co-workérstudied 2D colloidal ag- theoretical model was developed to explain the experimental

gregation in a Couette cell. The_development of the cluster size 5 | this model, itwas assumed that the aggregate is a circular
and structure was followed at different shear rates. The weakly §isk that will break along a center line into two equal pieces. We

aggregated systems showed rearrangement into a more compagtij| name this “break up by fragmentation”. The capillary and
structure and a densification w¢h increasing she_ar ra_tte, while thedrag forces acting on both parts of the aggregate were calculated,
strongly aggregated systems did not display a significant changeang from their ratio, the critical shear rate was found. The model
In structure. shows a weak size dependence of the critical shear rate for break
Analytical models can be used to describe the aggregate breakup, which is in agreement with the experimental observations.
up. These models generally oversimplify the aggregate structure.  Here we continue the investigation of 2D aggregate restruc-
The two limiting cases are a uniform impermeabler turing and break up using the techniques described in our previous
permeabl®sphere. The model developed by Sontag and Ritssel paper2é We extend the experimental systems to two different
also considers a nonhomogeneous aggregate structure. Thénterfaces (w/a and water/oil (w/0)) and two particle sizg (
fracture of the aggregate is assumed to occur along planar surfaces- 115 and 64m), varying in this way both the particteparticle
(usually passing through the aggregate cetétpr by crack interaction and the hydrodynamic forces on the particles inside
growth?® The several models for break up predict a different the aggregate. Moreover, special attention has been paid to other
dependence on the volume fraction and the radius of the primarypossible modes of the break up process, since we are interested
particles. in how and where the aggregates will break. The aggregate
Only a few studies dealing with erosion have been carried Structure before break up was also investigated and compared
out424.25powell and Maso¥ described the erosion kinetics for  for the different systems. The modeling has been developed further
compact spherical aggregates without attraction between thePY @lso considering break up by erosion. With this model, the

primary (cohesionless) particles. They found that the erosion Critical shear rate for break up by erosion was calculated as well
as the kinetics of the erosion process.
(10) Pantina, J. P.; Fust, E. Whys. Re. Lett. 2005 94, 138301, The structure qf the present paper is as f(_)llows. In Seqtion 2,
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2004 48, 159. . .
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1969. . .
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(18) Hansen, P. H.; Malmsten, M.; Bergenstahl, B.; Bergstrord, Colloid fluid interface. A mixture of water with glycerol (35 wt %, Merck)

Interface Scil999 220, 269.

(19) Bagster, D. . Tomi, DChem. Eng. Scil974 29, 1773. was used as the lower liquid phase. Pentadecane (Merck) or air was
(20) Adler, P. M.; Mills, P. M.J. Rheol.1979 23, 25. used as the upper phase. In this way, two kinds of interfaces were
(21) Sontag, R. C.; Russel, W. B. Colloid Interface Sci1987, 115, 378. created: a w/a and a w/o interface. Moreover, two sizes of glass
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Table 1. System Propertie%

Langmuir

The interface is illuminated through the transparent bottom of the
outer cylinder, while it is observed from above using a charge-

system upper phase mN/m m ° . . .

y il _p 9l 1 ol %[l coupled device (CCD) camera equipped with azoom lens. The camera
w/a 115 air 71 11510  55+2 was connected to an image acquisition system. In principle, it is
mg éé5 glc: ;‘if 1;&& 18 i‘l‘i g possible to keep the aggregate in the stagnant zone and thus in the
wio 65 od 4 65¢ 10 4315 field of view of the camera. However, the aggregate will stay at a

fixed position only if the total shear forces on all particles cancel

each other. When the aggregate rotates a little bit, due to its irregular
shape, the shear forces change. Hence, in order to keep the aggregate
atthat position, the rotational speed of the cylinders should be adjusted
continuously using a feedback loop, which, in practice, is not possible
due to the relatively slow response of the flow field to the cylinder
speed adjustments. This was observed by other resedfdmnsell.
Instead, the aggregate is allowed to rotate slowly in the Couette
device. The CCD camera is kept stationary, and the aggregate is
recorded when it passes the field of view. The rotational speeds of
the cylinders are set to minimize the velocity of the aggregate at the
desired shear rate.

The protocol for measuring the restructuring and eventual break
up of an aggregate was as follows: After the formation of the
| aggregate, it was sheared for 10 min at a fixed shear rate, starting
at 0.1 s, while images of the aggregate were captured. This time
span was long enough to reach a steady state. After 10 min, the shear
rate was increased in steps of 0.10 and again kept constant for
10 min. The highest applied shear rate was 2!5snough to observe

aLower phase is in all cases water/glycerol; dhentadecane.

a) b) c) d)

Figure 1. Images of a single particle positioned at the interface:
(a) w/a 115, (b) w/o 115, (c) w/a 65, and (d) w/o 65.

CCcD
camera

—

Outer break up of the aggregate.
Inner cylinder et 2.1.3. Aggregate Characterizatiofihe most relevant properties
Aggregate air of the aggregate are the internal structure, size, and shape. The

aggregate size is characterized by the number of particles, the shape
is characterized by the aspect ratiB, wherel is the largest diameter
ofthe aggregate ariiis the smallest, and the structure is characterized
by the coordination numbéZ, as well as the Fourier transforms of
I the images. The coordination number represents the average number
_q\flfb i of nearest neighbors per _particle inside the aggregate a_nql has been
el calculated as explained in ref 26. All those characteristics were
extracted from the recorded images using the image processing
software tools Optimas and ImageJ, as has been explained in detall
in Section 2.3 and in the appendix of ref 26.
) ) 2.1.4. Reproducibilityln general, the behavior of all aggregates
Inc., density 2480 kg/f). The glass particles were small enough to  from the four systems considered was qualitatively the same. It
be trapped at the interface. The system properties are summarize&hould be noted, however, that, for the same system, identical
inTable 1. The w/a 115 system was already discussed in our previousexperiments sometimes produce different results. Considerable effort
papef®and is mentioned here for comparison with the other systems. has been putinto controlling the experimental conditions, as described
The lower phase has a viscosity of 2.34 mPa and a density of 1090jn, refs 26 and 28. Before each experiment, the whole setup was
kg/m?®. Pentadecane also has a viscosity of 2.34 mPa and a densitytjgorously cleaned to prevent contamination by previous experiments.
of 773 kg/n?. For all systems, the particles were submerged mostly Also, the liquid—particle systems were allowed to equilibrate before
inthe Iowe_r ph_ase. Images of the particles positioned at the interfacethe experiments were started as well as after each change in the
are shownin Figure 1, and the measured contact angées included  shear rate. Still, some reproducibility problems remain. These can
in Tabl_e 1. Hereatfter, the four investigated systems will be denoted pe due to dust from the ambient air, which, during the preparation
according to the leftmost column of Table 1. _ of the experiment, can pollute the interface. These dust particles are
~ 2.1.2. Setup and ProcedurEhe experimental setup, asillustrated  gificult to observe since they are usually smaller than the particles.
in Figure 2, consists of a Couette device with two concentric cylinders \when dust is present at the interface, it will change the capillary
(R =24 mm,R,=45mm) that can be rotated in opposite directions. nteraction and thus the aggregate behavior. In the experiments, the
This creates a controlled shear flow in the liquid confined by the temperature was not controlled, and the ambient temperature during
gap between the cylinders, with a stagnant zone at a controllablethe measurements wais= 22+ 2 °C. The variation ifT is supposed
radial position. Thin stainless steel rings were attached to the cylindersig have only little influence on the aggregate behavior.
to create an edge at which the ligtidir interface is pinned. The 2.2. Results and Discussioms mentioned in the introduction,
flatness of the interface is controlled by adding or removing liquid \ye are interested in the structural changes and break up mechanisms
to or from the lower phase and it is measured from the diffraction st aggregates subjected to simple shear flow. First, we will consider
of a laser beam at the interface, as explained in ref 28. the general aggregate behavior and the differences between the four
Theglass partlcleswere added toth_ew/alnterface.Theyaggregateqlnvestigated systems. Next, break up and its mechanisms will be
fast due to the strong capillary attraction between them. In this way, syydied in some detail. Eventually, the erosion kinetics, that is, the
the initial aggregate was created. For the w/o experiments, gjze evolution as a function of time, will be investigated.
additionally, the oil phase is poured on the top of the water layer. 5 5 1 General Aggregate Betier. In Figure 3, representative
It was checked that adding the oil phase does not affect the pinningjmages of aggregate behavior are shown at different shear rates for
of the three-phase contact line, keeping the litliduid interface the four investigated systems. As one can see for all systems, in the
flat. initial stage the particles form compact, dense aggregates. With
increasing shear rate, the aggregates become more circular, and the
crystalline ordering increases in the center part of the aggregates
while it decreases in the outer regions. At a certain, critical shear
rate, the aggregate size is reduced significantly. The last image in

water

i
Figure 2. The experimental setup used in this study.
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Figure 3. Images of the four investigated systems at different shear

shear rate [1/s]

shear rate [1/s]

rates, as denoted below the photographs: (a) w/a 115, (b) w/o 115,Figure 5. The coordination number as a function of the shear rate,
(c) w/a 65, and (d) w/o 65\ is the initial number of particles inside ~ measured for (a) w/a 115 (from ref 26) with = 409 (circle), 203
the aggregate. The flow and the gradient direction are indicated by (up triangle), 285 (diamond), and 191 (down triangle); (b) w/o 115
thex- andy-axes, respectively. The white bar in the upper leftimage with N; = 285 (circle), 226 (up triangle), 351 (down triangle), and

corresponds to a length of 1 mm.

247 (diamond); (c) w/a 65 with; = 1093 (up triangle), 231 (down
triangle), 427 (diamond), and 305 (circle); and (d) w/o 65 viNth

20 20 = 782 (down triangle), 556 (circle), and 413 (up triangle). The lines
a) b) are aguide tothe eye, and the error bars indicate the typical uncertainty
LB LB due to statistics.
1.5 15
shearrate. There is a pronounced difference in the initial state between
1 the systems with small and with large particles. For the 68
systemsX stands for a or o, is significantly larger in the initial
A T Y S YR Y T '1:5 2; state than it is for the w/115 systems. With increasing shear rate,
shear rate [1/s] shear rate [1/s] the coordination number for w5 systems is constant within the
25 . 20 , . . experimental accuracy (Figure 5c) or decreases (Figure 5d), while,
) r d) for w/x 115, C, increases (Figure 5a,b). Similar results for the
LB . coordination number as a function of the applied shear rate were
obtained by Hoekstra et & for 2D suspensions. They observed for
18 a system with a stronger attraction potential (a surfactant-free system)
. an increase in the coordination number with increasing shear rate,
A while a system with a weaker attraction potential (with surfactant)
o 10 A showed the opposite behavior, that is, a decrease in the coordination
0.0 03 0.5 0.8 1.0 0.0 0.3 0.5 0.8 1.0

shear rate [1/s]

shear rate [1/s]

number with increasing shear rate. The two systems have a different
bond strength between the particles. In the first one, the bonds are

Figure 4. Typical aspect ratid./B at different shear rates for (a)
w/a 115 (from ref 26) withN; = 409 (diamond), 198 (circle), 203
(down triangle), and 285 (up triangle); (b) w/o 115 with= 285
(down triangle), 226 (diamond), 351 (circle), and 247 (up triangle);
(c) w/a 65 withN; = 231 (down triangle), 427 (up triangle), and 305

strong and, due to this normal force, the tangential friction forces
are high, hence the particles cannot slide easily along each other,
while, in the second system, the bonds are weaker and the particles
can slide along each other.

The results folL/B andC, as a function ofy show that, at low

(circle); and (d) w/o 65 withN; = 556 (circle), 284 (down triangle),
and 413 (up triangle). The lines are a guide to the eye, and the error
bars indicate the typical uncertainty due to statistics.

shear rates, an increase in the order and circularity of the aggregates
isinduced. At shear rates near the critical shear rate, a small decrease
in both the circularity and the coordination number was observed
panel a (large particles system) clearly shows breaking by frag- in several experiments (Figures 4 and 5). This is again an indicatiqn
mentation, while, in panel d (smaller particles), the result of the that the aggregate structure starts to break down under the applied
erosion process is clearly visible. shear flow. The w/o 65 system also shows this decrease for low
2.2.1.1. Shape and Structure. In Figure 4, the aspect ratio has beeghear rates, which means that the flow destabilizes the aggregate at
plotted as a function of the shear rate. While the initial aspect ratio &ll shear rates.
aty = 0 varies between 1 and 2.2, depending on the formation  The Cy(y) results indicate that all aggregates already had, or
process of the aggregate/B is found to evolve toward 1 upon  developedacrystalline structure. The large particle systems preferably
increasing the shear rate. Such increase in the circularity is develop a single-crystal structure, identified by the points in the 2D
characteristic for simple shear flow; it has not been observed in Fourier transform (Figure 6). The Fourierimages of the small particle
other types of flow, such as extensional flé¥Ve attribute thisto ~ Systems (one exception) showed the development of circular rings
the rotation of the aggregates. While the aggregates rotate as a resuifistead of points with increasing shear rate (Figure 7). The
of the flow field, the particles near the end of the long axis are combination of a high coordination number with a ring structure in
pushed aside by atangential shear stress, which is larger than averag#e Fourierimages suggests the existence of multiple crystal domains
and hence, circular symmetry is promoted. However, when the shearwith different orientations in the small particle system.
rate approaches the critical shear rate, there is frequently a tendency In ref 26, we argued that the w/a 115 aggregates behave as solid
toward larger aspect ratios at the onset of break up. disc-like bodies. Compared to the motion of the aggregate as a
The evolution of the structure of an aggregate is characterized by whole, hardly any restructuring and movement of separate particles
changes in the coordination numk&y;, and the Fourier images of  occurs inside the aggregate. This behavior is observed for the w/o
the aggregates. In Figure G, has been plotted as a function of the 115 system as well, while w/65 aggregates become softer (i.e.,
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a) b) c)

Figure 6. Evolution of the Fourier image of an aggregate for the
w/o 115 system withN;, = 285 at (a) initial state, (b) shear rate 1

Langmuir

Figure 9. Formation of an disordered layer with an increasing shear
rate for w/a 115 at shear rates (a) 1-5and (b) 1.8 s*. The initial

s, and (c) 1.4 s number of particles wahl, = 285. The insets show a black and
white transformation of the original images. The disordered layers
are outside of the drawn ellipses. The white bar in the right image

corresponds to a length of 1 mm.
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Figure 7. Evolution of the Fourier image of an aggregate for the
w/o 65 system wittNj, = 413 at (a) initial state, (b) shear rate 0.3
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Figure 8. Formation of an disordered layer with increasing shear shear rate [1/s] shear rate [1/s]

rate for w/a 65 at shear rates (a) 0:8,gb) 0.7 s, and (c) 0.8 5. Figure 10. The number of particles as a function of the shear rate
The initial number of particles wasi, = 305. The insets show a  for (a) w/a 115, (b) w/o 115, (c) w/a 65, and (d) w/o 65 and several
black and white transformation of the originalimages. The disordered initial sizes.
layers are outside of the drawn ellipses. The white bar in the middle
image corresponds to a length of 1 mm. forces on the outside of the aggregate are not that large, and hence
the particles on the outside can slide and move around, resulting in
more disordered) with increasing shear rate. In the initial stages of a disordered outer layer. Due to the size of the particles, the normal
the experiment and at low shear ratgs< 0.2 s'1), the aggregates  forces and thus these friction forces are smaller for thé&bystems,
have a hard crystalline structure. With increasing shear rate, a thinand a much thicker disordered layer will develop, just as observed
disordered layer forms along the edge of the crystalline core. At in the experiments. In a transient situation, just after a stepwise
even higher shear rates, the thickness of the disordered layer growschange in shear rate, particles on the outside start eroding away, the
Just after increasing the shear rate above the critical shear rateaggregate becomes smaller, and both the normal forces and the
multiple disordered layers form, and eventually the outer layers start friction forces inside the aggregate become smaller as well. As a
to erode very slowly. When the aggregate reduces in size, previouslyconsequence, the thickness of the disordered layer is more or less
crystal layers, on the outside of the crystalline core, also become preserved while the aggregate reduces in size.
disordered. Thus the order/disorder boundary moves inward. The 2.2.1.2. Size. The size of the aggregate is given by the number
aggregate radius continues to reduce until an equilibrium radius is of particles. Representative experiments on the evolution of the
reached. In this situation, there is only a single disordered outer aggregate size as a function of the shear rate are shown in Figure
layer surrounding a multiple-domain, crystalline, circular-shaped 10. As can be seen, the size stays more or less constant until the
core. critical shear rate is reached. This critical shear rate, for all cases,
The formation of these multiple disordered layers has been depends only weakly on the aggregate sizg:= 1.9 s’ for the
illustrated in Figure 8 for a w/a 65 aggregate. The ellipses 115um particles, and = 0.7 s for the 65um particles.
approximately indicate the boundary between the core and the outer However, every aggregate within each graph shows a little different
layers. The insets in the figure are the same images in black and thecritical shear rate. This must be due to small structural differences
white for better visualization of the more open disordered layer. It in the initial aggregates. In the next section, the critical shear rates,
can clearly be seen that the core has a crystalline structure and thaas observed in Figure 10, will be compared with model calculations.
the outer layers are disordered. The video recordings clearly show 2.2.1.3. Summary. The main differences between the systems
that the particles in the disordered layer rearrange themselveshave been summarized in Table 2. As can be seen, the aggregate
continuously. behavior for the w/a and w/o interfaces is similar, but there is a
The large particle aggregates, which are supposed to behave asignificant difference in behavior between the large (&9 and
a solid body, develop only a narrow disordered layer (see Figure 9). small (65um) particle systems. The most important difference is
The formation of a disordered layer around a crystalline core can the critical shear rate: for the small particle systems, it is about 2
be explained by considering friction forces. The friction force between times smaller than that for the large particle systems.
two adjacent surfaces is proportional to the normal force acting on  2.2.2. Break Up MechanismBirst it has to be noticed that, due
these surfaces. Inside an aggregate, the normal forces are largest ito their motion in the Couette apparatus, the aggregates are not
the central region of the aggregate, and the resulting friction forces permanent in the field of view of the camera. Hence, it is difficult
will prevent the particles from sliding along each other. The friction to observe the aggregate break up directly. For example, if an
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=i 5 Figure 12. Breaking in the field of view for the w/o 115 system.

c) d) Case acorrespondsith = 164 aty = 2.2 s, and case b corresponds

to Niy = 449 aty = 1.3 s'¥. The first frame shows the aggregate
before it breaks, while the last frame shows the broken aggregate
the next time it passes the field of view. The white bar in the upper
right image corresponds to a length of 1 mm.

Figure 11. Direct observation of erosion for (a) w/a 115,jat=
1.9 stwith Ni, = 291; (b) w/o 115, ay = 2.1 st with Ni, = 222;
(c) w/o 65, aty = 0.7 st with N, = 305; and (d) w/a 65, gt =
0.8 st with Nj, = 556. The white bar in the upper right image

corresponds to a length of 1 mm. o )
can be seen in Figure 12, and the aggregate breaks in more than two

Table 2. Summary of the Differences between the Experimental parts. It was also noticed that the fragmentation starts with a single
Systems rupture. Rupture of the first fragment triggers more rupturing
processes. This cascade of fragmentation can be explained from the

system y¢, st initial structure A
¥ Yor initial C, - 4 u- fact that the aggregate loses it circular shape and thus becomes
w/a1l5 1.9+ 0.1 5.4+ 0.6 mostly single domain crystal small weaker once the first part has been broken.
disordered layer The critical shear rate for the two cases in Figure 12 is quite

w/o 115 1.9£0.3 5.2+0.4 smgllfd?:(;?(?é?e%rﬁ;aelror with defects, gjtferent, that is, 2.2'st for the first case and 1.3 for the second
; ; 1 case. This is partially due to the statistical nature of the break up
w/a65 0801 57+0.1 multidomain crystal, hard(0.6 s °) process, but it is also due to the aggregate size dependence of the

and soft & 0.6 s'%) disordered layer itical sh te. For inst | ' tai
increases withy critical shear rate. For instance, large aggregates can contain more

W/065 0.6+0.2 5.8+0.2 multidomain crystal, hards0.3 s defects that will promote the fragmentation. For the aggregates shown
and soft ¢ 0.3 59 disordered layer in Figure 12, the break up occurred about2lmin after applying
increases witty the shear rate, which is much faster than the processes in Figure 11.

In summary, break up by both erosion and fragmentation has
been observed. Single-particle erosion is the prevailing process. As
d’twas shown in Figure 3c,d, the critical shear rates for fragmentation
and erosion are similar, and the aggregates can break by both
mechanisms. We have indications that fragmentation is promoted
by the presence of defects in the crystal structure. The analysis of
the video images clearly showed that aggregates with a perfect
hexagonal structure will break by erosion due to the stronger bonding
between the particles in the inner regions of the aggrégaiee
) 3 A to the large normal and friction forces, restructuring in the large
2.2.2.1. Break Up by Erosion. In Figure 11 and in Figure 3c.d, particle systems is more difficult than in the small particle systems.

one can see single particles eroding. If one con§|ders the SlzeAggregatesfromthe latter systems restructure easier with the applied
distribution of the aggregates after break up, the erosion seems morg, “\hich is consistent with a preferential break up by erosion.
pronounced for the small particle systems (see the images in Figure '

3). For these systems, there are a lot of free particles present, as can : :
be observed from Figure 3d. When the size distribution after break 8. Modeling Break Up by Erosion

up contains mainly free particles, this is a strong indication of erosion.  In our previous papef the critical shear rate for break up by
However, the eroded particles can form new aggregates again, hencéragmentation was modeled. In this section, we model the critical
the presence of small aggregates after break up is not inconsistenshear rate for break up by erosion as well as the time evolution
with erosion. ofthe aggregate size due to erosion. Next, we confront the model

Another argument for erosion is given by the time dependence ca|culations with the experimental results just described.
of the aggregate size. Erosion will show a continuous decrease in 3 1 |nteraction Forces.For colloidal 2D systems, interaction

time, while fracture is a discontinuous, stepwise reduction of the ¢, o inciude capillary, van der Waals, electrostatic, excluded
aggregate size. As we will discuss in Section 3.4, in most cases, a

gradual decrease has been observed (see Figure 15), indicating bran(OIume repplsmn, and. electrlc-f!eld-lnduced (.:aplllfér&)rces..

up by erosion. Due to the size ofthe primary particles, the graV|ty-dr|ve_n caplllz_iry
2.2.2.2. Break Up by Fragmentation. Figure 12 shows consecutive INteraction in our system is so strong that all other interaction

images of the break up process. On the video recordings, it can beforces, except the excluded volume repulsion, can be neglected.

seen thatthe separate fragments of the aggregate move independentfys discussed in ref 28, in the “linear superposition approximation”

from the main aggregate. In the static pictures, this temporal (LSA), the capillary force between particlasindb is given by

information has been lost, and the separate pieces appear to still be

attached, but they are not. The last frames show the daughter [ab] _

aggregates when break up has been completed. Break up in fragments Fisa = ZﬂanzKl(qrab) @)

in front of the camera was not observed for the small particle systems.

The fragmentation occurs in the outer regions of the aggregate, aswhereK;(x) is the modified Bessel function of first order, and

aggregate returns into the field of view in several pieces, it is not
obvious whether it fragmented, or eroded and afterward reaggregate
during the time that it was not visible. The mechanism of break up
was determined from the direct observations in front of the camera
and from indirect indications such as the size of the aggregate as
a function of time or the presence of free particles in the system.
We observed both erosion and fragmentation in the experiments.
We consider the two mechanisms separately.
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Figure 14. The scheme used for modeling the erosion of a single
particle.

2 10 R, 100 200
Figure 13. Calculated capillary force between two particles for the  efficient is the break ug? On the other hand, simple shear flow
four systems investigated. From top to bottom: w/o 115, w/a 115, can be more efficient than extensional flow if rupture is occurring
w/o 65, and w/a 65. along a crack line. Due to the rotational motion of the aggregates,

the crack line will pass through certain orientations that are
rapis the distance between particleandb.?%3The coefficient favorable for aggregate break &p.

Q is defined asQ = rq sin y, whererq is the radius of the The flow field around a particle in an aggregate is disturbed
three-phase contact line around the particle, pnislthe angle s neighboring particles. This hydrodynamic contribution
betvyeen the I|qU|d mterfac_e and the h(_)rlzqntal plane near the .o, give rise to both normal and tangential forces on the particles.
palr/tzlcles. The inverse capillary length is given &y= (gAp/ Inasystem with just two particles, it leads to an effective repulsive
0.)  wheregis the acceleration due to gravngyp IS the d_ensny force between approaching particles and can prevent them from
difference bgtween the lower and upper liquids, ani3 the . aggregation. In our 2D system, there is a more or less free flow
surface tension. In ref 28, we showed that the LSA expression above and below the particles, and, in first approximation, the

Icsor?slzo u\g:lcde %tf ?Egr:nﬂiﬁta;;ﬁﬁa ?r?ttgzigoiebg?r:t'c'e;rva\}isseahydrodynamic force on an individual particle can be modeled
q P 9p as a simple Stokes law, as for isolated particles.

additive. . . . .
The influence of the Brownian motion can be neglected in our

In Figure 13, the capillary force between two particles has . ST
been plotted for the investigated systems. For smg}lvalues noncolllomlla}l system, while inertia fgrces hf”“’e been calculated
) ! to be significantly smaller than the interaction and drag forces.

the force scales with i/For larger/R, values, the force scales - i -

with /_n/2qr exp(—qr). The transition agr = 2, and hence the 3.3. Critical Shear Rate for Erosion.The critical shear rate

reach of the interaction depends on the syéltmz 45 60 for erosion can be calculated using the formalism explained in

80, and 115 forw/a 115, w/o 115, w/a 65, and w/o 65, respectively. €f 26 with some small adjustments. We consider a disc-shaped
Apart from this central capillary force, friction between two aggregate with radiu and a single particle on its rim, as

; . N I illustrated in Figure 14.
touching particles can occur. This friction can be dynamic (sliding) . Do . .
or static (sticking). The distinction is important because the 10 Predict break up in this case, again both the capillary and

dynamic friction can be significantly smaller than the static the hydrodynamic force have to be calculated. The capillary

friction. This friction force is considered to be proportional to force between aggregafeand particleb can be calculated by

the normal force with which the surfaces are pushed together. SUMMing the particleparticle interactions between every particle

In the inner regions of an aggregate, the normal forces are largerin A with particleb. Using eq 1 for the two-particle interaction,

than those in the outer regions, due to the long-range tail of all the capillary forcelF between a small area elemeitlocated

two-particle interactions in the environment of the considered at ( cosp, r sin ) and particleb located at R + R,0) in the

particle pair, and hence the friction forces are also larger in the (£,77) frame, is given by

inner regions.

3.2. Flow Field. A particle moving in an interface between dFd = 276qQPK,(qr,)ndA

two liquids experiences a drag force due to the presence of the

two liquids and_ the inte_rface itself._l—_|ence, we _m_odify the Stokes \yherer,, = [(R+ R, — r cosB)?+ (r sinB)j 2is the distance

drag force by introducing an additionfal coefficient: betweendA and the particle. The number of particles per unit

_ area is given by = (2v/3R ?) ", assuming hexagonal packing.

Fa = 6uR,fv 2) To sum the interactions of every elemath in A with the

particleb, one has to integrate over the area of the aggregate.

wherey is the viscosity of the lower phas, is the particle For the components of the ford#l in the &- andy-direction,
radius, andy is a friction coefficient on the order of unity to o have

account for the partial immersion of the particle in the lower
phase and the hydrodynamic screening of the other particles in

27 R
the aggregaté Vis the local undisturbed flow velocity, relative Fl=c, ﬂ) ﬂ) K1 (ary,) cos6 rdrdf
to the particle. The nature of the flow also influences the

i i iqnifi i 27 rR .
fragmentation process. In simple shear flow, significantly higher FLC] = Clﬁ, fo K, (qr,y) sin 6 rdrdp

shear rates are required for break up compared to extensional

flow.31 In general, the less vorticity there is in a flow, the more )
whereC; = 270q@n is a constant and

(29) Chan, D. Y. C.; Henry, J. D.; White, L. R. Colloid Interface Sci1981,
79, 410. (32) Vande Ven, T. G. MColloidal HydrodynamicsAcademic Press: London,

(30) Kralchevsky, P. A.; Nagayama, Kangmuir1994 10, 23. 1989.

(31) Manas-Zloczower, |.; Feke, D. Int. Polym. Process. 1988 3—4, 185. (33) Feke, D. L.; Manas-Zloczower, Chem. Eng. Scil991, 46, 2153.
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We assume that the hydrodynamic force on partidike just
the drag force, as given by eq 2. In simple shear flow, the velocity
is given byV = yye,. This flow can be decomposed into a straining
flow and a rotatior#?

V=3i(ye+ x6) + 27(ye — X&)

Since the aggregate can follow the rotation, this component of
the flow does not exert any force on the aggregate. Eventual
break up of the aggregate stems from the straining flow field.
Therefore, we only consider this component in the calculations
(the first term on the right-hand side). Because the force should
be calculated in the body fixed,{;) coordinate system, th,{)
components of this straining field and the resulting drag force
on particleb are expressed in the&,{) components:

F¥ = 37uR fy7(& sin 2p + 5 cos 2p)

FI = 3muR f7 (€ cos 2p — 1 sin 2)

whereg is the angle between theandx directions. The total
drag force on parA should be equal but opposite to that on
particleb. The extensional drag force is maximum for= 45°.
Due to symmetry, botf ¥ andF ¥ are zero in this case, and
we can express the critical shear rate from a force balance

21 R
3'7[/"Rpfd‘)'/crit (R + Rp) = C]_L/(‘) j(‘) Kl(qrab) cos6 I'dl'd¢

as

0qQ@ ﬂ)h ﬂ)R K,(ar,y) coso rdrdg
3\/§fduRp3 (R+R)

The integral expression for the critical shear rate (eq 3) has bee

evaluated numerically, whene,i was expressed as a function

of N, that is, the number of particles inside the aggregats;

related to the radius of the aggregRi@ssuming close hexagonal
JT

packing) by
R\2
N = | —
23 (Rp)

The critical shear rate for erosion, assumfag= 1, has been
calculated for the two different systems studied here: small and
large particles. The viscosity and interfacial tension values are

®)

crit —

taken for the w/a interface. The results are presented in Figure

15.
For comparison the critical shear for fragmentation in two
halves (as calculated in our previous paper, eq 14 in ref 26) is
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Figure 15. Calculated critical shear rate for the erosion of single
particles or fragmentation into two equal parts for w/o 115 (up
triangles), w/a 115 (circles), w/o 65 (down triangles), and w/a 65
(squares). The closed symbols represent the critical shear rate for
fragmentation, the open symbols are for erosion. The lines are afit,
according to eq 6.
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Figure 16. Critical shear rate versus the number of particles for the

different systems. Solid circles: w/a 115; open circles: w/o 115;

solid squares: w/a 65; open squares: w/o 65. The lines are fits
according to eq 3 witlfy = 0.19, 0.29, 0.09, and 0.18 for w/a 115,

w/o 115, w/a 65, and w/o 65, respectively.
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In Figure 16 the critical shear rates for all experiments are
summarized. They have been compared with the calculated critical

r.\/alues, using the model for break up by erosion, eq 3. The model

for break up by fragmentation should give comparable results,
as can be concluded from Figure 15. The lines in Figure 16
represent the calculations. Only one fitting parameter was used:
fg. The best fits were found fdg = 0.194+ 0.01 (0.29+ 0.04)

in the case of w/a 115 (w/o 115) afg= 0.09+ 0.01 (0.18+
0.06) in the case of w/a 65 (w/o 65). Due to the scattering in the
experimental data, the uncertaintyfinis quite large. Thesg
values are smaller than expected for two-particle interactions
where we foundy = 1.2 for w/o system&® This can be attributed

to the hydrodynamic screening of the particle at the rim by its
neighbors inside the aggregate, which lowers the effective drag
force on the particle and thus the valug@fThe drag force on

a fully immersed patrticle (in the case of the w/o systems) is still

also presented in the figure. As can be seen, the small particlesignificantly larger than on a partially immersed particle (in the

aggregates will erode or fragment at a much lower shear ratecase of the w/a systems) at the same flow strength. Because the
than the large particle aggregates. The dependence of the criticainterparticle force for the w/o system is also about 50% larger
shear rate on the size of the aggregate is small, especially for thethan the corresponding w/a system (see Figure 13), the critical
small particle system. Surprisingly, the critical shear rates for shear rates for aggregates at a w/a and a w/o interface are almost
breaking by erosion or fragmentation are very close to each the same.

other. Hence, one can expect the aggregates to break by both ) ) o )
mechanisms. One has to keep in mind that we only have an order 3.4. Modeling the Erosion Kinetics.We are also interested

of magnitude guess for the valuefaf Forfy = 1, we can read in the number of particledN inside an aggregate that escape
the vertical axis in Figure 15 dgy.i; to obtain the dependence from the aggregate durindt or, equivalently, the time rate of

of Yt on fq. change of the aggregate radiRs
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dN_d aR aR_dR

dt dt 2\/§sz - @sz dt

“4)

To simplify the argument, we assume that the average escape
100

rateY for a single particle will be given by
Y= Cl(thdr - Fattr)max

wherec; is a constant. The total escape rdt¢/dt should be
proportional to the number of particles at the rim of the aggregate,
Nrim = JTRagg(Rp:

dN_ _ 7R
dt R,
In the preceding section, we calculated the critical shear rate for

break up by erosion. From that we can express the maximal
attraction force as

Fawr = 3uf, (R+ R) Ryyeit

while the maximal hydrodynamic force is given by
Fryar = 3uf, (R+ R) Ry

So, using eq 4, eq 5 can be written as

dR_

dt

R

=— Fryar — F 5
y
ClRp ( hydr attr)max ( )

C(R+ Rp)(V - 7crit)

with ¢ = 3«/§C1wabRp2 being a dimensionless constant. To
simplify the calculation, we describe the dependencg.qfon
the aggregate size as a power law:

o _ [Ry2x_ _2V3

Yeiit — Yo Ep - VOT

As shown in Figure 15, this power law is in reasonable
agreement with the analytical model for= 10 for the 115um

particles andk = 15 for the 65um particles. The differential
equation that one has to solve becomes

alg) =tk )b ) )

The steady-state solution of this equation is given by

)

Yo

N1k 6)

with R, being the radius of the aggregate for «. This could
also be concluded directly from eq 6. ASSUmRIR, > 1, one

obtains for the differential equation
K
C)'/t=fzo dz 2(2) -1
71— 72 M) -1

wherez= R/R,, = (N/N«)2, andz, = z(t = 0). This relation can
be inverted to

= l—<In
2

2t) = [1 + (" — 1) expt 2cyt/k)]“
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Figure 17. Number of particles in an aggregate as a function of
time for (a,b) w/a 115, (c) w/o 115, and (d) w/a 65. The symbols
represent the experimental data, and the lines represent the fit
according to the model, eq 7. The shear rates are shown in the
graphs.
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Table 3. Summary of the Fitting Constant$

system y,st No k 90,5? Necalc cfit Nefit
(Qwalls 1.8 194 133 0.260 170
19 181 17 2.4 53 0.738 110
20 115 22 0.243 10
(byw/a1ls5 1.8 178 17 24 133 0.138 89
1.9 92 : 53  0.255 8
(c)w/o 115 1.8 229 17 23 64 0.015 78
19 224 : 25  0.063 4
(d) w/a 65 0.7 297 510 0.576 156
0.8 270 34 0.9 55 0.419 17
09 132 1 4.719 18

akandyowere obtained from Figure 16, ahl (calc) was calculated
with eq 8, whilec and N, (fit) resulted from Figure 17.

whereNjy is the number of particles inside the aggregate=at
0, when the shear rate was setjto

In Figure 17, the experimentally obtained time dependence of
the aggregate size has been given for the w/a 115, w/o 115, and
w/a 65 systems. Although the data scatter a little, the typical
transient times and the final values fég can still be estimated
from these curved\.. decreases strongly with increasing shear
rate, in agreement with the critical shear rates plotted in Figure
16, while the characteristic decay time also seems to decrease
with increasing shear rate.

To compare the measured size evolution with the model just
derived (eq 7), the constanité, and c were used as fitting
parameters. The optimukwvalue was found (together withy)
by fitting eq 6 to the critical shear rate as a function of the
number of particles, as given in Figure 16. For particles with a
radius of 115m, the optimunk value is 17, while, for particles
with a radius of 65:m, this value is 34Ny is the initial number
of particles in the aggregate. The fitted value i can be
compared with the prediction based on eq 6:
=T

N
23

=—"(7lye)

00

(8)

Hence, one eventually obtains for the aggregate size as afunction The only unknown is the dimensionless constartlso, the

of time

N(t) = [N2* + (Ng* — N2 exp (~2cyt)]* (7)

model fits are plotted in Figure 17. They describe the experimental
data reasonably well. The resulting values for the fitting
parameters are presented in Table 3, wikeaady have been



J Langmuir PAGE EST: 9.4 Vassilea et al.

obtained from fits to the data in Figure 16, wiglandN., resulted by noting that the normal forces in the center of the aggregate
from Figure 17. are larger than those near its rim. These normal forces and thus
From the table we observe that the fitted value®ipcorrelate, (as we assume) the resulting friction forces are larger for the
but not perfectly, with the values found with eq 8. The values larger particle systems. Hence, restructuring in the central part
for c scatter quite a lot for the different shear rates. The model of the large particle aggregates is hardly possible, and fracturing
implies that thec value should be the same for each experiment initiated by crack growth is favored. In the small particle
within the same experimental system. However, there is no trendaggregates, this restructuring is feasible, and so crack growth is
visible in the deviations dfl., nor inc. Thus, the model cannot  unlikely, while erosion far inside the aggregate is possible.
be completely validated. A possible explanation for the scattering However, analytical modeling of these friction forces is very
in c values could be that the real break up mechanism consistsdifficult, and we propose for future work to use numerical
of a mixture of fragmentation and erosion instead of just pure simulation techniquesto model our experimental system in order
erosion. Erosion is dominant in the measurements that fit the to gain more insight in the influence of friction forces on the

model reasonably well (Figure 17a,d). aggregate behavior in a shear flow and possibly to support our
) conclusions here.
4. Conclusions The critical shear rate for break up by fracturing or erosion

Break up by both erosion and fragmentation has Observed_could be described by our model Ca'CUlationS, aSSUming a qUite
Erosion was observed in all investigated systems, while low value forfs. This low fy value can be attributed to the
fragmentation was seen only for the large particle systems. hydrodynamic interaction with neighboring particles, which, at
According to the calculations, the critical shear rates for erosion contact, lowers the net drag force on the particle. Also, the time
and fragmentation are similar, thus both mechanisms can occurévolution of the aggregate sizes after a step increase in shear rate
simultaneously. We have shown examples where break up inwas reasonably well described by our model calculations.
fragments was initiated by the presence of defects in the aggregate .
structure. No differences in behavior have been observed between Acknowledgment. This work has been supported by the
the w/a and w/o systems, but the differences between the large! ogndatlpn for Fundamental research on Matter (FQM).’ which
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