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A Direct Test on the Possibility of an Aggregate in Dispersion
Being Disrupted by Shear Flow
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A direct test of the adhesive strength between particles (2 µm
polystyrene latex spheres) in aggregate was carried out to probe
the possibility of aggregates being disrupted by convection flows of
certain shearing rates. Optical tweezers were used to manipulate
individual particles or aggregates for tests in the flow field. The
results of our experiment are analyzed to understand how shear
flow affects the coagulation process. C© 2001 Academic Press
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INTRODUCTION

In general, shear flow enhances the rate of collisions
dispersion, but when viscous stresses due to shear flow
ceed the attractive force between particles, existing aggre
may break up. Therefore, shear flow can affect the coagula
process in two ways: It can either accelerate or retard c
ulation compared to the rate of coagulation due to Brown
motion alone. Which situation actually occurs is directly rela
to the nature of the particle–particle interactions (and, of cou
particle concentration). For example, if the coagulation ta
place at a second minimum of the interaction potential ene
then there will be a higher possibility that shear flow will on
disrupt the dispersion’s aggregates. In this case, the shea
will slow the coagulation process.

There has been much effort devoted to the effect of shea
the coagulation process (1–4). Zeichner and Schowalter (1)
trajectory analysis to study the stability of colloidal dispersi
in flow fields. They concluded that particulate dispersions
react in several different ways as the intensity of shearin
increased from zero: The dispersion can remain stable; it ca
disperse if it has been initially flocculated into a weak second
minimum of the interparticle potential curve; it can be floc
lated into a strong primary minimum of the potential curve; or
extreme cases, it can be redispersed from the primary minim
However, their theoretical study has not yet been systemati
verified by experiments.
1 To whom correspondence should be addressed. Fax: 86 10 62615
E-mail: sunzw@mail.imech.ac.cn.
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Information regarding the bond strength between partic
against shear flow is essential to better understand the effe
shear on the coagulation process. Usually, the adhesive f
measurements were performed for a sphere adhering to a
(5–8). Until now, it had not been possible to directly measure
adhesive forces between real particles of a few micromete
size or less (8). In the absence of a method to directly check
role of shear flow in the coagulation, sometimes its influence
the coagulation process has to be estimated or analyzed the
cally only. For example, Folkersmaet al.(9, 10) compared thei
experiments of perikinetic coagulation for 2-µm polystyrene
lattices performed under microgravity (µg) with experiments
under regular 1-g conditions and found that the coagulation ra
underµg is 11.2 times greater than that under 1g. Furthermore,
as they showed, their finding implies that it is gravity whi
makes the coagulation rate much (over one order of magnit
lower than its theoretical value (von Smoluchowski value). Th
assumed that this profound difference in coagulation rates
caused by free convection, which was thought to be inevitabl
the ground. According to their estimation, a shear rate valu
1.3 s−1 would be able to break up doublets. However, Sun a
Qiao (11) found in their ground-based experiments that th
was no noticeable difference in the coagulation rates obse
whether (weak) convection flows existed or not. On the ot
hand, according to Folkersma’s estimation in Ref. (10), v
loosely bonded particles within aggregates could be disrupte
shear flow with a shear rate even as low as 1.3 s−1. At this point,
a direct observation to test whether aggregates can be disru
by flow at different shear levels under the same experime
conditions would be useful. Creating an optical trap (with o
tical tweezers) (12–19) makes such a test possible by allow
direct manipulation of individual particles or aggregates.

This work presents an experiment using an optical trap
directly test the possibility of a dispersion’s aggregates be
disrupted by convection flows and therefore provides an a
native outlook on the effect of shear flow.

EXPERIMENTAL

To make our experiment more compatible to the condition
Refs. (9–11), the same sized (diameters of 2.013± 0.025µm),
8
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FIG. 1. Experimental setup. 1. illumination light; 2. sample cell; 3. sam
stage; 4. objective; 5. light source of optical tweezers; 6. light source of op
scalpel; 7. CCD camera; 8. glass object; 9. 3D motion; 10. video recorde
computer.

monodispersed polystyrene (PS) lattices (product of D
Scientific Corporation, USA) and the same electrolyte, Na
with a concentration of 0.5 mol· L−1 (unless otherwise de
scribed) were used in this experiment.

The optical micromanipulating system used in our experim
is schematically shown in Fig. 1. It combines optical tweez
(trap) with an optical scalpel (microbeam). A diode pump
(continuous wave) Nd : YVO4 laser is used as the light source
the optical tweezers. The 1.06µm laser beam from Nd: YVO4
is introduced into an inversed microscope, reflected by a dic
matic mirror, which is inserted in the microscope, and incid
upon a high-numerical-aperture (NA of 1.35) oil-immersion m
croscope objective, which focuses a strongly convergent b

into a glass sample cell. Because of optical momentum transfer
to the particle suspended in the solution in the cell, the strongly

ping area. We estimated the acting radiusRc for the optical trap
by measuring how far away a particle started to move toward
FIG. 2. The test for an aggregate in the flow field. The position of the tra
when the flow speed is 15µm · s−1.
AGGREGATE IN DISPERSION 159

le
ical
11.

ke
l,

nt
rs
d
f

ro-
nt
i-
am

convergent beam will exert a force on the particle and hold
particle at a point near its focus. In this paper, the terms “tr
and “tweezers” represent the same thing. When used to ho
move a particle, the term “tweezers” is used. When talking ab
the active field, the term “trap” is used instead. An optical sca
driven by a pulsed YAG: Nd laser source is also employed
break bonds between particles by using a single laser pulse

The three-dimensional motion of the sample stage with
adjustable moving speed is controlled precisely by a compu
Manipulation of the trapped particle (or aggregate), that is, m
ing it relative to the sample cell or other particles, is acco
plished by fixing the trapping laser beam and moving the mic
scope sample stage. A three-dimensional movable glass o
was inserted into the sample cell for the aggregate to land o
the tests discussed in the following. An example of the view
be seen through the microscope system is shown in Fig. 2. S
some particles were not in the focusing plane, they look differ
in size and clarity although all single particles have the same s

Aggregates were obtained for the tests in two ways: na
rally and artificially. That is, aggregates were obtained na
rally through the natural collisions of particles due to Browni
motion, or they were assembled artificially by means of the o
cal tweezers. To avoid the influence of the optical trapping fo
on the interaction between particles, in most cases we cho
use naturally formed aggregates.

An approximate evaluation of the magnitude and active ra
of the optical trapping force is necessary to understand its e
in the test. The Stokes hydrodynamic friction force exerted
a spherical particle in a fluid field isf = 6πηaV. Hereη is the
viscosity of the liquid,a is the radius of the particle, andV is
the flow speed toward the center of the spherical particle
roughly estimate the optical trapping force holding a partic
we trapped a particle and then moved the liquid surround
it. By gradually increasing the flow speed, we found a criti
speedVc at which the particle was washed away from the tra
pping center is marked with+. (a) The case when the flow speed is zero. (b) The case
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the trapping center. Apparently, bothVc and Rc depend on the
level of laser power driving the optical trap. In this experime
the range ofRc is 1.5 to∼2 µm. When the considered partic
is connected to other particles, for example when a particl
a component of an aggregate, the hydrodynamic friction fo
f exerted on it becomes 6πηaVχ , whereχ is a shielding co-
efficient (20) [or correction factor (21)], which should be tak
into account when the considered particle has other parti
nearby.

We conducted four types of experiments.

Test 1

We used an optical trap to hold an existing aggregate in
lution, as shown in Fig. 2a (the trapping center is represen
by “+” ), and moved the stage with a speed of 15µm · s−1.
Then the whole solution, except the aggregate held by the o
cal trap, moved with the stage. The flow direction with respec
the aggregate is shown in Fig. 2b. We can see that the hydr
namic friction force made the aggregate rotate, but no parti
peeled off. Apparently, holding a different part of the aggreg
would result in its different final orientation. When we trie
to increase the flow speed to 20µm · s−1, the whole aggregate
moved away from the trapping area with the flow. Therefore,
hydrodynamic friction force caused by the 20-µm · s−1 flow on
the aggregate must have been larger than the trapping forc

Particle A located at the far end of the aggregate was bey
the influence of the trapping force (Rc was 1.8µm for this test),
and so this particle was chosen. Since liquid surrounding par
A was moving with speedV = 15µm · s−1, by taking the drag
force on A to be equal to the hydrodynamic friction force cau
by a shear flow (see Appendix), an equivalent shear rate (γ ≈
V/[2a sin(π/4)]) for separation of this particle from its neighbo
B can be estimated (≈10.6 s−1). This test showed that a she
rate of up to 10.6 s−1 was not enough to disrupt the aggregat

Test 2

We moved the glass object to touch a chain-shaped aggre
until the aggregate adhered to the glass object, as shown in F
While keeping the object in a fixed position, we tried to ma
the liquid move (by moving the sample cell) with respect
the aggregate. We increased the flow speed to 120µm · s−1

and tried different moving directions. Under the scour of flow
the aggregate was not disrupted and its original shape was
maintained. This test showed that under an equivalent shea
of magnitude 85 s−1 there was still no disruption of the aggrega
observed.

Test 3

Our experiment showed that when there was no NaCl adde
the solution, particles were not able to stick together. When
brought them together artificially through an optical trap, th

separated after the trapping force was turned off. Particles
not adhere to the wall or bottom of the sample cell either, unle
T AL.
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FIG. 3. The scouring test of flow to an aggregate adhered to a glass ob
in dispersion solution.

there was a high enough NaCl concentration (>0.05 mol· L−1)
in the solution.

Particles adhered to the bottom or wall of the cell easily wh
0.5 mol· L−1 NaCl was maintained in the solution. We trappe
one particle and put it on top of another one resting on the botto
and then we put a third particle on top of the second. After th
upright column was formed, we manipulated particles to adh
one after another to construct the letter “X” centered on the t
particle, as shown in Fig. 4a. The final “X” structure was parall
to, but at a two-particle distance from, the cell bottom. The
particles stuck together so firmly that we could not separate th
with the optical tweezers.

Figure 4b shows this “X” structure collapsing under the sho
of a laser pulse from the optical scalpel. The magnitude of the
ergy transferred to the particles from the laser pulse is estima
to be about 10−10 J.

Test 4

We moved one particle to touch another resting on the bott
of the cell. When the concentration of NaCl was 0.5 mol· L−1,
the trapping force (even with the maximum available laser pow
in the experiment) was not strong enough to remove the fi
particle from its partner (Fig. 5a). This trapping force is rough
2.4× 10−11 N, according to the flow speed ofV = 900µm · s−1

required to drive a particle away from the trap (how to us
the Stokes formula to estimate this force is described in t
next paragraph). When the above procedure was repeated u
0.3 mol· L−1 NaCl, we were able to remove the second partic
(Fig. 5b). By gradually lowering the power level of the laser, an
therefore the trapping force, we were able to find the minimu
power level required to separate two particles sticking togeth
The magnitude of the trapping force can then be calibrated b
method similar to that described in Ref. (22). We used the opti
tweezers, with the same (minimum) laser power level, to hold
single particle in the solution, and by adjusting the flow spee

did
ss
the minimum required speed to wash a particle away from its
trap was found to be 80µm · s−1.
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FIG. 4. “X” structure assembled artificially by means of the optical tweezers under 0.5 M NaCl concentration in solution. (a) These particles stuck

so firmly that we could not separate them with the optical tweezers. (b) “X” structure was collapsed by the shock of a laser pulse. The arrow underneath Fig. 4a
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points to the target of the laser pulse.

Using the Stokes formulaf = 6πηaV with a = 1 µm and
V = 80µm · s−1, we can evaluate the adhesive force betwe
particles to be 2× 10−12 N (under the concentration of 0.3 mol·
L−1 NaCl used). To yield the same magnitude of a drag force
shear flow, by usingfγ = 6πηa(2a)γχ sin(π/4) cos(π/4) and
takingχ ≈ 0.724 (see Appendix), we estimated the magnitu
of the shear rate for separation to be at least 110 s−1.

DISCUSSION

For irreversible coagulation occurring at the deep, prim
minimum, shear accelerates the coagulation process. Shea
disrupt aggregates as well as bring particles together, howe
particularly when the primary particles in aggregates are loos
bonded as a result of reversible aggregation occurring at
second minimum. The key factor here is the strength of p
ticle adhesion, which depends on the surface properties of
particles and also on NaCl concentration, which changes e

trostatic repulsive forces between particles. A brief summary of
the information obtained from our tests is as follows:

frequency of collisions. This idea is consistent with Sun’s ob-
servation (11) that weak shear flow has negligible influence on
FIG. 5. Separation test for the doublet using optical tweezers under the
was 0.5 M, we could not remove the first particle from its partner. (b) The res
en
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1. At low electrolyte concentration (<0.05 mol· L−1 NaCl),
repulsion between particles prevails over attraction, presen
an energy barrier that prevents further particle approach,
therefore particle adhesion is impossible.

2. At high electrolyte concentration (>0.5 mol· L−1 NaCl)
particle approach leads to fast, strong adhesion as irrever
coagulation occurring at the deep, primary minimum. The s
ond minimum did not appear for particles we used. In contr
with Folkersma’s expectation (10) that a shear rate of 1.3−1

is sufficient for aggregate (doublets) separation, our experim
showed that shear rates of up to 10.6 s−1 (test 1), or even 85 s−1

(according to test 2), are still too small to disrupt aggrega
Therefore, for particles used in our experiment and conditi
specified above, it does not seem possible that convection fl
(with a shear rate of 1.3 s−1) would be able to disrupt the aggre
gate. Instead, our experiments lead us to expect that shear w
actually accelerate coagulation, as long as the shear rate is i
range of our test (<100 s−1), since shear can only increase th
condition of 0.5 M NaCl concentration in solution. (a) When the concentration of NaCl
ult of the tweezers taking the particle off its partner that rests on the bottom of the cell.
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FIG. 6. Schematic representation of two particles, A and B, of Fig. 2
uniform flow.

the coagulation. (Shear flow was too weak to make a notice
difference in their coagulation experiment.)

3. According to test 3 of the laser pulse attack, the dept
the energy minimum of the particle interaction (plus the barr
should be less than 10−10 J. This test can give only an estimate
the upper limit of the energy needed to break the bonds betw
particles.

4. At medium electrolyte concentration (0.30 mol· L−1

NaCl), the strength of particle adhesion is fairly high but sig
ficantly lower than that for the above case. A shear rate ma
tude of 110 s−1 (or the corresponding adhesive force betwe
particles of 2× 10−12 N) should be able to disrupt aggregat
according to our test 4. We could not use higher flow speed
directly test the disruption of larger aggregates (as done in te
due to the power limit of our laser.

To minimize the possible influence of the optical trapp
force on the coagulation process, all of the aggregates us
tests 1 and 2 were naturally formed. To prepare the aggregat
testing, the coagulation procedure was processed in a sepa
container for several hours, and then a part of this processe
lution was transferred into the sample cell for the test. We ca
exclude the possibility that aggregates connected at the se
minimum were broken during the transfer since the connec
at the second minimum is very delicate, therefore leaving o
aggregates bonded at the primary minimum for our tests.

CONCLUSION

We have presented an experimental arrangement to est

adhesive forces between particles within aggregates and als
alternative approach for studying the effect of shear flow on
T AL.
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coagulation process, by directly manipulating individual par
cles or aggregates. More specifically, our tests 1 and 2 shoul
able to provide an approximate estimate of an equivalent sh
rate for separation of an aggregate. Test 3 can give only
estimate of the upper limit of the energy required to break up
bonds between particles. The accuracy of test 4 would dep
on calibration of the trapping force of optical tweezers and h
we used the viscous drag to calibrate trapping force becaus
its simplicity.

Our observations provided us with useful information towa
understanding the behavior and process direction of coagula
under certain conditions. As an example, our experiment
provided direct evidence that for the rapid coagulation of 2-µm
polystyrene latex spheres, shear rates of up to 10.6 s−1 (test 1),
or even up to 85 s−1 (according to test 2), are still not enough t
disrupt aggregates for particles used in our experiment.

APPENDIX

Details of the Hydrodynamic Friction Force Exerted
on a Particle in a Moving Liquid

Here we analyze how the hydrodynamic friction force in
uniform flow was exerted on the considered particle A in tes
(Fig. 2). When liquid surrounding the aggregate was moving,
whole body of the aggregate rotated (with the rotating cente
the trapping center “+”) from the original orientation of Fig. 2a
and then finally stayed at the balanced orientation of Fig.
This is different from the case when the aggregate is in the sh
flow field because for the latter case the aggregate would k
rotating. Now we consider two particles, A and B, located at t
far end of the aggregate in Fig. 2b, schematically presente
Fig. 6. Particle A is attached to the aggregate through particl
at the origin. Following the argument in Ref. (10), the hydrod
namic friction force exerted on particle A in a liquid moving wit
a velocityV , is fu = 6πηaVχ (χ is 0.724). We take the angle
between the flow direction and the line of centers of particle
and B to be approximatelyπ/4, because the most favorable or
entation for separation of a pair of particles (the direction of t
attractive force keeping the particles together) is different fro
the hydrodynamic friction force (the direction of the flow) an
so a factor of cos(π/4) should multiply fu. A similar consider-
ation was applied to the case for the shear flow with the sh
rate γ (10), and the hydrodynamic friction force for separ
tion of particle pairs isfγ = 6πηa(2a)γχ sin(π/4) cos(π/4).
So in our Fig. 2 case of the uniform flow, to yield a
equivalent separation force on particle A, we need to ha
fu ≈ fγ . In other words, an equivalent shear rate isγ ≈ V/
(2a sin(π/4)).

Because the aggregate will keep rotating in a shear flow fie
the optimal orientation for separation will occur sooner or lat
For uniform flow, however, this special orientation has to

o an
the
artificially manipulated by moving the “trapping center” to hold
the proper part of the aggregate, as we did for test 1.
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