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A Direct Test on the Possibility of an Aggregate in Dispersion
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_ _ ] Information regarding the bond strength between particle

A direct test of the adhesive strength between particles (2 um  against shear flow is essential to better understand the effect
polystyrene latex spheres) in aggregate was carried out to probe  ghear on the coagulation process. Usually, the adhesive for
the possibility of aggregates being disrupted by convection flows of measurements were performed for a sphere adhering to a pl
certain shearing rates. Optical tweezers were used to manipulate (5-8). Until now, it had not been possible to directly measure th

individual particles or aggregates for tests in the flow field. The dhesive f b | icl faf .
results of our experiment are analyzed to understand how shear adhesive forces between real particles of a few micrometers

flow affects the coagulation process.  © 2001 Academic Press size or less (8). In the absence of a method to directly check t
Key Words: coagulation; aggregate; polystyrene latex; shear flow; ~ role of shear flow in the coagulation, sometimes its influence o
optical tweezers. the coagulation process has to be estimated or analyzed theor

cally only. For example, Folkersnet al. (9, 10) compared their

experiments of perikinetic coagulation fori@n polystyrene

INTRODUCTION lattices performed under microgravity @) with experiments
under regular Iy conditions and found that the coagulation rate

In general, shear flow enhances the rate of collisions inuﬁderprg is11.2times greater than that undej_]_:urthermore,
dispersion, but when viscous stresses due to shear flow g¥-they showed, their finding implies that it is gravity which
ceed the attractive force between particles, existing aggregai@skes the coagulation rate much (over one order of magnitud
may break up. Therefore, shear flow can affect the coagulatigiver than its theoretical value (von Smoluchowski value). The
process in two ways: It can either accelerate or retard coggsumed that this profound difference in coagulation rates w.
ulation compared to the rate of coagulation due to Brownigiused by free convection, which was thought to be inevitable ¢
motion alone. Which situation actually occursis directly relateiqﬁe ground_ According to their estimation, a shear rate value ¢
to the nature of the particle—particle interactions (and, of courseg s1 would be able to break up doublets. However, Sun an
particle concentration). For example, if the coagulation takesiao (11) found in their ground-based experiments that thel
place at a second minimum of the interaction potential energyas no noticeable difference in the coagulation rates observ
then there will be a higher possibility that shear flow will onlyyhether (weak) convection flows existed or not. On the othe
disrupt the dispersion’s aggregates. In this case, the shear flgynd, according to Folkersma’s estimation in Ref. (10), ver
will slow the coagulation process. loosely bonded particles within aggregates could be disrupted

There has been much effort devoted to the effect of Sheargﬁbar flow with a shear rate even as low as 113At this point’
the coagulation process (1-4). Zeichner and Schowalter (1) ugegirect observation to test whether aggregates can be disrup
trajectory analysis to study the stability of colloidal dispersiongy flow at different shear levels under the same experiment
in flow fields. They concluded that particulate dispersions Cadnditions would be useful. Creating an Optica| trap (Wlth op
react in several different ways as the intensity of shearingtjgal tweezers) (12—19) makes such a test possible by allowir
increased from zero: The dispersion can remain stable; it candgect manipulation of individual particles or aggregates.

diSperse if it has been |n|t|a”y flocculated into a weak SeCOﬂdaryThis work presents an experiment using an Opticai trap t
minimum of the interparticle potential curve; it can be ﬂOCCUdirecﬂy test the possibility of a dispersion’s aggregates bein

lated into a strong primary minimum of the potential curve; or, iisrupted by convection flows and therefore provides an alte
extreme cases, it can be redispersed from the primary minimugative outlook on the effect of shear flow.

However, their theoretical study has not yet been systematically
verified by experiments.

EXPERIMENTAL

170 whom correspondence should be addressed. Fax: 86 10 6261552410 make OureXperimem more.compatible to the conditions ¢
E-mail: sunzw@mail.imech.ac.cn. Refs. (9-11), the same sized (diameters.613+ 0.025 m),
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convergent beam will exert a force on the particle and hold tt
particle at a point near its focus. In this paper, the terms “tray
and “tweezers” represent the same thing. When used to hold
move a particle, the term “tweezers” is used. When talking abo
the active field, the term “trap”is used instead. An optical scalp
driven by a pulsed YAG: Nd laser source is also employed t
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 comput
Manipulation of the trapped particle (or aggregate), that is, mo
ing it relative to the sample cell or other particles, is accom
plished by fixing the trapping laser beam and moving the micrc
scope sample stage. A three-dimensional movable glass obj
was inserted into the sample cell for the aggregate to land on
the tests discussed in the following. An example of the view t
be seen through the microscope system is shown in Fig. 2. Sir
some particles were notin the focusing plane, they look differel
FIG.1. Experimental setup. 1. illumination light; 2. sample cell; 3. samplg, gj7e and clarity although all single particles have the same si:
stage; 4. objective; 5. light source of optical tweezers; 6. light source of optical . . .
scalpel; 7. CCD camera; 8. glass object; 9. 3D motion; 10. video recorder; ll.Aggregate_S_ V_Vere obtalr)ed for the tests in two W_ays' nat
computer. rally and artificially. That is, aggregates were obtained natt
rally through the natural collisions of particles due to Browniar
motion, or they were assembled artificially by means of the opt
monodispersed polystyrene (PS) lattices (product of Dukal tweezers. To avoid the influence of the optical trapping forc
Scientific Corporation, USA) and the same electrolyte, NaGn the interaction between particles, in most cases we chose
with a concentration of 0.5 meL~! (unless otherwise de- use naturally formed aggregates.
scribed) were used in this experiment. An approximate evaluation of the magnitude and active ranc
The optical micromanipulating system used in our experimeot the optical trapping force is necessary to understand its effe
is schematically shown in Fig. 1. It combines optical tweezeis the test. The Stokes hydrodynamic friction force exerted o
(trap) with an optical scalpel (microbeam). A diode pumped spherical particle in a fluid field if = 6z naV. Herep is the
(continuous wave) Nd : YVQlaser is used as the light source of/iscosity of the liquida is the radius of the particle, and is
the optical tweezers. The 1.06n laser beam from Nd: YV@ the flow speed toward the center of the spherical particle. T
is introduced into an inversed microscope, reflected by a dichroughly estimate the optical trapping force holding a particle
matic mirror, which is inserted in the microscope, and incidemte trapped a particle and then moved the liquid surroundir
upon a high-numerical-aperture (NA of 1.35) oil-immersion mit. By gradually increasing the flow speed, we found a critica
croscope objective, which focuses a strongly convergent beapeedV, at which the particle was washed away from the trap
into a glass sample cell. Because of optical momentum trangbémg area. We estimated the acting radiygor the optical trap
to the particle suspended in the solution in the cell, the strondly measuring how far away a particle started to move towal

FIG.2. The testfor an aggregate in the flow field. The position of the trapping center is marked WihThe case when the flow speed is zero. (b) The cas
when the flow speed is 15m - s1.
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the trapping center. Apparently, bot and R. depend on the
level of laser power driving the optical trap. In this experiment,
the range ofR; is 1.5 to~2 um. When the considered particle
is connected to other particles, for example when a particle is
a component of an aggregate, the hydrodynamic friction force
f exerted on it becomestaV x, wherey is a shielding co-
efficient (20) [or correction factor (21)], which should be taken
into account when the considered particle has other particles
nearby.

We conducted four types of experiments.

Test 1

We used an optical trap to hold an existing aggregate in so-
lution, as shown in Fig. 2a (the trapping center is represent_e(ff_'G- 3.' The scpuring test of flow to an aggregate adhered to a glass obje
by “+”), and moved the stage with a speed of Af.s1, M dispersionsolution.
Then the whole solution, except the aggregate held by the opti-
caltrap, moved_ with the ;tag.e. The flow direction with respectgglere was a high enough NaCl concentratis® 05 mol- L 1)
the aggregate is shown in Fig. 2b. We can see that the hydrody-, .

SO . I’ the solution.

namic friction force made the aggregate rotate, but no partlcl'e

. . Particles adhered to the bottom or wall of the cell easily whe
peeled off. Apparently, holding a different part of the aggregaj 1 - : .
T > . . -0’5 mol- L~ NaCl was maintained in the solution. We trappec
would result in its different final orientation. When we trie L e particle and putit on top of another one resting on the bottor
to increase the flow speed to 20n - s71, the whole aggregate P P P 9

moved away from the trapping area with the flow. Therefore, tﬁigd then we put a third particle on top of the second. After thi

hydrodynamic friction force caused by the 26a - s~ flow on upright column was formed, we manipulated particles to adhel

the acaregate must have been laraer than the trappin forceone after another to construct the letter “X” centered on the tc
ggreg 9 ppIng particle, as shown in Fig. 4a. The final “X” structure was paralle

P_a rticle A located at th_e far end of the aggregate was beyo{r)g)%{but at a two-particle distance from, the cell bottom. Thes
the influence of the trapping forc&{ was 1.8um for this test), . .
. . . N . .particles stuck together so firmly that we could not separate the
and so this particle was chosen. Since liquid surrounding parti .
. : 1 . with the optical tweezers.
A was moving with speety = 15um- s+, by taking the drag

L Figure 4b shows this “X” structure collapsing under the shoc

force on A to be equal to the hydrodynamic friction force causeq : :
) . of alaser pulse fromthe optical scalpel. The magnitude of the e
by a shear flow (see Appendix), an equivalent shear rate ( ergy transferred to the particles from the laser pulse is estimat
V /[2asin(r /4)]) for separation of this particle from its neighbor, oy P P

0
B can be estimated<(10.6 s). This test showed that a shearto be about 10°°J.

rate of up to 10.6s* was not enough to disrupt the aggregate.l_est 4

Test 2 We moved one patrticle to touch another resting on the bottol
We moved the glass object to touch a chain-shaped aggre ofttehe cell. When the concentration of NaCl was 0.5 niot?,

%‘g trapping force (even with the maximum available laser powe

the experiment) was not strong enough to remove the fir

article from its partner (Fig. 5a). This trapping force is roughly
4 x 10N, according to the flow speed ¥f = 900um - s7*

until the aggregate adhered to the glass object, as shownin quh
While keeping the object in a fixed position, we tried to make
the liquid move (by moving the sample cell) with respect t

; 120 s
the aggregate. We increased the flow speed to > required to drive a particle away from the trap (how to use

and tried different moving directions. Under the scour of flow%h Stokes formula to estimate this force is described in t

th t tdi t it iginal sh
e aggregate was not disrupted and its original shape was e xt paragraph). When the above procedure was repeated un

(53. mol- L~ NaCl, we were able to remove the second particls
?Fig. 5b). By gradually lowering the power level of the laser, anc
therefore the trapping force, we were able to find the minimur
power level required to separate two particles sticking togethe
The magnitude of the trapping force can then be calibrated by

Our experiment showed that when there was no NaCl addediiethod similar to that described in Ref. (22). We used the optic
the solution, particles were not able to stick together. When wgeezers, with the same (minimum) laser power level, to hold
brought them together artificially through an optical trap, thesingle particle in the solution, and by adjusting the flow speec
separated after the trapping force was turned off. Particles dite minimum required speed to wash a particle away from it
not adhere to the wall or bottom of the sample cell either, unlesap was found to be 8@m - s~2.

of magnitude 853! there was still no disruption of the aggregat
observed.

Test 3
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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 tc
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 urgletaeat
points to the target of the laser pulse.

Using the Stokes formuld = 6znaV witha=1umand 1. Atlow electrolyte concentration<Q.05 mol- L~ NaCl),
V =80um-s, we can evaluate the adhesive force betweegpulsion between particles prevails over attraction, presentil
particles to be 2 102N (under the concentration of 0.3 mol an energy barrier that prevents further particle approach, a
L~ NaClused). To yield the same magnitude of a drag force intgerefore particle adhesion is impossible.
shear flow, by using, = 6rna(2a)y x sin(r/4)cos/4) and 2. At high electrolyte concentration-0.5 mol- L~ NaCl)
taking x ~ 0.724 (see Appendix), we estimated the magnitudsarticle approach leads to fast, strong adhesion as irreversil

of the shear rate for separation to be at least 110 s coagulation occurring at the deep, primary minimum. The se
ond minimum did not appear for particles we used. In contra
DISCUSSION with Folkersma’s expectation (10) that a shear rate of 13 s

is sufficient for aggregate (doublets) separation, our experime
For irreversible coagulation occurring at the deep, primashowed that shear rates of up to 10-6 gest 1), or even 853

minimum, shear accelerates the coagulation process. Shear(eanording to test 2), are still too small to disrupt aggregate
disrupt aggregates as well as bring particles together, howevidrerefore, for particles used in our experiment and conditior
particularly when the primary patrticles in aggregates are looselgecified above, it does not seem possible that convection flo
bonded as a result of reversible aggregation occurring at wéth a shear rate of 1.3'8) would be able to disrupt the aggre-
second minimum. The key factor here is the strength of payate. Instead, our experiments lead us to expect that shear wo
ticle adhesion, which depends on the surface properties of ttually accelerate coagulation, as long as the shear rate is in
particles and also on NaCl concentration, which changes eleange of our test£100 s, since shear can only increase the
trostatic repulsive forces between particles. A brief summary fsequency of collisions. This idea is consistent with Sun’s ob
the information obtained from our tests is as follows: servation (11) that weak shear flow has negligible influence c

FIG.5. Separation test for the doublet using optical tweezers under the condition of 0.5 M NaCl concentration in solution. (a) When the concentration
was 0.5 M, we could not remove the first particle from its partner. (b) The result of the tweezers taking the particle off its partner that restsam dfeHsotell.
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A coagulation process, by directly manipulating individual parti
cles or aggregates. More specifically, our tests 1 and 2 should
able to provide an approximate estimate of an equivalent she
rate for separation of an aggregate. Test 3 can give only :
estimate of the upper limit of the energy required to break up th
bonds between particles. The accuracy of test 4 would depe
on calibration of the trapping force of optical tweezers and her
B we used the viscous drag to calibrate trapping force because
its simplicity.

Our observations provided us with useful information towarc
understanding the behavior and process direction of coagulati

AN
|/

A under certain conditions. As an example, our experiment hs
provided direct evidence that for the rapid coagulation pfr2-
polystyrene latex spheres, shear rates of up to 10.test 1),
or even up to 853 (according to test 2), are still not enough to
Flow direction Radius of the particle disrupt aggregates for particles used in our experiment.
_ > a=1pm

APPENDIX
FIG. 6. Schematic representation of two particles, A and B, of Fig. 2 in a
uniform flow. Details of the Hydrodynamic Friction Force Exerted
on a Particle in a Moving Liquid
Here we analyze how the hydrodynamic friction force in ¢

the coagulation. (Shear flow was too weak to make a noticeable . . .
. . . ; . uniform flow was exerted on the considered particle A in test
difference in their coagulation experiment.)

. Eig. 2). When liquid surrounding the aggregate was moving, th
3. Accordmg {0 test 3 of the.IaS(.ar pulse. attack, the depth %kole body of the aggregate rotated (with the rotating center
the energy minimum of the particle interaction (plus the barrie,

should be less than 1€° J. This test can give only an estimate o{ e trapping center-”) from the original orientation of Fig. 2a

o and then finally stayed at the balanced orientation of Fig. 2|
the upper limit of the energy needed to break the bonds betwel%r}s is differentyfromythe case when the aggregate isin thegshe
particles.

4. At medium electrolyte concentration (0.30 malt flow field because for the latter case the aggregate would ke

. Lo : . _rotating. Now we consider two particles, A and B, located at th
NaCl), the strength of particle adhesion is fairly high but signj- P X
ficantly lower than that for the above case. A shear rate maghj}-r end of the aggregate in Fig. 2b, schematically presented

tude of 110 s* (or the corresponding adhesive force betwee Ig. 6. Particle A is attached to the aggregate through particle

particles of 2x 10-12 N) should be able to disrupt aggregatesar& the origin. Following the argument in Ref. (10), the hydrody-

according to our test 4. We could not use higher flow Speedsr‘{%mmfnctlon force exerted on particle A in aliquid moving with

directly test the disruption of larger aggregates (as done in tes@l elocityV, is fu - G”UaVX (x is 0‘.724)' We take the angle
L ween the flow direction and the line of centers of particle /
due to the power limit of our laser.

and B to be approximately/4, because the most favorable ori-
To minimize the possible influence of the optical trappingntation for separation of a pair of particles (the direction of th
force on the coagulation process, all of the aggregates usediiactive force keeping the particles together) is different fror
tests 1 and 2 were naturally formed. To prepare the aggregategtfier hydrodynamic friction force (the direction of the flow) and
testing, the coagulation procedure was processed in a separated factor of cos{/4) should multiply f,. A similar consider-
container for several hours, and then a part of this processedaiien was applied to the case for the shear flow with the she
lution was transferred into the sample cell for the test. We canniate y (10), and the hydrodynamic friction force for separa-
exclude the possibility that aggregates connected at the sectiod of particle pairs isf, = 6z na(2a)y x sin(r/4) cos/4).
minimum were broken during the transfer since the connecti&® in our Fig. 2 case of the uniform flow, to yield an
at the second minimum is very delicate, therefore leaving onggjuivalent separation force on particle A, we need to hay
aggregates bonded at the primary minimum for our tests.  fy ~ f,. In other words, an equivalent shear rateyisz V/
(2asin(z /4)).
CONCLUSION Because the aggregate will keep rotating in a shear flow fiel
the optimal orientation for separation will occur sooner or latel
We have presented an experimental arrangement to estinfete uniform flow, however, this special orientation has to b
adhesive forces between particles within aggregates and alsa#ificially manipulated by moving the “trapping center” to hold
alternative approach for studying the effect of shear flow on tliee proper part of the aggregate, as we did for test 1.
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