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A novel approach to the investigation of colloidal aggregation in experiments performed at
microscopic particle levels by means of artificially induced particle collisions with the aid of optical
tweezers is proposed. A physical model describing the artificially induced collisions was suggested.
The stability ratios for different electrolyte concentrations~NaCl! are estimated by dividing the total
number of particle collisions by the number of collisions leading to permanent doublets. The
experimental results under different electrolyte concentrations are compared with zeta potentials and
turbidity measurements. In regards to fully dispersed or rapid-coagulated systems, this approach can
conveniently provide an accurate judgment of the system’s stability. For general slow-coagulated
systems, when the stability ratio is greater than 1.8, our data are in agreement with those obtained
from the turbidity measurements. When the stability ratio is less than 1.8, the accuracy of the
approach is limited due to the possibility of the imprecise control of the short duration during which
the particle pair is held in the optical trap for the induced collisions. ©2003 American Institute of
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Therefore a more insightful approach to obtaining the stabil-
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I. INTRODUCTION

All the characteristics of colloidal systems change
markably in the transition from the dispersed to the agg
gated state. Even within aggregated systems, the degre
aggregation varies tremendously. The question of how to
termine the state of colloidal systems is of central importa
to predicting and controlling the stability of colloidal suspe
sions. The stability ratioW is typically used to describe th
degree of stability of a colloidal system. The stability ratioW
is commonly estimated by the ratio of the diffusio
controlled rapid coagulation rate (krapid) to the coagulation
rate (k) of the system under consideration:1–4

W5krapid/k. ~1!

Commonly, turbidity measurements,5–9 low angle light
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scattering,10–13 and dynamic light scattering14–17 are used to
determine the coagulation rates and therefore the stab
ratio. The methods based on Eq.~1! require information on
the long-term, accumulated effects of the motions and in
actions of huge numbers of particles; thus, we can reas
ably call these a ‘‘macroscopic approach.’’

On the other hand,W is physically equal to the ratio o
the total number of particle collisions (n) to the number of
collisions leading to permanent doublets (nc):

3,4

W5n/nc . ~2!

The reciprocal of the stability ratio 1/W is the so-called
‘‘sticking probability’’ or ‘‘collision efficiency,’’
p5nc /n.18–20For slow coagulation@reaction limited cluster
aggregation~RLCA!#, the energy barrier prevents every e
counter from effective aggregation. Only a fraction, 1/W, of
collisions are successful. The features of colloidal aggre
tion are determined by particle collisions and interactioess:

f

ity ratio would be to directly examine particle collisions and

9 © 2003 American Institute of Physics
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to check the percentage of colliding particles that stick
gether. Due to the random nature of particle movement, h
ever, one is unable to locate where a collision takes pla
therefore such a microscopic observation can hardly
implemented. To our knowledge, no one has experiment
evaluated the stability of a colloidal system based on Eq.~2!.
In this study, we present a new methodology with the use
optical tweezers21–24 to make the above-mentioned micr
scopic observation possible to the study of colloidal stabi
at individual particle levels.

This paper is organized as follows: In Sec. II, we d
scribe the basic consideration and feasibility regarding
new approach. Section III presents our experimental arran
ment. Section IV shows our experimental results, interpre
tion, and comparisons along with data obtained from ot
approaches~including the turbidity and zeta potential me
surements!. Section V contains our conclusion.

II. ANALYSIS

Optical tweezers~or optical trap!21–24 are a very useful
tool for manipulation of small particles without influencin
the particles and their surrounding medium. It can be
signed compactly and has the advantage that a single m
scope can be used to trap and view particles at the same
Brownian motions make particle collisions take place at
predictable locations; therefore one has no way to emplo
microscope to investigate particle collisions and its o
comes. If we use optical tweezers to catch two particles
bring them together for a collision, we would be able
confine their collision in an area observable by a microsco
Observing this ‘‘artificially induced collision,’’ it is possible
to check how particle pairs interact with each other and w
occurs after their release from the trap: whether they s
together or separate. In contrast with traditional methods
studying colloidal stability using Eq.~1!, we attempt a step
toward understanding the colloidal stability by means o
microscopic approach based on Eq.~2!, through the observa
tion of artificially arranged collisions.

Imagine, when two particles are restrained in the opti
trap for a certain duration, what would happen after they
released. Apparently, if the interaction energy barrier opp
ing coagulation disappears, two particles trapped in the o
cal trap would keep sticking together after they are releas
Actually when two ~uncharged! particles approach eac
other to a certain distance, the van der Waals attraction
pull the particles together for coagulation. On the other ha
if the potential barrier is very high~highly stable dispersions!
in comparison with the particle thermal energy (kBT),
~wherekB is the Boltzmann constant andT is temperature!,
the particle pair in the trap will separate upon release. Th
fore, a test of the ‘‘artificially induced collision’’ will allow
us to easily make a judgment regarding whether a syste
in a highly dispersed or rapid-coagulated status.

For slow coagulations, however, it is impossible to ma
predictions regarding the adhesion between the two parti
by one single test of our artificially induced collision d

2400 J. Chem. Phys., Vol. 119, No. 4, 22 July 2003
scribed earlier. It needs to perform a series of such tests
collect enough information for deducing the stability of a
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system using Eq.~2!. We will analyze this case in the fol
lowing.

Consider two particles that are caught into the opti
trap at the timet50 and released at the timet5t. For con-
venience, we will refer to this holding time ast in the trap as
the ‘‘trapping duration’’ hereafter. LetP(t) be the total~or
accumulated! sticking probability for the particle pair to stick
together after being released from the trap at the time5t
@then we have (12P) to be the probability of the particle
still being apart at timet5t]; p the sticking probability after
a single collision of a particle pair in the optical trap, andf
the collision frequency in the trap. Assuming the coagulat
is not reversible, we have the following relationship:

d~12P!52~12P!p f dt, ~3!

ln~12P!5~2p f !t, ~4!

P512e2p f t. ~5!

Whenp f t!1, we have

P'p f t. ~6!

We can see that ln(12P) is linearly related to time and
its slope isp f . In this case if the collision frequency i
known, we can obtain the sticking probabilityp and there-
fore the stability ratioW(51/p). However, it is impractical
to evaluate the collision frequency of the particle pair in t
trap with accuracy, because it is hard to measure the ac
volume and the shape confined by the trap. In addition, c
lision frequencies may vary with the nature of particle inte
action.

For rapid coagulations, there is no repulsive force b
tween particles; in fact, the van der Waals attraction w
even pull particles together for coagulation. Thus, the co
sion frequency is high. For slow coagulations, however,
pulsive force attempts to push particles apart so that parti
are accommodated to an extended area, resulting in lo
collision frequency. As for the coagulation reaction, on
when the kinetic energy associated with the velocity com
nent on the line connecting centers of the two particles
large enough to overcome the potential barrier between
ticles, they become coagulated.

A major difference between our artificially induced co
lisions and natural ones is that at the beginning when
particles are hauled into the optical trap for collision~see the
procedure for the artificially induced collision described
Sec. III! there is an additional directed head-on speed, wh
we will call the ‘‘trapping speed’’ hereafter. If this ‘‘trapping
speed’’ were compatible with or greater than their therm
speeds, the measurement regarding the adhesion betwee
two particles would not be applicable to the real situatio
The average kinetic energy of a particle is1

2mv25 3
2kBT,

wherem, v, kB andT are the mass, velocity of the particle
Boltzmann constant and temperature, respectively. For
system we are considering, the average thermal speed o
particles is about 0.5 cm s21 ~at 20 °C). According to our
observations, the trapping speed is estimated to be less
0.03 mm s21. Therefore, direct influence of the trappin

Sun et al.
tospeed should not be a significant factor in the nature of col-
lisions caused by thermal motions. However, the trapping
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speed may considerably contribute to the collision frequen
Two particles in the trap have a tendency to stay apart du
the repulsion, but the trapping speed makes them appro
each other.

A particle pair in the trap would experience two differe
statuses. We call the first one ‘‘compact status;’’ that is, at
beginning when the second particle is pulled into the tr
the head-on impact makes the particle pair stay closer.
then after the impact speed dampens down, they bec
relaxed and stay in an extended room—we call this the ‘
laxed status.’’Apparently, when two particles are compres
into a small volume—as in the compact status, they wo
have a higher probability of colliding than in a larg
volume—as in the relaxed status. Therefore, the ‘‘trapp
speed’’ may lead to a significant raise in the sticking pro
ability due to higher collision frequency at the beginning
the artificially induced collision.

Considering that collision frequencies are different wh
particle pairs are in the compact status and in the rela
one, if we useP(t) to denote the accumulated sticking pro
ability during the trapping durationt, we would have

P~t!5p fct11p fr~t2t1!, ~7!

wheret1 is the duration for which the compact status las
f c and f r are the collision frequencies in the compact a
relaxed statuses, respectively. ‘‘p’’ should keep the same in
the both statuses. Sincef c@ f r , the sticking probabilityP(t)
is primarily determined by the behavior of particle intera
tion in the compact status, as long asp is small andt is not
too long.

A Monte Carlo simulation25 using a hard sphere mode
has demonstrated that the collision frequency of two p
ticles is around 103/s in an order of magnitude when the
separation range is limited to 0.001mm. It also shows that
collision frequency drops down very quickly with increase
their separation. For the hard sphere model, there is no
agulation involved so the particle pair keeps colliding a
bounced. Compared with the hard sphere model, in our c
repulsion between particles should lower the collision f
quency by a couple of orders in magnitude and cause
decline of collision frequency more rapidly as the separat
increases.

Now we will further show the possibility that only
single collision actually takes place to a particle pair in t
compact status. When the trapping speed brings a par
pair to come into the compact status, the two particles w
experience at least one collision due to very high collis
frequency there. As a result of this collision, there will
only two outcomes possible: either they will stick together
rebound apart. If they stick together, as an irreversible
agulation there will be no more collisions~only a doublet
left! for a two-particle system. If they rebound apart, t
backward velocity and the repulsion will drive them aw
from the compact status rapidly to enter into the relax
status before any additional effective collision occurs. The
fore, our deduction is that the particle pair will collide on
within the compact status, and only once. If this assump

J. Chem. Phys., Vol. 119, No. 4, 22 July 2003
holds, it meansf ct1'1. How long thet1 lasts will depend
on the time for the first collision to take place. It should be
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very short because of the high collision frequency in t
compact status. Whent@t1 , as an approximation of Eq.~7!,
we will have

p'P~t!2p frt, ~8!

wherep fr can be evaluated using Eq.~7! with t@t1 , as an
approximation, from (P(t9)2P(t8))/(t92t8). HereP(t9)
and P(t8) are the accumulated sticking probabilities, und
the relaxed status, for the trapping duration att5t8 and t
5t9, respectively. So we have

p'P~t!2~P~t9!2P~t8!!t/~t92t8!. ~9!

If we taket851 s andt952 s, we will finally have

p'2P~t51!2P~t52!. ~10!

III. EXPERIMENTAL ARRANGEMENT

To perform the experiment microscopically on the ind
vidual particle level, we employed an optical micro
manipulating system that is similar to the one described
Ref. 26. The experiment setup used in our experimen
schematically shown in Fig. 1. A semiconductor laser of 7
nm is used as the light source of the optical tweezers.
laser beam is introduced into an inversed microscope,
flected by a dichromatic mirror, which is inserted in the m
croscope, and incident upon a high-numerical-apert
~NA1.35! oil-immersion microscope objective, which fo
cuses a strongly convergent beam into a glass sample
Due to optical momentum transfer to the particle suspen
in the solution in the cell, the strongly convergent beam w
exert a force on the particle and hold the particle at a po
near its focus. Three-dimensional motion of the sample st
with an adjustable moving speed is controlled by a compu
To trap a particle is accomplished by moving the microsco
sample stage. An electronic shutter in the laser beam pa
used to control the duration of particles held in the opti
trap.

For a suspension, we used polystyrene~PS! spheres with
a radius of a050.49760.011mm ~a commercial product

FIG. 1. Experimental setup. 1—illumination light; 2—sample ce
3—sample stage; 4—3D motion; 5—objective; 6—light source of opti
tweezers; 7—electronic shutter; 8—dichromatic mirror; 9—CCD came
10—video recorder; 11—computer.

2401Colloidal stability
with Catalog number 4009A, from Duke Scientific Corpora-
tion, USA.!. The number concentration of PS particles in the
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TABLE I. Sticking probability (P), stability ratio (W), and zeta potential vs concentrations of NaCl (CNaCl).
All experiments were performed at 20 °C.

CNaCl (mol L21) 0 0.05 0.1 0.15 0.20 0.3

p(%) 0 10(64) 22(64) 60(68) ;100 100
pmacro ~%! 0 11(65) 20(65) 55(66) 90(63) 100
W ;` 10(64) 4.6(60.8) 1.7(60.2) ;1 1.00
Wmacro ;` 9(64) 5(60.2) 1.8(60.2) 1.10(60.04) 1.00

Phys., Vol. 119, No. 4, 22 July 2003
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Zeta potential~mV! 254(61) 249(61) 236(65) 232(63) 221(66) 219(64)
final solution in our experiments was 1.03108 cm23. NaCl,
serving as the electrolyte, was added to induce colloidal
agulation. Change in the total potential energy of the in
action between the particles was attained by adjusting
concentration of NaCl.

Artificial collisions were induced with the following pro
cedure. First we used optical tweezers to catch one par
and then the second. After holding this pair of particles
gether in the optical trap for certain duration to induce c
lisions, we released them from the trap and traced them
check if they remained together or separated. Each time
test one particle pair for its collision outcome.

After samplingn pairs of particles for such artificial col
lisions, we can get a sticking probability by calculating t
ratio of the number of sticking pairsnc to n using Eq.~2!.
This procedure was repeated at different levels of interac
force between particles by adjusting the electrolyte~NaCl!
concentration (CNaCl). For each electrolyte concentratio
over ten groups of independent experiments were perform
and for each experiment, 100 pairs of particles w
sampled.

To examine the possible influence of the trapping sp
on our results, we roughly measured its magnitude using
following method. We gradually moved the optical trap
approach a particle, and recorded the process of the par
being trapped into the trapping center in video record
When playing back the process, we can measure both
length it traveled and the time spent moving through
distance. Assuming that the particle attracted to the opt
trap experiences a constant acceleration, we can readily
mate the particle’s final speed as a rough estimate of
trapping speed. By changing the level of laser power,
trapping speed can be changed to a certain extent.

To minimize the influence of the trapping speed on
results, we used the lowest possible laser power, just eno
to catch and hold two particles in the trap for our artificia
induced collision experiments.

To compare the stability ratiosW obtained through the
microscopic approach with those from the macroscopic
proach~denoted byWmacro), based on Eq.~1!, we measured
the relative coagulation rateskrapid and k, coming from the
slopes of turbidity vs time function.9

Zeta potential is a good index of the magnitude of t
repulsive interaction between colloidal particles and is co
monly used for assessing the stability of colloidal syste
~see, e.g., Ref. 4!. To compare our data with zeta potenti
we have performed a series of zeta poten
with BI-ZetaPALS~Brookhaven Instrument
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Corp., USA!. Zeta potentials were calculated from the me
sured electrophoretic mobilities using the tabulated value
Ottewill and Shaw,27 which have been corrected for relax
ation and retardation effects.

IV. RESULTS AND DISCUSSION

Using the procedure described in Sec. III, we carried
a series of measurements for the accumulated sticking p
abilities (P), which were statistically obtained over te
groups. All sticking probabilities (p), derived from Eq.~10!
~by taking t851 s andt952 s for P) and stability ratios
(W51/p) under different concentrations of NaCl (CNaCl),
are listed in Table I.

For purpose of comparison, all data obtained through
microscopic approach, those from the macroscopic app
chof Eq. ~1! by the turbidity measurements (Wmacro is the
stability ratio andpmacro51/Wmacrois the sticking probablity!
and zeta potentials are also listed in Table I.

A. The dependency of the sticking probability P
on the trapping duration t

As a typical example, the curve of the sticking probab
ity P versust for CNaCl50.10 mol L21 is shown in Fig. 2.
This curve, showing exponential growth ofP with t, is ba-
sically consistent with Eq.~5! and the curve corresponding t
Eq. ~4! shown in Fig. 3 can be approximately fitted by
straight line. Therefore the correctness of the physical
scription using Eqs.~2!–~4! for a pair of particles~under the
relaxed status! in the optical trap was verified by our exper
ments.
tialFIG. 2. The dependency of the sticking probabilityP on the trapping dura-
tion t. ~The concentration of NaCl is 0.1 M.!
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However, the valueP(t51 s) is inconsistent with the
rest of the curve: there is a great jump at the beginning of
induced collision. According to the data ofP(t51 s)
'27% andP(t52 s)'32%, we can see that during the fir
of the second trapping duration, 27% of particle pairs
coagulated; but for the duration betweent51 s andt52 s,
only about 5% more of them adhering. If one looks at t
average increasing rates for the sticking probabilities for
first and the second second trapping durations, they
27%/s and 7%/s, respectively. Using Eq.~6! and lettingp
'pmacro'20%, on average we havef r'1.35/s and 0.35/s
during the first second and the second second, respectiv

We believe that this difference corresponds to the sta
change from the compact to relaxed status. At the beginn
of the first second trapping duration the trapping spe
brings the particle pair into the compact status with hig
collision frequency and then falls into the relaxed status w
lower collision frequency. As a result, the collision frequen
goes up first and then comes down to normal. This chang
the collision frequency can account for an abnormal incre
ing rate of the sticking probabilityP that appeared at th
beginning and then came down to a smaller, normal incre
ing rate corresponding to the relaxed status. The actual
lision frequency of particle pair in the compact status may
very high during very short periods of the compact stat
but our time resolution is low.

B. The influence of the trapping speed

As analyzed in Sec. II, we suppose that the trapp
speed is negligible in comparison to the speed associ
with thermal motions. To test this argument, the sticki
probabilitiesP were measured with the artificially induce
collisions at different trapping speeds. When the trapp
speed increased from 20 to 55mm/s, we found thatP
changed from 27(64)% to 28(64)% for CNaCl

50.10 mol L21. The increase of the speed from 20 to
mm/s corresponds with a gain in the particle kinetic ene
by more than 7 times. If it were the kinetic energy associa

FIG. 3. ln(12P) vs trapping duration and the linear fitting. The concent
tion of NaCl is 0.1 M.

J. Chem. Phys., Vol. 119, No. 4, 22 July 2003
with the trapping speed that played a determinative role i
whether a collision is successful for particles to adhere, th
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great gain~by 7 times more! in kinetic energy should have
caused a significant increase in the sticking probability. A
parently the above-mentioned test has shown that this is
the case; therefore the trapping speed does not essen
change the nature of collisions powered by thermal motio

C. Results under different electrolyte concentrations

First we looked at the two extreme cases: when the
tential barrier is very low~even negative, namely attraction!
or very high in comparison with the particle thermal ener
(kBT). There is either no resistance or very strong resista
for two particles to adhere.

When CNaCl50, the large magnitude of zeta potenti
implies strong repulsion between particles. In this case
potential barrier is very high, and all pairs of colliding pa
ticles would be bounded back upon release without exc
tion. In this case, we obtainedP'0 or W@1 ~denoted by
W}) and the system is in highly dispersed status.

On the other hand, at high electrolyte concentratio
(CNaCl>0.3 mol L21) repulsion is fully suppressed. The pa
ticles effectively adhere to each other at almost every
counter, accordingly our data areP'1 or W'1. Therefore
the system would be in rapidly coagulated status. In addit
in these extreme cases, the standard deviations ofP are very
small, andW are consistent withWmacro ~with the degree of
repulsion between particles indicated by zeta potential v
ues!.

By adjusting the trapping duration and the trappi
speed, our experiments show:P remains essentially con
stants ('1 for CNaCl50 mol L21 and '0 for CNaCl

>0.3 mol L21) for trapping durations ranging from 1 to 3
and also for doubly raised trapping speeds. That means
artificial factors in our procedure~‘‘trapping duration’’ and
‘‘trapping speed’’! basically have no influence on the resu
because particle pairs adhere or separate, regardles
whether ‘‘trapping duration’’ and ‘‘trapping speed’’ are som
what larger or smaller.

When CNaCl50 mol L21, P(t51)5P(t52)5p50
and there is no difference with the macroscopic measu
ment.

When CNaCl50.05 mol L21, the accumulated sticking
probabilitiesP vary very slowly with t, so P(t51)'P(t
52), from Eq. ~10! we havep'P(t51)510% andW
510. Compared with the turbidity measurement,Pmacro

511% andWmacro59, they are in good agreement.
By using Eq.~10!, for CNaCl50.1 mol L21 (W'5 or p

'20%) case, from the dataPmicro(t51)'27% and
Pmicro(t52)'32%, so we obtainp'22% or W'4.6;
againstPmacro520% ~or Wmacro55) from turbidity measure-
ment.

For CNaCl50.15 mol L21 (W'1.8 or p'55%) case,
from the dataP(t51)'68% andP(t52)'76%, we have
p'60% orW'1.7; againstPmacro555% ~or Wmacro51.8).

In CNaCl50.20 mol L21 case, using Eq.~10!, in Table I
we still list p;1.00~or W;1) but this value is questionable
showing a large deviation from the turbidity measureme
Actually, becauseP(t51)'P(t52)'100% in our experi-

2403Colloidal stability
n
e
ment, Eq.~10! has lost its capability to correct the error due
to the long trapping duration. In this case, Eq.~10! becomes
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p'P(t51) and therefore can yield only an accumulat
sticking probability~for multicollisions! during one second
trapping. We assume this situation should be improved
choosing shorter trapping duration.

For CNaCl50.30 mol L21 case, in Table Ip;1.00 ~or
W'1) is also listed but we are confident of this value b
cause of the additional information from our observation:
high CNaCl(>0.30 mol L21), even very brief contact~or
even close approach! of two particles was enough for them t
stick firmly together. We found thatP5100% constantly for
trapping duration ranging fromt very small~smaller than 0.3
s! to t51 s. But for theCNaCl50.20 mol L21 case,P varies
from 92% to 100% corresponding to trapping durati
changing fromt very small tot51 s. This additional infor-
mation implies that the energy barrier totally disappears
CNaCl50.30 M so every collision becomes effective for a
gregation; while forCNaCl50.20 M, the barrier is lower bu
still exists, so not every collision is effective and longer tra
ping causes more collisions resulting in an increase ofP with
trapping duration.

We can see whenCNaCl50, 0.05, 0.10, 0.15, and 0.3, th
data obtained from our microscopic approach are in g
agreement with those by the turbidity measurement.

Our data are statistically reproducible as long as the
perimental conditions~such as the concentrations of Na
and temperature! are kept the same. At least they correc
reflect the trend that the sticking probability increases w
increasing electrolyte concentration, and therefore prov
useful information~like zeta potential! for judging the col-
loidal stability.

When taking into the trapping duration correction by u
ing Eq.~10!, we can see that our data are in good agreem
with those from the turbidity measurements when the sta
ity ratio is greater than 1.8 forW.1.8 ~or p,55%) case
~corresponding to the concentration of NaCl ranging from
to 0.15 mol L21), as listed in Table I.

In conclusion, the microscopic approach works effe
tively for the DLCA region and for RLCA region with the
limitation that the stability ratio is greater than 1.8. The c
rent difficulty for further extension of its applicable range
associated with determining the exact moment when the
tured particles start to make ‘‘contact,’’ and controlling th
exact time for releasing them within a very short trappi
duration.

D. A comparision of the microscopic approach
and other methodologies

Zeta potential is also based on the nature of particle
teraction for predicting dispersion stability. If the repulsio
between particles indicated by zeta potential measureme
higher than particle thermal energy (;kBT), the system is
stable. Usually, when the absolute value of the zeta pote
is above a certain limit~say, 20 mV!, the dispersions are
considered stable. However, other factors, such as steri
pulsion, may make the problem complicated. Because
potential is only a measure of the electrostatic interact
between individual particles; it is inadequate for supplyi
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any information of steric hindrance. In contrast, since ou
approach is to bring particles together directly and to observ
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what actually occurs, judgment based on this process is m
reliable. In this regard, our approach is apparently effect
not only for electrostatic, but also for steric repulsion. A
additional advantage of our procedure is that only a sm
amount of dispersion solution is needed for sampling te
~about 0.1 ml!.

One major superiority of the microscopic approach
compared to macroscopic ones is that the former needs
to perform measurement, on the suspension sample itself
the latter needs not only the sample itself fork evaluation,
but also one has to prepare an additional sample to acq
krapid. To an unknown suspension this is not always easy
do. For instance, the methods using Eq.~1! cannot, in gen-
eral, be applied to the sterically stabilized systems.

V. CONCLUSION

An alternative approach to the study of colloidal stabil
at individual particle levels, by means of observing arti
cially induced collision, is proposed in this work. We pr
sented a physical model that divides the artificial collisio
into two statuses: compact and relaxed. We further ass
that only single collision takes place in the compact stat
which has much higher collision frequency and therefore p
marily contributes to the sticking probability. The distinctio
of these two contributions—the single collision and that
multicollisions—makes it possible to evaluate the commo
accepted sticking probabilities, and therefore the stability
tios. Derived from the physical model, sticking probabiliti
can be statistically evaluated using data collected from
observation of artificially induced collisions. This approa
would be the first experimental attempt to determine the
bility ratios of a colloidal system based on Eq.~2!. Although
the approach is rather preliminary and requires further
provement, data thus obtained have correctly shown
trend that the sticking probability increases as the concen
tion of electrolyte increases; and therefore provide useful
formation for determining colloidal stability.

For fully dispersed (W@1) or rapid-coagulated (W
'1) systems, this approach conveniently provides a defi
judgment regarding stability. For general slow-coagula
systems, the approach is shown to be valid as long asW
.1.8 ~or p,55%). When the stability ratio is less than 1.
application of the approach is currently limited by the pos
bility of imprecise control within the shorter trapping dur
tion.

In contrast to commonly used approaches rooted in
~1! and zeta potential measurement, this microscopic
proach has the capability to treat not only electrostatica
but also sterically stabilized systems. Moreover, a visual
derstanding of the interaction between particles and of
aggregation phenomenon can be gained in addition to aid
the evaluation of stability ratios.

ACKNOWLEDGMENTS

This work is supported by Grant No. 20273065 from t

Sun et al.
r
e
National Natural Science Foundation of China and the
‘‘chuang-xin project’’ of Chinese Academy of Sciences.

IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



n

ac

ac

ids

a-

ll

-

.

1H. Helmut, U. E. Stefan, B. Michal, S. Peter, and S. Hans, Langmuir12,
5541 ~1996!.

2S. Hans and S. Klaus,Coagulation Kinetics and Structure Formatio
~VEB Deutscher Verlag der Wissenschaften, Berlin, 1987!.

3J. Th. G. Overbeek,Colloid Science~Elsevier, Amsterdam, 1952!, Vol. 1.
4R. J. Hunter,Zeta Potential in Colloid Science~Academic, London, 1981!.
5R. H. Ottewil and J. N. Shaw, Discuss. Faraday Soc.42, 154 ~1966!.
6H. Reerink and J. Th. G. Overbeek, Discuss. Faraday Soc.18, 74 ~1954!.
7J. W. Lichtenbelt, H. J. M. Ras, and P. H. Wiersema, J. Colloid Interf
Sci. 46, 522 ~1974!.

8J. W. Lichtenbelt, H. J. M. Ras, and P. H. Wiersema, J. Colloid Interf
Sci. 49, 281 ~1974!.

9Z. W. Sun and R. L. Qiao, J. Colloid Interface Sci.223, 126 ~2000!.
10A. Lips, C. Smart, and E. Willis, J. Chem. Soc., Faraday Trans.67, 2979

~1971!.
11A. Lips and E. Willis, J. Chem. Soc., Faraday Trans. 169, 1226~1973!.
12D. Giles and A. Lips, J. Chem. Soc., Faraday Trans. 174, 733 ~1978!.
13G. R. Zeichner and W. R. Schowalter, J. Colloid Interface Sci.71, 236

~1979!.
14B. E. Novich and T. A. Ring, J. Chem. Soc., Faraday Trans.1, 1455

J. Chem. Phys., Vol. 119, No. 4, 22 July 2003
~1985!.
15J. W. Virden and J. C. Berg, J. Colloid Interface Sci.149, 528 ~1992!.

Downloaded 04 May 2009 to 159.226.231.78. Redistribution subject to A
e

e

16M. B. Einarson and J. C. Berg, J. Colloid Interface Sci.155, 65 ~1993!.
17R. Amal, J. R. Coury, J. A. Raper, W. P. Walsh, and T. D. Waite, Collo

Surf. 46, 1 ~1990!.
18M. Y. Han, H. K. Lee, D. F. Lawler, and S. I. Choi, Wat. Sci. Tech.36, 69

~1997!.
19M. Y. Han and H. K. Lee, Colloids Surf., A202, 23 ~2002!.
20M. Mellema, J. H. J. van Opheusden, and T. van Vliet, J. Chem. Phys.111,

6129 ~1999!.
21A. Ashkin, Phys. Rev. Lett.24, 156 ~1970!.
22A. Ashkin, J. M. Dziedzic, J. E. Brorkholm, and S. Chu, Opt. Lett.11, 288

~1986!.
23S. M. Block, inOptical Tweezers: A New Tools for Biophysics, Noninv

sive Techniques in Cell Biology, Modern Cell Biology series, edited by S.
Grinstein and K. Foskett~Wiley-Liss, New York, 1990!, Vol. 9.

24J. Dai and M. P. Sheetz,Methods in Cell Biology: Laser Tweezers in Ce
Biology ~Academic, New York, 1998!.

25Z. W. Sun, R. Z. Zhu, Y. M. Li, S. H. Xu, and L. R. Lou, ACTA Phys.
Chim. Sin.~to be published!.

26Z. W. Sun, Y. M. Li, S. H. Xu, L. R. Lou, G. L. Dai, and X. Q. Dong, J
Colloid Interface Sci.242, 158 ~2001!.

2405Colloidal stability
27R. H. Ottewill and J. N. Shaw, J. Electroanal. Chem. Interfacial Electro-
chem.37, 133 ~1972!.

IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp


