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Abstract

The surface and hydrodynamic forclestween individual oil dsplets in solution can provide irggit into both emulien stability and
processes such as drop coalescence in liquid—liquid extraction. We present the first measurements of the interaction forces between alkan
droplets in aqueous solution using atomic force microscopy. The radii of the droplets were well below the capillary lengths for the system,
thus gravity effects are negligible, and interfacial tension and interaction forces governed the system behavior. The effects of modulating
electrostatic double-layer interactions and interfacial tension through the presence of an anionic surfactant are demonstrated. Challenges i
interpretation of the force data due to drop deformation are also discussed. A range of drop approach and retract speeds was used to determir
the regime where hydrodynamic drainage effects had significant impact on the measurement.
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1. Introduction nigues have their strengths and weaknesses. The LSFA has
some limitations with respect to distance resolution, and the
The uses of emulsions are commonplace in a variety of droplet sizes employed in the magnetic particle method re-
domestic and industrial applications. For example, the for- sultin such high Laplace pressures that they behave as nearly
mulation, stability, and rheological properties of emulsions rigid particles.
(dispersions of immiscible liquid drops in another liquid) are There is a growing body ofxperimental studies utiliz-
of great concern in the food processing industry for products ing atomic force microscop{fAFM) measurements between
ranging from ice cream and milk to salad dressings. How- a rigid probe and a liquid-liquid interface and theoretical
ever, there has been little direct study of interparticle forces analyses to interpret the measurements in light of the in-
within these systems. An understanding of the interaction terfacial deformation [9-19]. This measurement technique
forces between liquid—liquid ietfaces, where attraction be- has now been extended, for the first time, to measure the
tween droplets can lead to kinetic instability and coalescenceinteraction of two oil drops. This is a situation more rele-
in emulsions, is vital in order to predict and model emulsion vant to emulsion stability, where the effects of a variety of
stability in processing and storage situations. amphiphilic species on emulsion stability can be examined.
Measurements of colloidal foes at deformable inter- The drop size employed in the AFM experiments is below
faces are complicated by the deformation of the interfacesthe capillary length of the system, but large enough to en-
making both measurement and interpretation more diffi- counter deformation. The capillary length,is defined as
cult than for rigid systems. Some research has been un- 12
dertaken on the interaction egen liquid interfaces using ; _ <L> ’ (1)
other techniques, notably the liquid surface force apparatus Apg
(LSFA) [1-3] and a novel approach using magnetic parti- where g is gravity, y is surface tension of the fluid inter-
cles dispersed inside an emulsion droplet [4-8]. These tech-tace andap is the difference in density between the fluid
phases [13]. The AFM can be considered as a dynamic mea-
* Corresponding author. surement technique, allowing one to probe not only static,
E-mail address: franz@unimelb.edu.au (F. Grieser). but hydrodynamic effects in drop—drop interactions as well.
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In the work presented here we examine the interactions be-recorded to determine the detector sensitivity of the AFM
tween two droplets with AFM as well as the effects of hy- photodiode. The undistorted radii of the drops on the can-
drodynamic forces as two drops approach and retract fromtilever and the substrate were estimated from CCD camera
each other. measurements to be 35 and 50 um, respectively.
The AFM photodiode voltage was converted to cantilever
deflection using the detector sensitivity determined at the
2. Experimental method end of the experiment and then converted to forceMia
kcAd, wherek. is the spring constant of the cantilever.
A Digital Instruments multimode AFM and Nanoscope A simple distance balance of the AFM measurement shows
Illa AFM controller were used for all experiments. Park that the piezo motionAl, is equal to the changes in de-
Scientific cantilevers were sputter-coated with chromium flection, Ad, separationA D, and deformationAz, of the
and then gold and then hydrophobized according to [20]. system [11,13,19]. Using this distance balance, the deflec-
Cantilever spring constants were measured according to thetion was subtracted from the piezo motion, leading to
method of [21]. The bottom drop (in Fig. 1) was immobilized
on a Melinex polymer film (semicrystalline PET film with AX=Al—Ad, (2)
no additives) via the procedure outlined in [18]. The second whereA X is the change in separation distance and deforma-
oil drop was attached to a gold-coated cantilever in aqueoustion. Defined in Fig. 1X is the distance from the bases of
solutions of sodium dodecyl sulfate (BDH Laboratory Sup- both drops. The definition ok is somewhat arbitrary be-
plies, SDS) using a step-motor-controlled syringe (World cause only changes inX are measured and an absolute
Precision Instruments, Inc.) injecting nanoliter volumes of measure of the distancg is not known. It is standard prac-
n-decane (Aldrich Chemical) through a glass capillary (in- tice to set an origin foX and displayF (A X) relative to this
ner diameter-10 um). All solutions contained a background origin [13,19]. In this respect, the curves have been shifted
electrolyte of 1 mM sodium nitite. Each solution was given  for convenience to clearly show specific features.
30 min to thermally equilibrate before any data were taken.  The measured force is commonly normalized by the sys-
The oil drops were positioned first using the coarse steppingtem curvature; for rigid intéaces this is the radius of the
motor, and then using the piezo tube fine control. The force probe, but the choice of the system curvature for this mea-
curves (an approach and retract force—distance cycle) weresurement is not obvious because both the interfacial cur-
taken at a series of scan rates with approach speeds varyvatures change with separation. The undistorted cantilever
ing from 80 nnys to 7 uny's. Force curves were measured drop radius is not the correct measure of the curvature of
between the drop and the underlying rigid Melinex film at the system, but it provides an approximate value to scale the
the 10 mM SDS concentration as well. At the end of the force for this type of measurement.
experiments, the drops were flushed from the system and
force curves between the PET substrate and cantilever were
3. Resultsand discussion

0.14
o2 The interaction between two droplets at approach speeds
F of 80 nnys is shown in Fig. 1 at below and above the CMC
010 of SDS at 1 and 10 mM. The decrease in slope with concen-
25 0.08 tration is most likely caused by the decrease in interfacial
g tension (33.4 to 8.6 mjm [17]) which is consistent with the
S 0.06 behavior of a single oil drop interacting with a rigid probe
é 0.04 particle [10,11,13,16,22]. The repulsion between the drops
: is expected from the adsorption of the SDS onto the decane—
0.02 water interfaces, while the range of the repulsion decreases
000 with increasing ionic strengtlas expected with electrostatic
’ double-layer repulsions. The logarithm of the forces is also

plotted in Fig. 1 as well, and it is clear that there is no single
linear region due to the deformation of the interfaces. Pre-
vious work with a rigid particle and an oil drop has shown
Fig. 1. The interaction force between two decane drops measured usingthat for sufficiently small drops with high enough Laplace
AFM at 1 (open circles, bottom) and 10 mM (filled circles, top) SDS and pressures, there may exist a region where the deformation is
1 mM NaNQ, backgrqund electrolyte in both cases. The fprce is scaled small and the Iimiting Debye Iength can be obtained [12,18].
by the undistorted radius of the drop on the ca}ntllever. The inset shows the The regressed limiting Debye lengths for the 1 and 10 mM
geometry of the measurements whefés the distance from the bases of 2 )

both drops. The lines on the logarithm plot show the limiting Debye lengths CUrves in Fig. 1 are 22 and 15 nm; the expected values based
for the force measurements, which are 22 and 15 nm for the 1 and 10 mM on the solution ionic strengths (from the SDS and sodium
SDS concentration, respectively. nitrate concentrations) are 6.8 and 2.9 nm, respectively. This
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Fig. 2. The interaction force between a decane drop at 10 mM SDS with __ ) ) ) .
a drop on the rigid substrate (solidrdes) and the rigid substrate (open [19- 3. The interaction of two decane drops in 10 mM SDS measured with

triangles) measured with AFM. The inset is a plot of the deflection versus AFM as a function of approgch veIocmeg Where‘ the two superimposed
piezo motion of the large plot, with a dashed line to represent the slope of PIOtS at 80 and 120 nfis. The incremental increase in force corresponds to
the force curve if the two surface were rigid substrates. a seguentlal increase of approgch velocities (9.54, 1.2, 3.5, and 69.um
The inset shows the approaching and retracting forces for scan speeds of
1.2, 3.5, and 6.6 pyis, where the increase in speed corresponds to an in-

. . . . in th itude of the force.
indicates that the deformatioasthe oil-water interfaces are = o0 ' e magniude ofine force

significant even at low forces measured with the AFM. Fur- ) . , — .
ther analysis to interpret the @eand separate the effects of "amIC _effects are increasingly significant at higher approach
interfacial deformation from changes in surface forces re- velocities (~500 nnys).

quires a theoretical framework which we are in the process- . The inset in I_:ig. 3 ShOW.S. both the approach and retract-
ing of developing, based on previous work [11—14,17—19]. ing curves for higher velocities. The approach curves show

Figure 2 shows the interaction of the same oil drop at a h])(/drodyngahmmdrepuls_log dhue to f"lm dra;rr:ageihbePNeen thle
10 mM SDS with an anchored oil drop and also the rigid surtaces with a dynamic behavior siower than he ime scale

substrate. In both cases the interaction is repulsive from of the measurement. The magrie of the attractive well in

SDS adsorption on all of thenferfaces. The adsorption of thg retraptmg curveis a fu'n.ctlon of velocn.y, qaused by'the
. .__thinned film between the oil intéaces resorting itself, again
SDS onto the decane interface has been well characterized . .
with a time scale longer than the measurement. Thus, the for-

by [23]. Force measurements (not shown here) between AMmation of the smoothly changing well indicates some dro
AFM tip and the Melinex film in SDS have shown the ex- y ging P

; . : elongation with the retracting behavior. AFM experiments
istence of an adsorbed layer of SDS. The increase in slope, gation wi ng V! xpert

for the d bstrate int ton | it of having | between a rigid probe particle and one oil drop have not
or the drop—substrate interaction Is a result ot having 1€ss always shown hydrodynamic effects, where [15] observed
deformation in the system. The inset in Fig. 2 demonstrates

hi int by plotting the deflecti ) ) ¢ this behavior, but [17] could not produce this behavior at
this point by plotting the deflection VETSUS piezo motion o any approach velocity. In this work, the relatively large drop
the two force curves and a dashed line with a slope of one

'sizes (+35 um and 50 mm), coupled with possible interfacial

which corresponds to two rigid surfaces in contact. As the g uening, produce significant hydrodynamic effects with in-
interaction approaches a rigid surface interaction (i.e., Onecreasing approach velocities.

drop instead of two), the slope approaches constant compli-
ance.

The above results can be discussed in terms of equilib-4 conclusions
rium force behavior. The typical assumption is that the AFM
measurements are recorded at slow enough approach ve- This is the first study to demonstrate the effectiveness of
locities so that any dynamic effts can be neglected. This the AFM to probe both pseudo-static (as discussed above)
approximation can be tested by tracking the force responseand dynamic interactions between oil droplets in aqueous so-
as a function of approach speed, presented in Fig. 3 betweenutions; further analysis is required. Qualitative trends in the
two drops in the 10 mM SDS solution. The two slowest ve- force behavior between oil droplets in the presence of a va-
locities superimpose on each other, indicating that data takenriety of amphiphilic species can be obtained with the above
at approach velocities of 80 and 120 fendo not mani- method, but a quantitative drfundamental understanding
fest any obvious hydrodynamic effects on the interaction. of the measurement still requires a comprehensive modeling
Strictly these measurements should be referred to as pseudoeffort. Extracting an interaction force on a per unit area ba-
static, since the AFM is still a dynamic measure even when sis from the AFM data would remove the convolution of the
hydrodynamic forces are not significant. However, hydrody- deformation and provide quantitative insight into the force
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behavior. For the pseudo-static case, the initial approach will [3] B.P. Binks, W.G. Cho, P.D.I. Fletcher, Langmuir 13 (1997) 7180.
be similar to the numerical approaches of [11] and [19] and [4] J. Philip, G.G. Prakash, T. ykumar, P. Kalyanasundaram, O. Mon-

the semianalytic results of [13,14,17] and [12,22], where the __ dain-Monval, B. Raj, Langmuir 18 (2002) 4625. . .
[5] J. Philip, T. Jaykumar, P. Kalyanasundaram, B. Raj, O. Mondain-

dISjOInlng pressure may b? inferred by mOde“n_g both the Monval, Phys. Rev. E Stat. Nonlinear Soft Matter Phys. 66 (2002)

drop shape and the disjoining pressure. The previous models  11406/1.

were for a rigid probe particle and a single oil drop, and this [6] P. Omarjee, A. Espert, O. MondaMonval, J. Klein, Langmuir 17

will be expanded to two oil drops where the deformation of (2001) 5693. _ ' _

each interface is coupled. To this end, the semianalytic ap- [7] P. Omarjee, P. Hoerner, G. Riess, V. Cabuil, O. Mondain-Monval, Eur.
. - Phys. J. E 4 (2001) 45.

proaCh of [1_3’14] will be used an_d a res'ult similar to [18] [8] O. Mondain-Monval, A. Espert, P. Omarjee, J. Bibette, F. Leal-

may be feasible, where a planar interaction energy was ex- "~ calderon, J. Philip, J.F. Joanny, Phys. Rev. Lett. 80 (1998) 1778.

tracted from the AFM measurement without inferring a form  [9] P. Mulvaney, J.M. Perera, S. Biggs. Grieser, G.W. Stevens, J. Col-

for the disjoining pressure. The hydrodynamic force is a loid Interface Sci. 183 (1996) 614. _
more complicated situation, raplikely requiring numerical [ (Pl-gégg'a;g'g' F. Grieser, P. Mulvaney, G.W. Stevens, Langmuir 15
solutions to the well-known film drainage equations. [11] D.E. Aston, J.C. Berg, J. Colloid Interface Sci. 235 (2001) 162.

[12] G. Gillies, C.A. Prestidge, P. Attard, Langmuir 17 (2001) 7955.
[13] D.Y.C. Chan, R.R. Dagastine, L.R. White, J. Colloid Interface Sci. 236
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