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Quantitative measurements of Ostwald ripening using time-resolved small-angle
neutron scattering
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Using a unique method we present accurate quantitative measurements of the Ostwald ripening of an
emulsion system. Time-resolved small-angle neutron scattering monitors the time evolution of the average
radius and number density of the emulsion drops. The results qualitatively agree with the current theory of
Ostwald ripening but there is a quantitative, experimentally significant, discrepancy of a factor of 1.7. We
argue that these accurate experiments, performed on a well characterized system, provide a most useful basis
for testing further refinements of the theof$1063-651X99)17210-9

PACS numbdis): 82.70.Kj, 61.12--q, 64.75:9g

Ostwald ripening is a central process in the aging of manypeen confirmed8-10. However, it has turned out to be
two phase systems. In colloidal systems it causes a time denore problematic to obtain a quantitative agreement between
pendence of the properties of sols, emulsions, and foams. the directly measured proportionality constant in El.and
is an unwanted process in most applications, but it can alsthe value calculated from independent determinations of the
be turned into an advantage to produce nearly monodispergeolecular parameters.
latex particleq1]. In this paper we present a time—resolveq sm{all—angle neu-

The basic mechanism of Ostwald ripening involves thelfon scatterindSANS) study of an Ostwald ripening process
diffusion of individual molecules from smaller aggregates tol" @ Well characterized emulsion system composed of water,
larger ones driven by the difference in the relative magnitud&®cane, and the nonionic surfactant pentaethylene glycol
of the surface free enerdi2]. Lifshitz and Slyozo3] and dodecylether (GEs). At a surfactant-to-oil volume fraction

: i tio of ¢s/¢,=0.815, a water-rich(oil-in-water) micro-
independently Wagnd#] developed a theory describing the ratio ot @s/¢o= .

: : emulsion phase is stable in the temperature range from 25 to
main features of the process. A central result is that asymps, o WhiFI)e below 25 °C the microeFr)nuIsion phage separates
totically the mean particle radiuR varies with timet, as '

with a pure oil as the second phagel]. The temperature

8vDe. V2 | 13 dependence of the phase equilibria arises from a strong tem-
:(M) 13 (1) perature dependence of the surfactant monolayer spontane-
okT ous curvatur¢12]. At the phase boundary at 25 °C, which is

remarkably independent on water concentration, the solution
where y is the surface free energgurface tension ceqthe  consists of spherical microemulsion oil droplets correspond-
molecular equilibrium concentration of the dispersed phaséng to the maximum curvature towards oil given the con-
in the medium,D its diffusion coefficient there, and, its  straint of the area-to-enclosed volume ratio imposed by the
volume. Later theoretical efforf—7] have confirmed this ratio ¢s/¢, [12]. The radius is approximately 75 A, the
basic result and extended it to finite volume fractiopspf  polydispersity low, and structural and dynamical properties
the dispersed phase with an additional correction factor tdollow closely those of a hard sphere fluii3]. When the

the proportionality constant in Eql) temperature is decreased below 25 °C the preferred curvature
towards oil increases and when equilibrium is reached the
a=1+0.7442. (2 microemulsion droplets have decreased in size and an excess

oil phase has appeared.

The considerable theoretical effort put into the analysis of et us now consider the dynamic process by which oil is
the Ostwald ripening process has not been matched by exemoved from the microemulsion phase when a sample
perimental results to quantitatively test the predictions. Exoriginally in the equilibrium state of spherical droplets is
perimentally, an Ostwald ripening process can often be idenrapidly temperature quenched into the two phase area. To
tified by studying the rate dependence on the solubdlify ~ reach the new equilibrium state the oil phase has to nucleate.
Using light scattering measurements tHé rate law has From turbidity experiments we have evidence that this is a

homogeneous nucleation procddst,15. The mechanism
involves the growth of some of the droplets allowing the
*Present address: Department of Physics and Astronomy, Theajority of droplets to decrease in sizEig. 1). The free-
University of Edinburgh, Mayfield Road, Edinburgh EH93JZ, energy changes in this process are dominated by the curva-
United Kingdom. ture energy of the film. It was established both theoretically
"Present address: Zeneca Agrochemicals, Formulation Groumnd through turbidity experiments that for moderate
Jealott's Hill Research Station, Bracknell, Berkshire RG42 6EY,quenches a barrier for the nucleation exists, while for deeper
United Kingdom. temperature quenches the system is locally unsthiié
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FIG. 1. Att=0 an equilibrium system of oligodisperse oil-in- small-angle neutron-scattering experiment recorded during the

water microemulsion droplets is quenched into a two phase are ucleatlo_n and growth of an Excess oil phase from oil-in-water mi-
where, at final equilibriumt(=«), smaller droplets coexist with an _croemulsmn droplets. For clarity, only every second megsurement
excess oil phase. The oil phase nucleates at a few of the initiaP ShO\_Nn.' As an example the scattering curve obtained at
droplets which subsequently grow>0), allowing the majority of =52min is added as an inset.

droplets to decrease in size. . . A . .
P in the inset in Fig. 2 which shows the scattering curve ob-

H hile turbidit i i th tained att=52 min. Apart from the first 20 minutes or so,
owever, while turbidity measuréments may report on he scattering at lowg is completely dominated by the con-

onset of nuclee}tlon, SANS IS much bette.r suited to follpw thetribution from the large drops. The concentration of the large
pha_se separation process in more detail and to obtain quaﬂfops is so low that their relative positions are uncorrelated,
titative struc_tural mfor_m_zmon. . . and we can also neglect interference effects between large
The fraction of the initial droplet population that grows in and small droplets due to the size difference. Thus, the scat-
size is small and in order to experimentally detect this frac-tering in the lowq regime can be described as arisin,g from a

tion already at early stages we have utilized contrast matd]bw concentration of large drops dispersed in an essentially

Ing to reduc_e the forward scattering Intensity from the Sma"continuous solvent made up of water and the small droplets.
microemulsion core-shell droplets. Initially they have a ra-

. A Guini lysig17] yields the ti lution of th
diusR;=68 A, composed ofl,,-decane, covered by a shell Guinier analysig17] yields the time evolution of the

. _ .~ radius of gyratiorR i, of the large drops. ThR,, i, values
of C,,Fs having a thicknes$=15A. The average scattering were converted to %gﬁere raditRs,g, Using the I%r?gwn scat-

length density of these droplets can be matched by dissolvin% ing | s 0 ~pr—2

. : . th densities of surfact 0.13x 10" ,
them in an appropriate mixture of,D and HO. Here we o'lnng( enEB 55?56{3;272‘;” a(;r?crjﬁsgwater b c;’n4 %3
used a HO volume fraction of 0.355. In this case the scat- ., 10103%72)' where the latter corresponds to QO-Y\//qu.me

tered intensity from the microemulsion droplets is very small ; : : :
for g<0.02 A~* allowing us to monitor a small fraction of fraction of 0.355. Neglecting polydispersity we have

growing drops. RZ. _ARZ.
The small-angle neutron-scattering experiments were per- RS big:§ (M’) , 3
formed on the instrument D22 at the ILL, Grenoble. This ' S 1-A

instrument is particularly suited for time-resolved experi-

ments due to the high neutron flux and the large area detel¥Nere

tor, which in addition can be offset, giving a large scattering 3

vector coverage within a single detector settfd@]. The Az(l— po—pw)(w) (4)

detector was positioned so that we could follow both the ps—Pw/ \ Rapig/

evolution of growing emulsion drops at lowgr where the

scattering of the small droplets was suppressed, as well @&\d Ry pig=Ripigt 6. In Fig. 3, Ryjg, defined asRyg

the decrease in size of the smaller droplets indicated by the Ry pig+ 8/2, is plotted as a function af3. This empha-

form factor maximum at~0.04 A~1. The sample was tem- sizes the fact that the radius of the big droplets grows as the

perature quenched into the unstable regime at 13 °C whereubic root of time at long times.

the equilibrium droplet radius in the microemulsion is 45 A.  From the Guinier analysis we also obtain the forwagd (

Scattering curves were measured for periods of 30 s over ar0) scattering cross sectiodg(0)/d€}. For our core-shell

observation period of more th& h asshown in Fig. 2. spheres this is given by 7]
Dramatic changes in the scattering occur as time

progresses particularly at lowvalues. The growing scatter-  do Npig [ 47 3 3

ing intensity at lowq values is due to the increasing contri- gg (0)~ v 3 [(ps=PwIRzpig+ (Po=Ps)Ripigl |

bution from the few large drops. The large drops retain an (5)

oligodisperse ¢g~0.3) size distribution as can be seen

qualitatively from the “hump” in the scattering curves, whereNyy/V is the number density of drops. Thus, by using

which at later times appears @t=0.02 A~! corresponding Eq. (5), we can obtain the time variation of,ig/V from the

to the second peak in the form factor of a sphere. This is seeiime variations ofRyq anddo(0)/d€2. In Fig. 4 Nyg/V is
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FIG. 3. Time dependence of the big drop radiyg, as obtained

from a Guinier fit of the data in Fig. 2.
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radii of the big drops have reached 250 A. The initial oil
volume fraction was 0.055 and when the small droplets have
equilibrated the volume fraction of big droplets is approxi-
mately 0.025. FoR,;q= 250 A, this corresponds to a number
density of 4< 10 cm™3, which is in good agreement with
the measured value My,,/V, providing a consistency test
of the analysis and interpretation of the scattering data. Thus,
there is an initial phase ending &t45 min where the big
drops form and grow at the cost of the small droplets. At this
time all the oil of the emerging bulk phase is present in the
larger drops, and they form an emulsion system which is
aging by Ostwald ripening.

In Egs.(1) and(2) we have a prediction for the absolute
rate of the ripening process in terms of independently mea-
surable parameters. For the surface tensidhe dominant
contribution comes from the curvature free enei@y,of the
surfactant film which varies with drop radius as

G.=87k'(1—-Rcy)?, (6)
where k' = k+«/2 is a combination of the bending and
saddle splayx modulii andc, is the preferred curvatufd5].
Equation(6) represents a size dependent surface free energy

plotted as a f_un_ctlon of 1/ Apart from the early times vv_he_re and for large radiiRc,> 1, we find
also the statistics were less accurate, the relationship is ap-
proximately linear.

Due to the largeg range we not only obtain information
on the growth of the large drops, but can in addition monitor . I
the decrease in size of the small droplets. The local maxiln independent measurements on the equilibrium sy$téh

H r_ —21 H
mum in the scattering curves of Fig. 2 initially found @t V€ ha;eildeter_mme;d thak __6X1_O J ?ﬁnd with Co
~0.04 A~ reflects the size of the small droplets. As time — 1/45A " atT=13°C this yieldsy=0.6 mJ/ni. The other

progresses, it moves to highgwvalues as the microemulsion two system sp_e_cmc parameters entering &, the d_e(_:ane
droplets decrease in size. However, after about 45 min thdiffusion coefficient and solubilitg,, in water, are difficult
maximum has reached a stable positiogat0.065 A~ ! cor- to measure (_jlrectly due to the low solubility, but they_ can be
responding to the equilibrium radid,,~45 A at 13 °C. estimated with a reasonable accuracy by extrapola.tlng from
The shrinkage of the small droplets from 75 to 45 A im- values f9gosh§)r'£elr hydrocarbons. In tE"S,"gay we arnv@at
plies that totally 40% of the oil, initially present in the mi- ~ /<10 ~m°s=[19] andceg=2x 10°°m 2 [20]. Combin-

croemulsion, is removed at equilibrium. At=45min the N9 these values and using E@), («=1.12) to correct for
the finite concentration of drops we arrive at the theoretical

estimate of 1.5 10 ° m s 2 for the slope of the line in Fig.

. ] 3, while the experimental value is X80 °ms 3,

o The time-resolved SANS experiments provide accurate

o® 1 data on the initial formation and subsequent growth of oil

| drops nucleated after a temperature quench of an oil-in-water

microemulsion into a two phase region. For the first time we

o 1 have access to the simultaneous temporal evolution of the

N 1 size distribution of oil drops and small microemulsion

)
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. spheres, which allows for a detailed, quantitative description

of the processes. Right after the temperature quench there is
a fast nucleation process followed by a phase where these
nuclei grow by diffusion of oil from the small droplets. After
approximately 45 min the small droplets have reached their
(neay equilibrium size and the large drops continue to
evolve through Ostwald ripening at constant oil volume.
From the measured intensity @0 we not only verify that

the number of drops decrease with timetas but we also
obtain a quantitative measure of the drop concentration. In-
dependently the Guinier analysis provides the temporal evo-
lution of the mean drop radius which displays'& growth

FIG. 4. Time dependence of the number density of large drop$aw at longer times consistent with tié,,/V data. More-

as determined from the extrapolated scattering intensigy=di and
the average radius obtained from the Guinier fit.

over, the system is sufficiently well characterized that we can
make a theoretical estimate of the slopes of Figs. 3 and 4. In
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view of the fact that we perform aa priori analysis of a
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(7), and, particular to emulsion systems, the contribution to

dynamic process in a complex liquid, the discrepancy of anolecular transport from the small dropldtaicelles [21].

factor of 1.7 between the measured and predicted slope dfhe present system is sufficiently well characterized that all
Fig. 3 appears to be quite reasonable. A similar discrepancihese features can be described accurately by themselves. We
between theory and experiment has been observed prevus believe that we now have a sound basis for further re-
ously based on light scattering studies of the Ostwald ripenfinements of the theory and are in a position to aim for a

ing (see, e.g., Refl8]). However, the time-resolved SANS

unified description of the Ostwald ripening that takes all

experiments on a very well characterized model system havinese additional features into account.

provided us with a unique set of data, and the prediction is

clearly outside the margin of random errors. Currently the We acknowledge the Institut Laue-Langevin, Grenoble,
theoretical description of Ostwald ripening does not accounErance, for providing the neutron scattering facilities. This
for the Brownian motion of the drops themselves, for the sizevork was supported by the Swedish Natural Science Re-
dependence of the surface tension, which is described by Egearch CouncilNFR) and the Gean Gustafsson Foundation.
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