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Creaming Stability of Flocculated Monodisperse Oil-in-Water Emulsions
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The influence of droplet flocculation on the creaming stability
of monodisperse n-hexadecane oil-in-water emulsions was studied.
The creaming velocity of emulsions with different droplet radii (0.43
and 0.86 um), droplet concentrations (1-67 vol%), and sodium do-
decyl sulfate (SDS) concentrations (7-80 mM) were measured. De-
pletion flocculation was observed in the emulsions when the aque-
ous phase SDS concentration exceeded a particular level (~40 mM
for 0.43-um droplets and ~15 mM for 0.86-um droplets). Cream-
ing was monitored by measuring the back-scattered light from an
emulsion as a function of its height. The creaming velocity increased
with increasing flocculation and decreased with increasing droplet
concentration. These results have important implications for the
formulation of emulsion-based materials.  © 2000 Academic Press
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mechanisms, and floc structure (10—13). Analytical instrumer
are available to directly measure forces between the particl
and surfaces (8, 14, 15). Imaging and scattering techniques ¢
be used to provide information about the spatial arrangement
droplets in flocculated emulsions (16—19). A variety of sophis
ticated analytical instruments are now commercially availab
for characterizing the bulk physical properties of emulsion:
Progress made in this area has been reviewed in a numbe
articles (5-7, 20-24).

The objective of the current study is to examine the influenc
of droplet flocculation on the creaming stability of monodis
perse oil-in-water emulsions. Monodisperse droplets were us
because this greatly facilitates the interpretation of the physic
characteristics of colloidal dispersions. Depletion flocculatio

SDS. was induced in the emulsions by the addition of surfactant rr

celles (sodium dodecyl sulfate).

INTRODUCTION
CREAMING OF FLOCCULATED EMULSIONS

Many natural and manufactured materials exist in emulsi- ) ) o ) o
fied forms, such as biological fluids, pharmaceuticals, agr_o-The. creaming rate of an isolated rigid spherical particle in &
chemicals, petrochemicals, foods, cosmetics, and explosil&@@l liquid is given by Stoke’s law (9),

(1—4). The physicochemical characteristics of these materials
are strongly influenced by droplet flocculation (5-7). The frac-
tion of droplets that are flocculated, the spatial arrangement of
the droplets within the flocs, and the strength of the attractive
forces between the droplets ultimately determine the physidénereU is the creaming velocity, is the shear viscosity, is
characteristics of a flocculated emulsion. Our ability to undeie particle radiusg is the acceleration due to gravify,is the
stand and predict the behavior of emulsified materials theref@t@nsity, and the subscripts 1 and 2 refer to the continuous 3
depends on a good understanding of the relationship betwékgpersed phases, respectively.

colloidal interactions, floc structure, and bulk physicochemical The creaming rate of a flocculated emulsion depends on t
properties (4). size, concentration, and structure of the flocs. If one assurr

Understanding of this area has improved considerably in #&at the flocs are spherical and the system is dilute, then Stok
cent years because of advances in theory, computational mo&@w can be used to predict the creaming velocity, except i
ing, and analytical techniques. Theoretical equations have b&&gracteristics of the individual droplets (,,) are replaced by
developed to describe many of the interactions that exist betwdb@se of the flocsrfoc, pfioc,):
colloidal particles, e.g., van der Waals, electrostatic, steric, hy-
dration, hydrophobic, depletion, and hydrodynamic (8). Theo-
ries have been developed to relate the bulk physical properties of
emulsions to the characteristics of the droplets that they contain
(5-7, 9). Computer modeling techniques are being used to in-The radius Isoc) and density froc) of flocs depend on the
vestigate the relationship among colloidal interactions, collisiavumber of droplets per flooj and the internal packing() of
the droplets within the flocs. If it is assumed that the flocs al
spherical, then their internal packing is given by the expressic

~2gr3(p2 — p1)

U=
91

[1]

29 rf2|0c (pﬂOC - 101)

o, (2]

Ufloc =
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¢ =V /Vhoe, WhereV is the volume of the droplets within Eq. [9],
the floc &4nmr3/3) and Vsoc is the volume of the floc
(=4nr3 ./3). The expressions for and Ve can be inserted é\ "
U¢=U<1——> , [8]

into the expression fap; to give the following equation, .

Frioe =1 - \s/f [3] whereg is the disperse phase volume fraction aladmdk are
i parameters that depend on the nature of the spherical partic
Normally, ¢. is related to the disperse phase volume fraction
whereg; is independent of the floc size. This equation indicateghich the spherical particles become close packed. This eq
thatthe floc size should increase as the number of droplets witkitn predicts that the creaming velocity decreases as the droy
itincreases or the packing density decreases. Ifitis assumed thgicentration increases until creaming is completely inhibite
the droplets form fractal aggregates with a fractal dimension efice a certain disperse phase volume fractipy) bas been
D, then the floc size is related to the internal packing of thexceeded. In a first approximation, the creaming velocity of

droplets within the floc by (25): concentrated suspension containing spherical flocs can be
scribed by the same equation by replacihgvith U and¢
Ffloc =T - il/(D73)~ [4] with ¢f|oc (=¢/¢|)
kee

This equation indicates that the size of a fractal floc increases Uy = Urioc (1 _ ¢ ) ’ ) [9]
as the fractal dimension decreases because the packing of the bt
droplets within the flocs becomes more open. It should be noted
that, for a constant fractal dimension, the internal packing of
the droplets within the flocs decreases as the floc size increases EXPERIMENTAL PROCEDURES

(sinceD < 3).
The density of the flocs can be calculated from knowledge Mfaterials

the packing of the droplets within them: n-Hexadecane and sodium dodecyl sulfate (SDS) were p

chased from the Sigma Chemical Co. (St. Louis, MO). Distille
and de-ionized water was used for the preparation of all solutio

o Lo : .., and emulsions.
Flocculation increases the effective size of the particles within

the emulsion (which enhances creaming), while decreasing Fb‘r%paration of Monodisperse Emulsions

density contrast between the particles and the surrounding fluid

(which retards creaming). The overall influence of flocculation A Polydisperse emulsion was prepared by homogenizir
on the creaming velocity can be conveniently characterized 89 Vol% n-hexadecane oil and 80 vol% surfactant solutio
a creaming instability ratioJsec/U. For dilute emulsions this (7 MM SDS) using a high-pressure valve homogenizer (AP
ratio can be calculated using Stoke’s law (Egs. [1] and [2]) arfggulin, Model Mini-Lab 8.30H, Wilmington, MA). This emul-

Ptioc = ¢ip2 + (1 — ¢i)p1. [5]

the density of the flocs (Eq. [5]): sion was fractionated into a series of monodisperse emulsic
by inducing depletion flocculation with different SDS concen

Unoc I tratipns (26). The ponQi;perse emulsion was placed in a s¢

U - (2 [6] arating funnel and sufficient SDS was added to cause dropl

larger than some critical size (determined by the SDS conce
As expected, this equation predicts that the creaming rate shofiigiion) to flocculate, leaving the smaller droplets nonflocct
increase as the size of the flocs increases or as the dropletsl®ed. The flocculated droplets rapidly creamed to the top
come more densely packed within the flocs. For a fractal fléde emulsion where they were separated from the remaindel

the creaming instability ratio is related to the fractal dimensioffie droplets by being decanted off the lower layer. This pr
cedure was repeated either directly on the lower layer or

Utioc (rﬂoc> D-1 the creamed layer after re-dispersion of the droplets in aquec

U [7] phase. By using a range of different SDS concentrations, it w

possible to fractionate the polydisperse emulsion into a nur

er of differently sized monodisperse emulsions. Two differel
onodisperse emulsions were used in this study.

r

Since D ranges between 1 and 3, flocculation should alwa
cause an increase in creaming velocity in dilute emulsions ¢
taining fractal flocs. .
. Creaming Measurements
In a concentrated nonflocculated suspension the creaming
velocity is reduced because of hydrodynamic interactions be-The creaming stability of emulsions was monitored by me:
tween the particles and can be described by a semiempirisafing the backscattering of monochromatic ligh+(850 nm)
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from an emulsion as a function of its height (Quickscan, Coulter 400 -

Corp., Miami, FL). Emulsions were placed into flat-bottomed =043
cylindrical glass tubes (100-mm height, 16-mm internal diame- ~ 300 1 = 0.86
ter) and stored at room temperature. The backscattering of light =

from emulsions was then measured with height at different times. g 200 4

The results are presented as the full creaming profile (backscat- ;

tering versus height) or as the creaming velocity. The creaming 100 7

velocity (U) was determined from a slope of a plot of the height

hd T

of the lower layer H.) versus time t)) in the initial stages of
creaming:U = AH_ /At (27). The height of the serum layer
was defined as occurring at a position where the backscattering SDS (mM)
of |Ight was halfway between t_he value in the lower and that NeiG.1. Creaming velocities of 1% monodispersaexadecane oil-in-water
the middle layers of the emulsion. emulsions containing different concentrations of SDS in the aqueous phase. -
Two monodisperse emulsions were used in this study. The teoplet radii are given in the annotation boxim.
dius of the droplets in these emulsions was determined from the
measured creaming velocity in the 1% nonflocculated emulsions
o : . )
Eﬁl_zlog)guﬂlgg Ef;ﬁglhzrr]]git[ize]ﬁ?(n:d 9k;70 ‘I’(Vée:g: ZZ i‘?;;sﬁgs't}/nﬂuence of Flocculation on Creaming Stability
m~3) of the component phases. Values ef 0.43 and 0.8:m The creaming stability of nonflocculated and flocculated 5¢
were determined for the emulsions with the smaller and largethexadecane emulsions with the same droplet radius (
droplets, respectively. These values were in reasonable agf@86,m) was monitored by measuring the backscattering
ment with the values of =0.52 and 1.08.m determined for laser light as a function of height over 33 h (Figs. 2 and 3). F«
the small and large emulsions using a laser diffraction techniqgalke of the emulsions the backscattering of light was fairly cor

0 20 40 60 80

(LA 900, Horiba, Irvine, CA). stant along their entire height at the beginning of the experime
because there was an even distribution of droplets throught
RESULTS AND DISCUSSIONS the system. Over time the droplets moved upward due to gre

ity which caused a decrease in the backscattering at the bott

Preparation of Flocculated and Nonflocculated Emulsions  0f the emulsions (because the droplet concentration decreas
and an increase at the top (because the droplet concentral

. Previous workers have shown tha’FoiI-in-wateremulsionswi}ncreased)_ It was convenient to divide the emulsion into thre
different degrees of droplet flocculation can be created by adding . <. (a) a lower layer, largely devoid of droplets; (b) a midd|

excess surfactant micelles to the aqueous phasg (26). Thel er, with approximately the same droplet concentration as t
celles are excluded from a narrow region (approximately eq ginal emulsion: and (c) an upper layer, where the drople

to their radius) surrounding the droplets, which leads to Were closely packed (27). As the droplets moved upward, t
osmotic pressure that manifests itself as an attractive force Pfﬁ'ckness of the lowerH, ) and upper Ky) layers increased, but
tween the droplets. Above a certain micelle concentration, % thickness of the middle layei(;) decreased (Figs. 2an’d 3).
ferred to as the critical flocculation concentration (CFC), the, ome of the emulsions, the middle layer completely disa
attractive forces dominated the repulsive forces and the drOpIBESared after a certain time because all the droplets reached

roccuIateq. A preliminary experiment was theref(_)re carried o i)per layer and became closely packed together (Fig. 3). Th
to determine the surfactant concentrations required to produce

flocculated and nonflocculated emulsions. In dilute emulsions
flocculation leads to rapid creaming and an increase in viscos-

ity. The creaming velocity of 0.43 and 0.86n of monodisperse 100 -
emulsions were therefore measured (Fig. 1). The creaming ve- __ ;

; ; ; £ 801 ; -- 0hr.
locity was relatively slow at low surfactant concentrations but <

—0.38 hr.

increased rapidly once the CFC was exceeded (Fig. 1). Theses 60 - 152 hr
measurements indicated that the CFCs were approximately 15% —_569hr
and 40 mM for 0.86- and 0.4@m monodisperse emulsions, wor v 21.02 hr.
respectively. The increase in CFC with decreasing droplet ra- 20 —43.79 hr.
dius is well established in the literature (26) and is due to the
fact that the magnitude of the depletion attraction increases 0 ' ‘ ‘ ‘
with droplet size. In subsequent studies we used emulsions with 0O 10 20 30 40 50 60

aqueous phase concentrations of 7 and 80 mM SDS as repre- Height (mm)

sentatives of nonflocculated systems and flocculated systemg)g. 2. creaming profiles of nonflocculated 5% monodispenseexa-
respectively. decane oil-in-water emulsions £ 0.86 um, SDS=7 mM).

33
n
x
53
<
m
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FIG. 3. Creaming profiles of flocculated 5% monodispenskexadecane

oil-in-water emulsionsr(= 0.86 um, SDS= 80 mM). FIG.5. Concentration dependence of the creaming velocity of flocculate

(SDS=80 mM) and nonflocculated (SBDS7 mM) n-hexadecane emulsions
(r =0.86um).
was also a decrease in the backscattering from the middle layer

in the flocculated emulsions, presumably because flocculation ,
reduced the extent of light scattering. increased from 5% to 33% (Fig. 4). The dependence of tl

The creaming behavior of nonflocculated and flocculat&i€@Ming velocity on droplet concentration for the nonfloc
emulsions was clearly different (Figs. 2 and 3). Creaming w4sated emulsions was calculated using Eq. 8 and the valt
much more rapid in the flocculated emulsion than in the noft K= 5.4 and¢c =0.585 were determined for spherical harc
flocculated emulsion, as would be expected because of the §RN€res in a previous study (9). For the flocculated emulsic
crease in the size of the particles in the system (Eq. [6]). TH& used Eq. [9] and assumed that the droplets within the flc
creaming velocity of nonflocculated and flocculated emulsiofE'e Packed closely so that = ¢ = 0.585. There was very
with different droplet concentrations was also measured (Figed90d agreement between the experimental measurements
and 5). The creaming velocity of dilute (3%) flocculated emufl® Predictions made using this approach for both emulsio
sions was over 3 orders of magnitude faster than that of the néfl9- 6). This suggests that the creaming behavior of the flo
flocculated emulsions, i.6sioc /U ~ 1600. If we assumed thatculated emulsions used in this study could be described us

the droplets were close packegl £0.63) and approximately existing semiempirical equations, provided the increase in effe
spherical, then this ratio corresponds to a floc radius of abdlyg volume fraction of the particles due to flocculation was take
43 um (Eq. [6]). The measured floc size would be greater iato acc_ount. Itis possﬂgle that the prewous_approat_:h would r
the droplets were more openly packed (Eq. [6]) or had a fracRg applicable for emulsions where flocculation was induced by
structure D < 3) (Eq. [7]). different mechanism (e.qg., electrostatic screening or hydropt

As the droplet concentration increased, the creaming velocRif attraction) than the one used in this study (i.e., depletion)
of both emulsions decreased (Fig. 6) because of hydrodynamid € final thickness of the upper layer provides some insig
effects and particle—particle interactions (9). At sufficiently hight© the packing of the droplets within the flocs. The thicknes
droplet concentrations the creaming became extremely sigiihe creamed (upper) layer of nonflocculated and flocculat

(U<0.01 cm hY), presumably because the droplets were &nulsions containing different nitial droplet concentrations wz

closely packed together that their movement was severely faéasured after 48 h (Table 1). The packing of the drople

stricted. Examination of the full creaming profile clearly show&ithin the upper layerdy) was calculated from the following
the retardation of creaming when the droplet concentration is

1000 -
——0.43 (NF)
100 o 100 4 & e . —o—0.86 (NF)
= —_ as0.43 (F)
= 80 T, 107 o —a- 0.86 (F)
2 = *
= 60 A E 17
g s
40 - > 01
S
& 20 - 0.01
0 ‘ ‘ 0.001 1
50
0 10 20 30 40 50
Height (mm) ¢ (%)
FIG. 4. Creaming profiles of flocculated 33% monodisperdeexadecane  FIG. 6. Influence of droplet size on the creaming velocityndiexadecane
oil-in-water emulsionsr(= 0.86 xm, SDS= 80 mM). emulsions.
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TABLE 1 lation of many types of commercially important emulsion-base
Thickness of Creamed Layer and Calculated Packing Param-  products.
eter (¢, =100¢/[% Thickness]) of Droplets within the Creamed
Layer of Nonflocculated and Flocculated n-Hexadecane Emulsions ACKNOWLEDGMENTS
(d =0.86 pem) after 48 h of Storage
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¢ (%) Thickness (%) éc (%) Thickness (%) ¢c (%)  Quickscan instrument used in these experiments.
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