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ABSTRACT

We used anondestructive Kossel diffraction technique based
on the principle of backlight scattering to characterize the
structure formation in concentrated model food emulsions.
We also measured the effects of temperature, shear, casein
micelles and gum on the fat particle packing structure in
such systems. Through this technique, we demonstrated the
effects of casein micelles on the pair potential of fat particle
interactions and shelf life of such systems. We carried out
theoretical calculations using a statistical mechanics ap-
proach by numerically solving the Ornstein-Zernike equa-
tion with Percus-Yevick closure for abidisperse system con-
sisting of fat particles and micelles, and showed that the
experimental results were consistent with theoretical simu-
lations.
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INTRODUCTION
AS WITH MOST COLLOIDAL SYSTEMS, THE INTERACTIONS BE-
tween fat particles inside food emulsions are very important in the
stability and texture of products. They may determine the rheol ogi-
cal properties and the appearance of the product, aswell asits phys-
ical instability, as reflected in changes of consistency or loss of ho-
mogeneity (Walstra, 1993).

Many factors, such as protein concentration, gum, temperature,
shear rate, fat particle concentration and polydispersity, and non-
adsorbed particles, may affect fat particleinteractions and the stabil-
ity of food emulsions. Koczo et al. (1996) reported a stability mech-
anism for food emulsions due to the microlayering of sodium casein-
ate submicelles in the thin liquid films between fat particles. The
existence of the submicelle layers in the thin liquid films between
fat particles prevented fat particlesfrom approaching each other, thus
stabilizing the food emulsions. Creaming (flocculation) of a model
food emulsion in the presence of xanthan and guar gums was then
studied (Koczo et al., 1997). The mechanism of dispersion separa-
tion by xanthan gum was a geometrical incompatibility between the
anisotropic, wormlike-chain shaped xanthan molecules and the iso-
tropic dispersed fat particles.

Particle structure variations under shear stress have been investi-
gated by Ackerson and Clark (Ackerson and Clark, 1981). They found
that when the dispersions of charged spherical colloidal particleswere
subjected to an increasing shear rate, the particle structure exhibited
areversible and order-disorder transition and became an amorphous
structure at high shear rate. Effects of particle concentration and poly-
dispersity on the particle interactions in colloidal dispersions have
been studied theoretically (Chu et a., 1996) and experimentally (Xu
etal., 1997). In anear hard sphere system, due to the increase of the
particle concentration, the particle packing structure was found to
become more ordered and both structural energy barrier and deple-
tion increased, while the particle packing structure became less or-
dered when the particle polydispersity increased.

Thefat particle packing structure inside whipped cream was stud-
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ied by Brooker (Brooker et al., 1986; Brooker, 1990; Anderson and
Brooker, 1988) using transmission and scanning electron microsco-
py. Qualitative information about the particle packing structure in
the bulk phase was reported. Much information about thefat particle
packing structure has been qualitative due to the lack of measure-
ment methods and complexity of food systems. The effects of inter-
particleinteractions on the stability of food emulsionsare not under-
stood.

Our main objective was to generate a quantitative description of
the fat particle structure using backlight scattering technique, and to
understand the effects of fat particle-particle interactionsin the sta-
bility of food emulsions. The effects of protein submicelles, temper-
ature, gum (xanthan) and shear rate on the fat particle structuring
and the stability of food emulsions were investigated.

THEORY

Light scattering theory

Light scattering is one technique to obtain structural and thermo-
dynamic information about dispersions. For a monodisperse system
of spherically symmetric particles, when the particle sizeis slightly
smaller than theincident polarized light wavel ength, Rayleigh-Gan-
Debye theory (Hunter, 1987) can be applied,

1(Q) = ANP(Q)S(Q) (D

where |(Q) istheintensity of the scattered light at a scattering vector
Q, A isanormalized constant that can be determined by the require-
ment (Nieuwenhuis and Vrij, 1979) that

QS - 11dQ = 2m2N @

where N isthe particle number density, P(Q) istheform factor which
is a property of particle shape and size, and can be obtained from
light scattering experiment of dilute colloidal dispersions,

Qo =1 (3)

and

P(Q) = [1(Q)¢-ol / (A*N*) 4

where ¢ isthe particle volume fraction, A* is an unknown constant,
and N* isthe particle number density of dilute colloidal dispersions.
In this experiment, the fat concentration of food emulsions to infer
the form factor was around 0.1 vol%.

Then the static structure factor S(Q) could be determined from
the following equation,

SQ) = [(A*N*) / AN] [1(Q) / (Q)y-ol ©®)

where S(Q) is the static structure factor which describes the degree
of particle structure ordering inside colloidal dispersions. We had
found (Xu et a., 1997) that the higher the first peak of the static
structure factor, the more ordering there was in the particle packing
structure. Thetypical range of thefirst peak height for common food
colloidal systemsisaround 1 to 3. [A*N*/AN] is a constant, which
can be determined by Eq. (2). Q is the scattering vector that is de-
fined by
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Q = (4m/\)sin (6/2) (6)

where 6 is the scattering angle.

The radial distribution function g(r) which measures the proba-
bility to find aparticle center at adistancer from agiven particle can
be calculated from the experimental value of S(Q) by the Fourier
transform (Mandel, 1971),

o(r) = 1+ (U(2n2NN)| “[S(Q) - DQsSN@)AQ  (7)

and the average pair potential (potential of mean force), whichisthe
potential (free) energy of apair in the presence of the other particles,
can be calculated from the radial distribution function g(r) (Hunter,
1987),

uU(r) = kT Ing(r) 8
For a polydisperse system, the structure factor can be obtained

directly by straightforward generalization of Equation (1) to the case
of p nonidentical particles (D’ Aguanno and Klein, 1991),

<l(Q> = NAP(QSM(Q) ©)

where the quantitiesA' and P(Q) are given by the averages over the
particle type distribution,

A' :E)(OLAOc (10)
and ot
p
P(Q) = (UA) D' *,AP(Q) (11)
a=1

where xis the molar fraction of the species a. The structure factor,
SM(q) is defined by

p P
SMQ = VAPQID Y IAAPPQP(QIVS,4Q (12

a=1p=1

Aswith the monodisperse system, the average form factor P’ (Q)
could be obtained from thelight scattering experiment of dilute (non-
interaction) colloidal dispersions,

P(Q) = [<1(Q)>4-0l / (A'N) (13)

Note that although there were conceptua differences between
SM(Q) and the corresponding S(Q) for the monodi sperse system (for
example, the meaning of S(Q=0) and the first peak position Q4.
etc.), thevariation trend of the first main peak height asafunction of
polydispersity wasthe samewhilethetotal volumefraction was kept
constant. Also the differences of the main peak height between the
measured structure factor SM(Q) and the Bhatla-Thornton structure
factor or S(Q), known to better represent the particle microstructure
of a polydisperse system, was very small (D’ Aguanno and Klein,
1991). Therefore, the main peak height SM(Q) could still be used to
approximate the particle microstructure of a polydisperse system.

Theoretical model of interparticle interactions in
bidisperse colloidal systems

According to Eqg. (7) and (8), the particle structure and particle-
particle interactions inside colloidal systems could be determined
from the radial distribution function g(r). Therefore, it was neces-
sary to theoretically calculatethisradial distribution function. A hard
sphere was assumed and the interparticle potential for a monodis-
perse system could then be represented as
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(14)

where d isthe particle diameter.

The Ornstein-Zernike (1914) (O-Z) theory was employed to cal-
culate the correlation function in amany body system. It states that
the total correlation function h(r), which is related to the radial dis-
tribution function g(r) by h(r) = g(r)-1, consists of two parts. The
first is the direct correlation between the two particles, denoted by
¢(r), and the second is contributed by all possible indirect correla-
tions through the other particles in the system. The indirect correla-
tions can be expressed exactly asthe convolution of the direct corre-
lation function and the total correlation function.

The above explanation can be expressed by the O-Z integral equa-
tion,

h(r) = c(r) + N{lhh(\r-z\)c(z)dz (15)
where is the particle number density.

In order to solve the O-Z equation, an appropriate closure rela-
tion between the two correlation functions is needed. The Percus-
Yevick equation (Percus and Yevick, 1957)

[h(r) + 1][1—exp(V (r)/KT] = c(r) (16)
ismost widely used for hard sphere systems.

For a binary mixture of hard spheres, the bare pair interaction
between two hard sphere particles becomes

%, r<di
v ={ 17)
: o, r>dij

where d; = (d; + d)) /2 is the center-to-center distance between
particlei and particle j when they are in contact.

Similar to amonodisperse system, the O-Z integral equation also
can be used to express the particle-particle interaction in a binary
mixture system,

2
hij(r2) = ¢j(rp) = EJNI by (r13)G; j (rap)dr (18)
=1

where N, isthe density of particletypel, C;; isthe direct correlation
between particlesi and j, and hy; isthe total correlation function be-
tween particlesi and j.

In order to solve the above O-Z equation, an appropriate closure
relation between the two correlation functions h;(r) and Cy(r) was
needed. A generalized Percus-Yevick equation (Percus and Yevick,
1957) for mixtures was used in this model,

[h (1) + L1[1-exp(Vyi(r)/k )] = ¢ (19

The exact solution of the generalized O-Z equation was derived
by Lebowitz (1964), where

1

12(mjm;)¥r (20)

g;(n) = LG;(9)]

where
Gyy(9) = s[h-L(s)€¥2)/D(s)
G15=Gy=(mym,) "™ Y m R, R)R,R )R 1+4)] s 1+26)/D(s)

D(s)=h—L;(5)e™ 1L ,(s)e¥2+S(s)esld1 )



Sgs)=h+£12(n 1+ﬂ2)(12+2§)—h(d1+d2)] S
—18(n,d; +1,05)28%—6(n,d {+1,d,2)(1-{)s>-(1-()%s

L1(S) = 12n,[(1+(¥4L) + (3/2)m;02(d-0l;)] dps2 +[120,(1+20)-hd,] s+h
h = 36m;m,(dy-dy)2
= ©N/6
¢ =myd + myd3

and G,,(9), L,(s) can befound from G,4(s) and L 1(S) by interchang-
ing 1, Ry with ,, R,.

In our research, Eg. (1) through (6), and (9) through (13) were
used to calculate static structure factors, while Eq. (7), (8), and (14)
through (20) were used to calculate pair potentials of mean force.

MATERIALS & METHODS

Materials

The emulsion preparation isasfollows: Sodium caseinate, emul-
sifiers (polysorbate 60 and sorbitan monostearate) and gums (xan-
than and guar) were dispersed in water. Partially hydrogenated veg-
etable ail, syrups, and flavors were then added to make a pre-emul-
sion, which was then pasteurized and homogenized in a 2-stage ho-
mogenizer. The resulting emulsion was cooled to 1-3°C and aged
for 45 minin atank at about 5°C to produce the final emulsion sam-
ples used in this study. Four model food emulsion sampleswere pre-
pared by this method (Table 1).

The fat particle size distributions (Fig. 1) inside food emulsion
samples were measured using a Horiba LA-900 particle size distri-
bution analyzer (Horiba Instruments Incorporated, Irvine, Califor-

Table 1—Main composition of the food emulsions

Sample Fat Caseinate Polysorbate60 Xanthan
(Wt%) (Wt%) (wt%) (wt%)
#1 5.14 0.48 0.00 0.00
#2 5.14 0.00 0.33 0.00
#3 5.14 0.48 0.00 0.16
#4 5.14 0.24 0.00 0.00

nia). Thefat particle sizedistributioninside all 4 food emulsion sam-
ples was nearly the same.

Backlight scattering experiment

The backlight scattering measurements were carried out using a
system we developed (Fig. 2). A collimated green light beam (50 m
dia, wavelength 543 nm) produced by a0.5 mw He-Ne Laser (Mod-
el 155A, Spectra-Physics Laser Products, Mountain View, CA) was
scattered by colloidal particlesinside the samplewith controlled tem-
perature, and produced a scattering image on the surface of a glass
vial. Theimage intensity wasthen recorded by avertically polarized
CCD digital camera(Lynxx 2000 Frame 336* 244FT, Spectra Source
Instruments, Westlake Village, CA) and down loaded to a connected
computer (IBM compatible PC Pentium/120 Mhz). Therecorded im-
age was transformed to an intensity profile by image analyzer soft-
ware (Spectra Source I nstrument - Lynxx 2000 Version 3.04b, West-
lake, CA). An experimental backlight scattering image of sample#1
at atemperature of °Cisshown (Fig. 3) aswell asthe corresponding
backlight scattering intensity profile (Fig. 4).

Fat particle structure study inside food emulsions
under shear
In this experiment, aconcentric cylinder cell wasused (Fig. 5) in
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Fig.1—Particle size distribution of sample #1
measured by Horiba LA-900 particle size dis-
tribution analyzer.

Fig. 3—Backlight scattering image of
sample #1 at 5°C.
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Fig. 2—Back-light scattering experimental set-up.
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which theinner cylinder rotated to produce anearly uniform steady-
state shear rate on thefood emulsion sample. The shear rate could be
changed by controlling the rotation speed of the inner cylinder, and
the sampl e temperature was kept at °C during the shear experiment.

RESULTS & DISCUSSION
Effect of sodium caseinate
Sodium caseinate is commonly used in the food industry as an
emulsion and foam stabilizer. In order to study the effects of casein-
ate on fat particle structure, a backlight scattering experiment was

100000

10000 [

Intensity (arbitrary unit)
3
8
-

100

0 2 4 6 8 10 12
Scattering vector (micron’)

Fig. 4—Back-light scattering intensity
profile of sample #1 at 5°C.

motor

carried out (Fig. 6). The two samplesincluded the same fat concen-
tration (5.14 wt% fat) except that the caseinate concentration inside
sample #4 was half of that inside sample #1. The first peak height of
the structure factor S(Q),,,, Of the sample with higher caseinate con-
centration was higher, indicating that the addition of caseinate facil-
itated the fat particle structure formation. This could be explained
by the stabilization mechanism of caseinate submicellesinthe aque-
ous phase. When the submicelle concentration exceeds acritical val-
ue, they can form alayer structure around the fat particles (Koczo et
al., 1996), which has a stabilization effect on the emulsion.

Results for abinary system were calculated (Fig. 7) from the O-
Z method. The parameters used in this calculation were D¢/ dgnal
= 20 and the volume fraction of large particles equal to 5 vol%. We
observed that with the small particle concentration increasing, the
structure energy barrier between large particles increased rapidly.
When the small particle concentration reached 20 vol%, the struc-
ture energy barrier was much larger than 3 kT. Such a high energy
barrier was enough to prevent the large particle aggregation, there-
fore, the emulsion became more stable.

In the sample #1, the caseinate submicelle concentration was es-
timated to be around 15 ~ 20 vol% (Koczo, et al., 1996), therefore,
this microlayering stabilization mechanism went into effect. Anoth-
er contribution to the emulsion stability by caseinate resulted from
the adsorption of caseinate on the fat/water interface (Dickinson and
Stainsby, 1988; Dickinson, 1992; Dickinson and Walstra, 1993).

Effect of xanthan

Thelow surface activity of xanthan requiresthat it israrely used
aone as an emulsifying or foaming agent, although it is often used
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Fig. 5—Experimental set-up to study the
effect of shear rate on food emulsion
stability.
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Fig. 6—Effect of caseinate on fat particle
structure inside food emulsions (fat con-
centration: 5.14 wt%).
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Fig. 7— Stabilization mechanism of caseinate submicelle

microlayering: calculation results from O-Z method (particle
size ratio: 20 & fat concentration: 5 vol%).
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as an emulsion and foam stabilizer. Addition of xanthan greatly in-
creases the bulk viscosity, and thus the stability and texture of food
emulsions and foams are improved.

The destabilizing effect of xanthan isrelated to the strongly aniso-
tropic character of xanthan macromol ecules. According to the Flory
(Flory, 1956; Flory and Abe, 1978) theory, a dispersion including
anisotropic particlestendsto separate. In anisotropic phase the aniso-
tropic particle concentration islower and the orientation of the parti-
clesisrandom. In another anisotropic phase the particles have simi-
lar orientations. The phase separation in such systems starts when
the axis (I/dia) ratio of the particles is 5.4 and the separation be-
comes more pronounced with increasing particle axis ratio. For the
xanthan molecule, the axisratio ismuch lager than 5.4 (Koczo et al.,
1996), therefore, phase separation occurs.

The effects of xanthan on fat particle structure were determined
experimentally (Fig. 8). Thesetwo samplesincluded the sameingre-
dients except that one sample (#3) included xanthan (0.16 wt%) and
the other (#1) had no xanthan. The peak height of the sample with-
out xanthan was much higher than that of the other sample, indicat-
ing that existence of anisotropic xanthan macromolecules made the
fat particle packing structure much less ordered. As a consequence,
the fat particle structure inside the food emulsion was destroyed.

Effect of temperature

The effect of temperature was determined (Fig. 9) on the fat par-
ticle static structure. Here the Y axis was the normalized structure
factor defined as S(Q) max!/ S(Q) min, Where S(Q)a Was thefirst peak
height, and S(Q),,i, Was the value of structure factor at the minimum
position after the first peak. The two samples had the same fat parti-
cle concentration (5.14 wt%) except that one sample (#1) was casein-
ate-stabilized and the other was polysorbate 60 surfactant-stabilized.
When temperature increased, the fat particle packing structure in-
side both samples gradually decreased. The reason was that for most
food emulsions, as the temperature increases, the bulk viscosity de-
creases, resulting in a destabilizing effect on emulsion stability.

Effect of shear rate

In order to investigate the fat particle structure variation during
whipping, the effect of shear rate on fat particle structure was stud-
ied by the backlight scattering technique (Fig. 10). Both samples
had the same ingredients except that one sample included caseinate
(#1) and the other included Polysorbate 60 surfactant (no caseinate)
(#2). With increasing shear rate, the fat particle packing structure of
both samples decreased. However, the fat particle packing structure
of the sampleincluding caseinate decreased |ess than that of the oth-

Temperature 5c Sample #1
12 (0.0 wt% xanthan)

Sample#3 - ~>~.
(0.16wt% xanthan)

08 -

Structure factor S(Q)

04 . . .
4 6 8 10 12

Scattering vector (microri’ )

Fig. 8—Effect of xanthan on fat particle structure inside food
emulsions (fat concentration: 5.14wt%).
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Fig. 9—Effect of temperature on fat particle structure inside
food emulsions (fat concentration: 5.14wt%).
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Fig. 10—Effect of shear rate on fat particle structure inside
food emulsions (fat concentration: 5.14wt%).
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Fig. 11—Effect of shear rate on fat particle structure inside
food emulsions at different temperatures (sample #1).
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er sample. Thiswas due to the fact that the microlayering formation
of caseinate submicelles around fat particles helped to form an or-
dered fat particle structure and thereby increased the resistant force
against the fat particle microstructure deformation under shear.

The effect of shear stress was determined (Fig. 11) on the fat
particle structure at different temperatures. The sample (#1) includ-
ed 5.14 wt% fat and 0.48 wt% caseinate. The experiment was per-
formed at 5°C and 22°C. Increasing temperature decreased the fat
particle ordering structure. Also at a high temperature (22°C), an or-
der-disorder transition of particle structure occurred at a frequency
of 16Hz, indicating that the fat particle packing structure inside the
sample collapsed. This could be explained by the combination ef-
fects of temperature and shear rate on fat particle structure. Increas-
ing temperature decreased the fat particle packing structure as dis-
cussed. Under the shear, the deformation of the fat particle micro-
structure changed the relative positions of particles, therefore in-
creased the total potential energy of the system, and produced an
interparticle force tending to restore the equilibrium structure (Rus-
sel et al., 1989). Thisinterparticle resistant force decreased with in-
creasing temperature. Finally, at a critical shear stress, the particle
structure broke at a high temperature which resulted in an order-
disorder transition.

CONCLUSIONS
A NONDESTRUCTIVE METHOD OF BACKLIGHT SCATTERING
to study fat particle structure in food emulsions was developed. In-
creasing temperature decreased the fat particle packing structure and
the stability of food emulsions. Caseinate stabilized food emulsions
by the formation of a caseinate adsorbed layer and by caseinate sub-
micelle microlayering around the fat particles. Xanthan made the fat
particle structure inside food emulsions less ordered, therefore it ex-
erted an adverse effect on emulsion stability. Increasing shear rate de-
creased thefat particle structuring inside emulsions. At acritical shear
rate, the fat particle packing structure was destroyed, and the food
emulsions were destabilized. Caseinate-stabilized emulsions were
much more stabl e than polysorbate 60-stabilized emulsionsunder shear.
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