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. INTRODUCTION

Very early in the development of colloid science, emulsions received con-
siderable attention. This is due to the fact that emulsions are of great funda-
mental as well as technical importance. They occur in a multitude of
situations ranging from the extraction of crude oil to various food products.
Therefore, it is not surprising that the practical knowledge about emulsions
is quite extensive. People engaged in the production generally know how to
produce emulsions with desired properties such as droplet-size distributions
and shelf-life. The same level of empirical knowledge is at hand for the
opposite process of breaking an emulsion. When it comes to the basic scien-
tific understanding of emulsions, we are a little worse off. It is quite clear
that several fundamental properties of emulsions, such as what factors
determine the stability of emulsions, what is the importance of the proper-
ties of the continuous phase, and so on, are not fully understood. To some
extent, we also lack or have not yet applied suitable techniques in the study
of emulsions.
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The majority of emulsions are stabilized by surfactants and Bancroft,
one of the pioneers in emulsion science, realized that the stability of an
emulsion was related to the properties of the surfactant film. This insight
has become important during the latter years, when attempts have been made
to draw on the rather detailed and profound understanding that today exists
about bulk surfactant systems in the description of emulsions (1). This high
level of understanding about bulk surfactant systems stems not the least from
the application of modern physicochemical techniques such as scattering
methods and nuclear magnetic resonance (NMR). It seems reasonable to
expect that the application of these techniques to emulsion systems would
lead to an increased basic understanding of central emulsion properties.

In this contribution, we will attempt to show how NMR can be used to
study various emulsion systems and how NMR may be used in emulsion
applications. We focus in particular on food emulsions, which, by their very
nature, cover a very wide area in practical applications. One finds “‘semi-
solid” varieties such as margarine and butter as well as liquid ones such as
milk, sauces, dressings, and various beverages. In addition, food emulsions
also include an array of products that contain both solids and/or gases in
addition to two liquid phases such as in ice cream. Because of the complexity
in their chemical composition and their heterogeneous structure, the use of
NMR techniques in the study of food emulsions are up until now relatively
limited. This is in contrast to the many studies dealing with biopolymers and
their structure modification induced by food processing. The first applica-
tions of NMR to food emulsions were in the determination of solid-fat
content and emulsion composition. These methods are based on the relative
NMR signal intensities. Somewhat surprisingly, the relaxation time varia-
tion as a function of fat and/or water phase structure and composition has
received little attention. Since the development of new benchtop NMR
spectrometers, new applications using both relaxation time parameters
and self-diffusion coefficient have been suggested and introduced.

We first discuss the NMR technique as such, with special emphasize
on features important for the study of emulsions. Subsequently, we treat
some important examples of how NMR can be used to obtain important
information about central aspects of emulsions, in general, and food emul-
sions, in particular.

II. THE NMR TECHNIQUE
A. Fundamentals

Nuclear magnetic resonance is a spectroscopic technique and as such it is
very well suited for investigations of topics such as molecular arrangements
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and molecular dynamics. NMR has gone through a dramatic development
over the last decades. For this reason, there are numerous monographs
treating many different aspects of the method (2—4). Here, we will attempt
to introduce the technique from the point of view of emulsion science.

Nuclear magnetic resonance spectroscopy is based on the fact that
some nuclei possess a permanent nuclear magnetic moment. When placed
in an external magnetic field, they take a certain well-defined state, which
correspond to distinct energy levels. Transitions between neighboring energy
levels take place due to absorption of electromagnetic radiation at radio-
frequencies. In NMR, the signal is obtained by a simultaneous excitation of
all transitions with radio-frequency pulses, followed by detection of the
irradiation emitted as the system returns to the equilibrium state. The
recorded free-induction decay (FID) may be used as such, but Fourier
transformation of the time-resolved FID is usually performed to obtain
the NMR spectrum.

Modern NMR spectrometers, operating at 500-800 MHz for protons,
have a high resolution that allows one to identify up to several hundreds of
lines in a complex NMR spectrum. In most cases, only a limited number of
lines are used to obtain the information needed. In some applications, the
spectral resolution is not a necessary step in the data analyses and the
information may be obtained from the time dependence of the amplitude
of the FID. The FID reflects all of the nuclei of a given type (e.g., protons)
and is used to obtain information on the average relaxation phenomena of
the nuclei of interest. For this type of signal detection, 10-20-MHz NMR
spectrometers for protons is an option suitable for many industrial applica-
tions.

Nuclear magnetic resonance is a very versatile spectroscopic technique
for three main reasons. (1) It is not a destructive technique. Thus, the system
may be studied without any perturbation that influences the outcome and
interpretations of the measurements. The system can be characterized
repeatedly with no time-consuming sample preparations in between runs.
(2) There are a large number of spectroscopic parameters that may be
determined by NMR relating to both static and dynamic aspects of a
wide variety of systems. (3) A large number of atomic nuclei carry nuclear
spins, and for essentially any element in the periodic table, it is possible to
find at least one suitable nucleus. This has the important consequence that
for systems that show local segregation (such as surfactant and emulsion
systems), it is possible to investigate different domains of the microhetero-
geneous system by studying different nuclei.

The most commonly used nucleus in NMR is 'H, but also '*C, "F,
Na and *'P are of importance. These nuclei are naturally occurring
isotopes and need not be inserted chemically. Another very useful nucleus
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is 2H; however, the natural abundance of this species is, in general, too small
to allow for reasonable measuring times. Therefore, this nucleus is usually
inserted by chemical labeling. This can, in fact, be used to an advantage
because the H nucleus can be directed to a particular part of the molecule,
hence making it possible to investigate different parts of a molecule.

It is convenient to divide the parameters obtained from NMR spectra
into dynamic and static parameters.

B. Static Parameters

The static parameters are obtained from the observed resonance frequencies.
The general frequency range where a particular nucleus shows a spectro-
scopic line is determined by the magnetogyric ratio, which is a nuclear
property without chemical interest. However, the precise value of the reso-
nance frequency is determined by molecular properties. For isotropic sys-
tems, the two most important parameters determining the resonance
frequency is the chemical shift and the scalar spin—spin coupling.

The chemical shift is determined by the screening due to the electrons
in the vicinity of the investigated nucleus. This, in turn, is determined mainly
by the primary chemical structure of the molecule but also other factors
such as hydrogen-bonding, conformation, and the polarity of the environ-
ment influence the chemical shift. In systems with local segregation, such as
emulsions, this has the consequence that one may observe two separate
signals from the same molecule if it resides in two different environments.
This occurs if the exchange of the molecule between the two environments is
slow on the relevant timescale, which is given by the inverse of the shift
difference between the two environments. This feature of the experiment
gives us the possibility to investigate the distribution of molecules and
exchange rates in microheterogeneous systems.

The scalar coupling is exclusively of intramolecular origin and of little
importance in emulsion systems.

Another static parameter of importance is the integrated area under a
given peak. This quantity is proportional to the number of spins contribut-
ing to a given peak, and hence (relative) concentrations can be determined.
This, as will be shown in Sect. VI, has some important applications in
emulsion science.

C. Dynamic Parameters

Dynamic processes on the molecular level influence the nuclear spin system
by rendering the spin Hamiltonian time dependent. Depending on the rela-
tion between the characteristic times of the molecular motions, ., and the
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strength of the modulated interaction, w; (expressed in frequency units), one
can identify different regimes.

For slow motions, when t.w;>> 1, the system is in the solid regime and
wy contributes to the resonance frequencies observed. This is the situation
encountered in anisotropic liquid crystals, where the NMR spectra are
usually dominated by static effects.

In the other extreme, when t.w;< 1, the phenomenon of motional
narrowing occurs. Here, the spin relaxation is characterized by a limited
number of time constants, the most readily observed are the longitudinal,
T, and transverse, T,, relaxation times. The first of these characterizes the
decay of the M. magnetization to equilibrium and the second characterizes
the return of the M, , magnetization to equilibrium (where M. is perpendi-
cular to the polarizing magnetic field and M, , lies in a plane perpendicular
to M.). Measurements of the relaxation times require that the sample is
perturbed by various pulse sequences. The one most often used for measur-
ing T, is the inversion recovery sequence (or variations of it), and different
echo sequences are usually used for measuring T,.

For the case when t.w;~ 1, the shape of the NMR spectral line is
strongly affected by the characteristic features of the molecular motions.

We shall make two remarks concerning features, which are peculiar to
the topic of NMR and emulsions. The first deals with the fact that an
emulsion system may actually contain molecules that fulfill more than one
of the motional regimes described earlier. Consider, for instance, molecules
in the continuous phase. For them, the condition t.w;< 1 holds. For
molecules residing at the interface between the two liquids of the emulsion,
the situation may be different, and depending on the size of the emulsion
droplet, they may experience any of the three time domains described
earlier.

Our second remark deals with the effect of diamagnetic susceptibility
variations. In heterogeneous structures, the magnetic field is perturbed in
the vicinity of regions of differing susceptibilities. As a consequence, the
random motions of the molecules in this spatially varying magnetic field
induces relaxation effects. T; and T, relaxation require fluctuations at the
Larmor frequency, whereas, in addition, T, relaxation is also sensitive to
slower fluctuations. Because the fluctuations brought about by diffusion in
the locally varying field typically occur with rates, which are slower than the
Larmor frequencies, T, <« T; for this effect. Peculiar to systems with sphe-
rical structures, such as reasonably dilute emulsions, is that the gradient of
the magnetic field inside the droplet is not affected. Thus, the above-
described effect only operates for the continuous phase, which can be
used to identify whether an emulsion is of the oil-in-water or water-in-oil
type in a straightforward manner (5).
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D. Measurement of Self-Diffusion

A very important dynamic molecular process is that of the transport of
molecules due to thermal motion. This can conveniently be followed by
the NMR pulsed field gradient (PFG) method. Because this approach has
been of particular importance in the field of microheterogenous surfactant
systems, in general, and in emulsion systems, in particular, we will spend
some time introducing this application of NMR. The technique has recently
been described in a number of review articles (cf. Refs. 2 and 6-8), so here
we will merely state that the technique requires no addition of probes, thus
avoiding possible disturbances that addition of probes may cause, and that
it gives component resolved self-diffusion coefficients with great precision in
a minimum of measuring time. The main nucleus studied is the proton, but
other nuclei, such as Li, F, Cs, and P, are also of interest.

The method monitors transport over macroscopic distances (typically
in the micrometer regime). Therefore, when the method is used to study
colloidal systems, the determined diffusion coefficients reflect aggregate
sizes and obstruction effects for colloidal particles. This is the origin of
the success the method has had in the study of microstructures of surfac-
tant solutions and also forms the basis of its applications to emulsion
systems. We expect that the PFG method will also be increasingly impor-
tant in the study of emulsion systems and, therefore, we will discuss
the method in some detail, with particular focus on its application to
emulsions.

The fact that the information is obtained without the need to invoke
complicated models, as is the case for the NMR relaxation approach, is
particularly important. In this context, it should be stressed that the
PFG approach measures the self-diffusion rather than the collective
diffusion coefficient, which is measured by, for instance, light-scattering
methods.

In its simplest version, the method consists of two equal and rectan-
gular gradient pulses of magnitude g and length &, one on either side of the
180° radio-frequency(rf)-pulse in a simple Hahn echo experiment. For mole-
cules undergoing free (Gaussian) diffusion characterized by a single diffu-
sion coefficient of magnitude D, the echo attenuation due to diffusion is
given by (9,10)

E(A,8,8) = Ey exp[—y2g232<A - g)D:| )

where A represents the distance between the leading edges of the two gra-
dient pulses, y is the magnetogyric ratio of the monitored spin, and E,
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denotes the echo intensity in the absence of any field gradient. By varying
either g, §, or A (while at the same time keeping the distance between the
two Rfpulses constant), D can be obtained by fitting Eq. (1) to the observed
intensities.

As mentioned earlier, the key feature of PFG diffusion experiments
is the fact that the transport of molecules is measured over a time A,
which we are free to choose at our own will in the range of from a few
milliseconds to several seconds. This means that the length scale over
which we are measuring the molecular transport is in the micro-
meter regime for low-molecular-weight liquids. When the molecules experi-
ence some sort of boundary with regard to their diffusion during the
time A, the molecular displacement is lowered as compared to free diffu-
sion, and the outcome of the experiment becomes drastically changed
(2,11,12).

This situation applies to the case of restricted motion inside an emul-
sion droplet. In this case, the molecular displacements cannot exceed the
droplet size, which indeed often is in the micrometer regime. Until recently,
no analytical expressions that describe the echo decay in restricted geome-
tries for arbitrary gradient pulses have been available. However,
Barzykin(13) and Codd and Callaghan(14) have developed two approaches
that work for arbitrary gradient pulses. This is an important step and will
undoubtedly lead to an increased applicability of the method. Because the
application of these approaches are somewhat numerically cumbersome and
PFG work performed up until now mainly rely on one of two approximate
schemes, we will describe these schemes below.

In one of these, one considers gradient pulses, which are so narrow
that no transport during the pulse takes place. This has been termed the
short gradient pulse (SGP) (or narrow gradient pulse, NGP) limit. This case
leads to a very useful formalism whereby the echo attenuation can be written
as (2)

E(5.A.g) = / [ p(ro) P(rolr, A) expliygd(r — ro)] dr dro @

where P(rolr, A) is the propagator, which gives the probability
of finding a spin at position r after a time A if it was originally at
position r.

As discussed by Kérger and Heink(15) and Callaghan (2), Eq. (2) can
be used to obtain the displacement profile, which is the probability for a
molecule to be displaced dz during A in the direction of the field gradient,
irrespective of its starting position. Modern NMR spectrometers are capable
of producing gradient pulses with durations less than 1 ms and with
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strengths around 10 T/m. Under these conditions, the SGP limit is often
valid. The challenge is to design E(8, A, g) experiments that are sensitive to a
particular type of motion in a system of interest. The study topics include
free diffusion in the continuous phase in emulsions, restricted diffusion
inside emulsion droplets, molecular exchange between emulsion droplets
in highly concentrated emulsions, or drug release from emulsion droplets.
Some of those examples will be considered in this chapter.

For the case of free diffusion, P(ryg|r, A) is a Gaussian function, and if
this form is inserted in Eq. (2), Eq. (1) with the term A—§/3 replaced with A
is obtained, which is the SGP result for free diffusion. For cases other than
free diffusion, alternate expressions for P(ro|r, A) have to be used. Tanner
and Stejskal (16) solved the problem of reflecting planar boundaries; how-
ever, the case of interest to us in the context of emulsion droplets, (i.e. that
of molecules confined to a spherical cavity of radius R) was presented by
Balinov et al. (17). The result is

9[yg8R cos(ygSR) — sin(ygsR)*

E@,A,g) = ;
(ygsR)°
S 2
+6(rgsR? Y _ [j,(vesR)]
n=0
2n + 1)0{2, oz DA 1
X Zaz — 2 _m;lep - nn;gz 5 )
m Xnm [anm — (ygéR) ]

where j,(x) is the spherical Bessel function of the first kind and «,,,,, is the m"
root of the equation j(«) =0. D is the bulk diffusion of the entrapped
liquid, and the rest of the quantities are as defined earlier. The main point
to note about Eq. (3) is that the echo amplitudes do indeed depend on the
radius, and thus the droplet radii can be obtained from the echo decay for
molecules confined to reside in a sphere, provided that the conditions under-
lying the SGP approximation are met.

The second approximation used is the so-called Gaussian phase
distribution. Originally introduced by Douglass and McCall (18), the
approach rests on the approximation that the phases accumulated by
the spins on account of the action of the field gradients are Gaussian
distributed. Within this approximation and for the case of a steady
gradient, Neuman (19) derived the echo attenuation for molecules
confined within a sphere, within a cylinder and between planes. For
spherical geometry, Murday and Cotts (20) derived the equation for
pulsed field gradients in the Hahn echo experiment described earlier.
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The result is

In[E(S, A, g)]

2,2 0 -4
g Uy

D a2 R? -2

m=1"m
( 2+ exp[—aZ,D(A — 8)] — 2€Xp(—aﬁ1D6))
x |25 — 5
a;, D
2exp(—az,DA) + exp[—aZ, D(A +3)]
B o2, D

_ %y

4)

where a,, is the m'™ root of the Bessel equation (1/(eR))J5 n(@R) = Jsp(aR).
Again, D is the bulk diffusion coefficient of the entrapped liquid.

Thus, we have at our disposal two equations with which to interpret
PFG data from emulsions in terms of droplet radii, neither of which are
exact for all values of experimental and system parameters. As the condi-
tions of the SGP regime are technically demanding to achieve, Eq. (4) (or
limiting forms of it) have been used in most cases to determine the droplet
radii. A key question is then under what conditions Eq. (4) is valid. That it
reduces to the exact result in the limit of R—oo is easy to show and also
obvious from the fact that we are then approaching the case of free diffu-
sion, in which the Gaussian phase approximation becomes exact.

Balinov et al. (17) performed accurate computer simulations aimed at
further testing its applicability over a wide range of parameter values. An
example is shown in Fig. 1. The conclusion reached in Ref. 17 was that
Eq. (4) never deviates by more than 5% in predicting the echo attenuation
for typically used experimental parameters. Thus, it is a useful approxima-
tion and we will use it in Section III.

As pointed out earlier, the NMR echo amplitude £ depends on the
droplet’s radius, which can be estimated by measuring E at different dura-
tions of § and/or magnitudes g of the pulsed gradient. Typical echo attenua-
tion profiles, generated by using Eq. (4), are presented in Fig. 2, which
demonstrates the sensitivity of the NMR self-diffusion experiment to resolve
micrometer droplet sizes.

We end this section by noting that the above discussion applies to the
situation when the dispersed phase cannot exchange between droplets or
between the droplets and the continuous medium (at least on the relevant
timescale). This is the case for most emulsions. However, for some concen-
trated emulsions, this is not necessarily the case and the molecules of the
dispersed phase may actually exchange between droplets during the char-
acteristic time of the measurement. This leads to special effects, which will
be discussed in Section III.
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Figure 1 Results of a simulation of the diffusion of water molecules inside an
emulsion droplet of radius R, given as the echo amplitude, versus the duration § of
the field gradient pulse. The ratio DA/R? is 1. The dotted line is the prediction of the
Gaussian phase approximation [Eq. (4)], whereas the solid line is the prediction of
the SGP [Eq. (3)]. (Adapted from Ref. 17.)

lll. STUDIES OF DIFFUSION AND FLOW IN EMULSIONS

A. Determination of Emulsion Droplet Radii by Means of the NMR
Diffusometry Method

As pointed out earlier, the echo attenuation curve for the PFG experiment
when applied to molecules entrapped in an emulsion droplet is a signature of
the size of the emulsion droplet (cf. Fig. 2). As a consequence, droplet sizes
can be determined by means of the PFG experiment.

The NMR sizing method, which was apparently first suggested by
Tanner in Ref. 10 has been applied to a number of different emulsions
ranging from cheese and margarines to crude oil emulsions (21-27).

When applied to a real emulsion one has to consider the fact that the
emulsion droplets in most cases are polydisperse in size. This effect can be
accounted for if the molecules confined to the droplets are in a slow-
exchange situation, meaning that their lifetime in the droplet must be
longer than A. For such a case, the echo attenuation is given by

ofoR3P(R)E(R) dR
0

Epoly = 00 (5)
[ RP(R)dR
0

where P(R) represents the droplet size distribution function and E(R)
represents the echo attenuation according to Eq. (4) [or, within the SGP
approximation, Eq. (3)] for a given value of R.
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Figure 2 The echo attenuation as a function of §°(A—§/3) for different radii of
emulsion droplets [according to Eq. (4)] with A = 0.100 s, yg=10" rad/m/s, and
D=2x10""m?/s.

The principle goal is to extract the size distribution function P(R) from
the experimentally observed (E(S, A, g)) (henceforth referred to as E) pro-
files. Two approaches have been suggested. In the first, one assumes the
validity of a model size distribution with a given analytical form (26,27),
whereas in the second, the size distribution which best describes the
observed experimental E profiles is obtained without any assumption on
the form of the size distribution (28,29).

A frequently used form for the size distribution (26,27) is the log-
normal function as defined in Eq. (6), as it appears to be a reasonable
description of the droplet size distribution of many emulsions:

P(R) =

_(In2R—1n d0)2i| ®)

I
—F¢€X
2Rov2m p[ 207

In addition, it has only two parameters, which makes it convenient for
modeling purposes. In Eq. (6), dy represents the diameter median and o is a
measure of the width of the size distribution.

To illustrate the method and discuss its accuracy, we will use as an
example some results for margarines (low-calorie spreads) (21). This system
highlights some of the definite advantages of using the NMR method to
determine emulsion droplet sizes, because other nonperturbing methods
hardly exist for these systems.

Given in Fig. 3 is the echo decay for the water signal of a low-calorie
spread containing 60% fat. These systems are w/o emulsions and as can be
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Figure 3 Echo intensities for the entrapped water in droplets formed in a low-
calorie spread containing 60% fat versus 8. The solid line corresponds to the
predictions of Eqgs. (4)—(6). The results from the fit are dp=0.82 um and o=0.72.
(Adapted from Ref. 21.)

seen the water molecules do experience restricted diffusion (in the represen-
tation of Fig. 3, the echo decay for free diffusion would be given by a
Gaussian function). Also given in Fig. 3 is the result of fitting Eqs. (4)—(6)
to the data. As is evident, the fit is quite satisfactory and the parameters of
the distribution function obtained are given in the figure caption. However,
one might wonder how well determined these parameters are, given the fact
that the equations describing the echo attenuation are quite complicated. To
test this matter further, Monte Carlo calculations were performed in Ref. 21.
Thus, random errors were added to the echo attenuation and the least
squares minimization was repeated 100 times, as described previously
(30). A typical result of such a procedure is given in Fig. 4. As can be
seen in Fig. 4 the parameters are reasonably well determined, with an uncer-
tainty in R (and o, data not shown) of about £15%.

In the second approach, Ambrosone et al. (28,29) have developed a
numerical procedure based on a solution of the Fredholm integral equation
to resolve the distribution function P(R) without prior assumptions of its
analytical type. The method involves the selection of a generating function
for the numerical solution, which may not be trivial in some cases. The
method was tested by computer simulation of E for a hypothetical emulsion
with a bimodal droplet size distribution (31). Figure 5 shows the reconstruc-
tion of the true droplet size distribution from the synthesized E data.

Creaming or sedimentation of emulsions with droplet sizes above 1 um
cause some experimental difficulty because of the change of the total
amount of spins in the NMR active volume of the sample tube during the
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Figure 4 A Monte Carlo error analysis of the data in Fig. 3. The value of the
parameter dy in Eq. (6) is dy=0.82+0.044 pm (note that Ry=dy/2 is plotted).
(Adapted from Ref. 21.)
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Figure 5 Determination of the size distribution function in the case of a bimodal
distribution. The solid line represents the “‘true” volume fraction distribution
function. The dots represents its values evaluated from the generated NMR data.
(Adapted from Ref. 31.)

experiment. This can be accounted for by extra reference measurements with
no gradient applied before and after each NMR scan at a particular value of
8 or g. In addition, such reference measurements may provide information
on the creaming rate, which is a useful characteristic of emulsions. Creaming
or sedimentation is not a problem in the study of most food emulsions (such
as low-calorie spreads) and highly concentrated emulsions.
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Emulsion droplet sizes in the range from 1 um up to 50 pm can be
measured with rather modest gradient strengths of about 1 T/m. Note that
the size determination rests on determining the molecular motion of the
dispersed phase, so the method cannot be applied to dispersed phases
with low molecular mobility. In practice, oils with self-diffusion coefficients
above 107'2m?/s are required for sizing of o/w emulsion. Of course, w/o
emulsions with most conceivable continuous media can be sized.

Emulsion droplets below 1 pm in size can often be characterized by the
Brownian motion of the droplet as such (exceptions are concentrated emul-
sions or other emulsions where the droplets do not diffuse). This is the
approach taken in the study of microemulsion droplets, where the diffusion
behavior of the solubilized phase is characterized by the droplets (Gaussian)
diffusion.

In conclusion, we summarize the main advantages of the NMR diffu-
sion method as applied to emulsion droplet sizing. It is nonperturbing,
requiring no sample manipulation (such as dilution with the continuous
phase), and nondestructive, which means that the same sample may be
investigated many times, which is important if one wants to study long-
time stability or the effect of certain additives on the droplet size. It requires
small amounts of sample (typically on the order of a few 100 mg).
Moreover, the total NMR signal from the dispersed phase in emulsions is
usually quite intense because of the large amount of spins. This fact allows
for rapid measurements with a single scan per §/g point.

B. Applications of NMR Techniques to Investigate Diffusion and
Flow in Food Emulsions

Most of the applications of NMR diffusimetry on food emulsion are
focused on the droplet size measurement described earlier. Over the years,
several groups have established (21,26,27) the usefulness of the method
when applied to margarine and low-calorie spreads (cf. Fig. 3 and 4) and
the method is now available on commercial benchtop NMR spectrometers
from Bruker, Oxford Instruments, or Universal Systems. However, in the
open literature, there are relatively few articles that have been published
dealing with droplet sizing of food emulsion. One contribution presents
water self-diffusion and fat self-diffusion in cheese (23). Callaghan et al.
found no significant difference in the value of the diffusion coefficients
between Swiss and cheddar cheese. The water self-diffusion coefficient
was about one-sixth of the value of bulk water at 30°C and it was suggested
that water diffusion is confined to the protein surface. The self-diffusion of
fat was reduced because of restrictions induced by the droplets.
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Another study deals with the mobility of lipid contained in bread
as a function of water content and temperature (32). The self-diffusion
coefficient obtained at 30°C is of the same order as the one measured for
the diffusion of lipids in bulk milk fat and was slightly affected by a
change in water content (from 6% to 9%). The self-diffusion corre-
sponds to the intrinsic motion within the lipid globule, and the distances
probed were too small to allow the molecules to reach the droplet
interface.

Because certain NMR experiments are sensitive to motion, flow can be
measured with appropriate experimental protocols. These techniques are
referred to as NMR velocimetry. The advantage of this technique is that
a velocimetry profile or map can be obtained without assumptions of the
uniformity of the shear rate. Because many food products exhibit complex
non-Newtonian rheological properties, NMR velocimetry across the annu-
lar gap of a Couette cell allows for the visualization of nonuniform beha-
vior. For example, the effect of the temperature on the rheology of butter fat
and margarine has been studied (33). The results show the effect of the
temperature on the heterogeneity of the rheological status of the sample.
Moreover, the transition from heterogencous to homogeneous viscosity as a
function of the temperature was dependent on the emulsion composition
and structure.

IV. NMR DIFFUSION STUDIES OF CONCENTRATED EMULSIONS

The above discussion applies to the case where the molecules are confined to
the droplets on the timescale of the experiment. This is a reasonable assump-
tion for many emulsions and it can in fact be tested by the NMR diffusion
method by varying A. However, there are some interesting emulsion systems
where this is not always the case. These are the so-called highly concentrated
emulsions (often termed ‘high internal phase ratio” or “‘gel emulsions”)
(34,35), which may contain up to (and in some cases even more than)
99% dispersed phase. Here, the droplets are separated by a liquid film,
which may be very thin (on the order of 0.1 um) and which may, in some
instances, be permeable to the dispersed phase.

The case when the persistent time of the dispersed phase in the droplet
is of the same order of magnitude as A is particularly interesting. Under
these conditions, one may in some cases obtain one (or several) peak(s)
in the plot of the echo amplitudes versus the quantity ¢ (which is defined
as ¢ = yg8/2m). This is a surprising result at first sight, as we are accustomed
to observe a monotonous decrease of the echo amplitude with ¢, but it is
actually a manifestation of the fact that the diffusion is no longer Gaussian.
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Such peaks can be rationalized within a formalism related to the one used
to treat diffraction effects in scattering methods (36), and the analysis of
the data may yield important information regarding not only the size
of the droplets but also the permeability of the dispersed phase through
the thin films as well as the long-term diffusion behavior of the dispersed
phase. In Fig. 6, we show the results, which display diffractionlike effects
in a concentrated emulsion system. The particular example pertains to a
concentrated three-component emulsion based on a nonionic surfactant
with the composition C,E4/CioH»/H,O(1 wt % NaCl) (3/7/90 wt%).
The concentrated emulsion was made according to a protocol described in
Ref. 37.

The data in Fig. 6 are presented with the value of the quantity ¢
(defined earlier) on the abscissa. This quantity has the dimension of inverse
length and it is, in fact, related to the scattering vector used in describing
scattering experiments. In fact, the inverse of the value of the position of the
peak can be related to the center-to-center distance of the droplets. In the
example given in Fig. 6, this value is roughly 1.8 um, which is in rough
agreement with twice the droplet radii as judged from microscope pictures
taken of the emulsion.

In order to analyze the data in more detail, one needs access to a
theory for diffusion in these interconnected systems. One such theory was
developed by Callaghan and co-workers (12). It assumes that the SGP limit
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Figure 6 Diffractionlike effects in a concentrated emulsion system based on
a nonionic surfactant with the composition C;,E4/CioH2/H-O (1 wt% NaCl),
(3/7/90 wt%).
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described earlier is valid and it is based on a number of underlying assump-
tions of which pore equilibration is perhaps the most serious one. This latter
assumption implies that an individual molecule in a droplet samples all of
the positions in the interior of the droplet fully before it migrates to a
neighboring droplet. The echo amplitude profile for such a case is given
by the product of a structure factor for the single pore and a function that
depends on the motion of the molecules between the pores. The pore-
hopping formalism takes as input the radius of the sphere, the long-time
diffusion coefficient, the center-to-center distance between the droplets, and,
finally, a spread in the center-to-center distance (to account for polydisper-
sity of the droplets). The prediction of the pore-hopping theory for the data
in Fig. 6 is included as a solid line obtained with theoretical pore-to-pore
distance of 1.2 um, spread of the pore size of 0.2 um, and the long-time
diffusion coefficient D=9x10"""m?/s. The agreement is not quantitative
(the difference most likely owing to problems in defining a relevant structure
factor for our system of polydisperse droplets), but the main features of the
experimental data are certainly reproduced. A value for the lifetime of water
molecule in a droplet (approximately 3 ms) was obtained from the values of
the above pore-hopping parameters.

A different starting point in the analysis of the data such as the one in
Fig. 6 is to make use of Brownian simulations (38). These are essentially
exact within the specified model, although they do suffer from statistical
uncertainties. For the present case, one lets a particle perform a random
walk in a sphere with a semipermeable boundary. With a given probability,
the particle is allowed to leave the droplet, after which it starts to perform a
random walk in a neighboring droplet. That the approach yields peaks in
the echodecay curves can be seen in Fig. 7 (38). The simulation scheme
yields essentially the same kind of information as the pore-hopping
theory. Thus, one obtains the droplet size and the lifetime of a molecule
in the droplet (or quantities related to this, such as the permeability of the
film separating the droplet).

Clearly, data such as those presented in Fig. 6 can be used to study
many aspects of concentrated emulsions of which a few were exemplified
earlier. It can also be used to study the evolution of the droplet size
with time (recall that the method is nonperturbing) and also as a
function of changes in external parameters such as temperature,
which is an important variable for the properties of nonionic surfactant
films.

Finally, we note that concentrated emulsions are excellent model sys-
tems in the development of the PFG methods as applied to the general class
of porous systems, where the method has a great potential in providing
relevant and important information.
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Figure 7 Brownian dynamic simulations of the echo decay at various gR for
various ¢=1yg8/2n [R=4pum, Py,;=0.032 (the probability of a molecule to
penetrate the film), A =100 ms]. The simulation scheme yields essentially the same
kind of information as the pore-hopping theory. (Adapted from Ref. 38.)

V. NMR DIFFUSION STUDIES OF MULTIPLE EMULSIONS

Multiple emulsions usually refer to series of complex two-phase systems that
result from dispersing an emulsion into its dispersed phase. Such systems are
often referred to as water-in-oil-in-water (w/o/w) or oil-in-water-in-oil
(o/w/o) emulsions, depending on the type of internal, intermediate, and
continuous phase. Multiple emulsion were early recognized as promising
systems for many industrial applications, such as in the process of immobi-
lization of proteins in the inner aqueous phase (39) and as liquid membrane
systems in extraction processes (40). The w/o/w emulsions have been dis-
cussed in a number of technical applications [e.g., as prolonged drug deliv-
ery systems (41-46), in the context of controlled-release formulations (47),
and in pharmaceutical, cosmetic, and food applications (48)].

Multiple emulsions have a complex morphology and various impor-
tant parameters for their preparation and characterization have been
described (41,49). Examples are the characteristics of the w/o globules in
w/o/w systems, such as their size and volume fraction, water/oil ratio
inside the w/o globules, and average number and size of water droplets
inside the w/o globules. The time dependence of those parameters is clo-
sely related to the stability of multiple emulsions and their morphology.
Other important features are transport properties of substances encapsu-
lated into discrete droplets and the permeability of the layer separating the
internal from the external continuous phase. As was shown earlier, the
NMR PFG method is a sensitive tool for studying structure and complex
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dynamic phenomena, therefore, it is a promising technique in the study of
multiple emulsions.

An example of possible uses of the method is demonstrated in Fig. 8,
where the echo signal from the water in a w/o emulsion (panel a) and from
the resulting double emulsion obtained when the original w/o emulsions is
emulsified in water (panel b) are displayed (5). Also given are the resulting
size distributions (panel c). The state of the water in multiple w/o/w emul-
sions was examined by recoding the water proton spectra (50). A narrow
signal indicated water in a simple emulsion, whereas a broad signal indi-
cated a multiple emulsion containing dispersed water.
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Figure 8 The echo signal from the water in a w/o emulsion (panel a), and from the
resulting double emulsion obtained when the original w/o emulsions is emulsified in
water (panel b). Also given in panel c are the resulting size distributions (— is w/o
emulsion; --- is w/o/w emulsion). Please note that the size distribution is not
normalized. (Adapted from Ref. 5.)
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For studies of these complex systems, NMR is very well suited, as few
other methods exist that can determine such basic properties as the state of
water and the size distribution of internal emulsion droplets. In addition, the
NMR PFG method may convey information about the molecular transport
from emulsion droplets, a quantity that is relevant in the context of release
mechanisms and rates from such emulsion carriers.

Vl. DETERMINATION OF THE EMULSION COMPOSITION

Many industrial emulsion systems, such as cosmetic or pharmaceutical for-
mulations, have well-defined compositions, whereas for other systems, the
composition and nature of the ingredients may be unknown. An example of
the latter is constituted by some food emulsions. The high sensitivity of the
NMR experiment and ability to identify substances by their characteristic
spectra may be used to quantify the emulsion composition. This method
relies on the fact that the NMR spectra appears as a set of separated signals
corresponding to the nuclei of interest and where the separation is due to the
varying electronic environment within the molecule. The intensity of each
signal, determined from the area under the signal, is proportional to the
number of equivalent protons. Many emulsion systems are based on water
and hydrocarbon oils, which have well-resolved lines even in quite primitive
NMR spectrometers. This fact allows one to quantify the emulsion
ingredients of interest (such as oil, water surfactant, or additives) without
the need to separate the dispersed from the continuous phase. This quanti-
tative characterization of emulsion systems may be particularly valuable for
quality or process control, where an accurate and rapid analysis of the
emulsion composition is a major requirement.

The determination of fat and water content in food emulsions with
low-field NMR spectrometer requires that the relaxation time (T, or T)
from each fraction are different. This situation is often at hand when the
fraction of nonfat dry matter is either sufficiently large to decrease the water
relaxation time, as in seeds or powders (51), or sufficiently low, as in dres-
sings. If the discrimination is not possible, the NMR measurement should be
performed before and after drying of the sample. A more sophisticated
technique has been proposed in Ref. 52, which is based on the difference
between the water and the fat self-diffusion. By choosing appropriate para-
meters of the NMR sequence, it was possible to determine both the water
and the fat content in the sample.

Other methods proposed are based on the chemical shift difference
between the hydroxyl group from water and methyl groups from lipid.
Tellier et al. (53) demonstrated that reliable NMR determinations of water

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



and fat in minced meat can also be obtained under flowing conditions, a
finding which suggests future on-line applications. Small variations in the
water content (< 4%) can be detected with a time response of less than 1
min. However, the reliability of these measurements depends on the capacity
of maintaining a constant temperature in the sample. Because high-resolu-
tion NMR detects only liquid signals, temperature variations, which affect
the solid/liquid ratio of the fat, induce signal fluctuation. A high-field spec-
trometer is not always necessary; fat and water content have also been deter-
mined with a low-field high-resolution spectrometer (54). The accuracy of the
method was controlled on different meat products and cooked sausage. The
main advantage of the technique is that the measurement protocol did not
depend on the type of fat present. At low and medium resolution, anhydrous
CuSOy4 can be added in order to relax the large water resonance and enhance
detection of the much weaker oil resonance. This approach was used in
studies of French salad dressing (55). These methods have been implemented
on a magnetic resonance imaging (MRI) scanner to provide a tool to directly
control the water and fat content of a bottle of French-style dressing (56).
The method is a proton density projection using a spin-echo imaging
sequence with the phase encode gradient turned off. The accuracy of the
MRI method is within +2%. A MRI method for simultaneous determina-
tion of water and fat in cheese has also been proposed (57). The MRI
sequence was a chemical shift selective sequence (CHESS). This sequence
provides separately the fat- and water-enhanced images. Other MRI
sequences have been also evaluated on dairy cream (58). The accuracy of
these methods depends strongly on the main magnetic field strength, which
may constitute a limitation for industrial applications. More recently, the
MRI method has been developed for the control of the stability of the emul-
sion. When the relaxation time for oil-water emulsion is known, the volume
fraction of each component phase can be calculated using

1 _ ¢0i1 ¢Water
Tl obs Tl oil T lwater

()

where ¢ and @yaer are the volume fractions of oil and water, respectively.
A fast spatially localized technique was developed for T; determination.
Volume fractions along the profile of a 40% (v/v) oil-water emulsion
were calculated several times during creaming to establish the dynamics of
the process (59). This method is based on the assumption that the relaxation
time of the fat and water phase was independent of the volume fraction.
The NMR characterization of emulsion composition may be quite
valuable also in fundamental studies of emulsion systems and their applica-
tions. Various emulsion processing, such as creaming, solvent evaporation,
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and extraction of substances by emulsions often require a quantitative
analysis of the emulsion components, which can be performed with high
precision using NMR techniques.

Vil. ESTIMATING THE CREAMING OR SEDIMENTATION RATE

It is difficult to measure an absolute value for the creaming (or sedimenta-
tion) rate of an emulsion, as there is often a broad size distribution of the
emulsion droplets. For an isolated droplet in a continuous medium, the
creaming/sedimentation rate is dependent on the difference in density
between the droplet and the continuous medium, the size of the droplet to
the second power, and the viscosity of the continuous medium. It is obvious
that different droplet sizes will give different creaming/sedimentation rates
(assuming that there is a density difference between droplet and the contin-
uous medium). We note two NMR methods that may be principally valu-
able in obtaining information on emulsion creaming or sedimentation. The
first one is based on the quantitative analysis of the amount of dispersed
phase. Emulsions containing large droplets gradually redistribute in a test
tube and the creaming or sedimentation of the emulsion can be studied by
determining the amount of droplet phase suspended in the emulsion at a
fixed position as a function of time. This could be done directly in the NMR
tube or by analyzing the amount of dispersed phase in a sample withdrawn
from a fixed position of the test tube at distinct time intervals (60).
Additional centrifugation of the emulsion, followed by NMR comparison
of the composition of the lower and the upper fraction is a preferred method
for more stable emulsions. The second method for estimating the sedimen-
tation rate is based on flow measurements by NMR PFG. The method is
sensitive to flow rates in the range of micrometers per second along the
direction of the gradient of the magnetic field.

In many cases, the creaming or sedimentation occurs simultaneously
with coalescence and is related to emulsion stability. In the next section, we
will briefly consider the assessment of emulsion shelf life by NMR.

VIll. DETERMINATION OF EMULSION SHELF LIFE AND EMULSION
STABILITY

Traditionally, emulsion stability is characterized by evaluating the droplet
size distribution as a function of time and relating the results to various
formulation parameters. On the basis of such studies, the thermo-
dynamic instability of conventional emulsions is understood and well
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documented (61-63). As discussed earlier, the NMR PFG is able to yield the
evolution of the droplet size distribution of the same sample over time with-
out any destruction of the sample. The change in size distribution may then
be interpreted in terms of the change in the average droplet size or the total
droplet area. There are two mechanisms for the decrease in the total droplet
area. The first is the coalescence of two droplets involving the rupture of the
film formed in the contact region of two neighboring droplets. The second
process is Ostwald ripening involving the exchange of the molecules of the
dispersed phase through the continuous phase. For concentrated o/w emul-
sions [at least the ones the present authors have investigated (64)], the per-
meability across the thin liquid film between the droplets is so slow that the
stability is given by the film rupture mechanism. Given in Fig. 9 is the total
droplet area as a function of time for a concentrated emulsion consisting of
98 wt% heptane, water, and cetyl trimethylammonium bromide (CTAB). As
can be seen, there is a rapid initial decrease in the area, which levels out after
about 12 h. From the initial part of the curve, the film rupture rate may be
obtained, and for the data in Fig. 9, the value is 4x 107 s!. At longer times,
the emulsion becomes remarkable stable, and there is little or no further
decrease in the total droplet area during a period of 1 year.

In some concentrated emulsions, molecular exchange between the
emulsion droplets occurs on a time-scale defined by the value of A. This
situation is at hand if the dispersed phase crosses the film by some
mechanism, the detailed nature of which need not concern us here.
We are then dealing with a system with permeable barriers (on the relevant
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Figure 9 Decrease of the relative droplet surface area (S/Sy) with time for a highly
concentrated o/w emulsion containing 98 wt% heptane and 0.4wt% CTAB as
emulsifier. S/Sy is calculated from the droplet size distribution as obtained by the
NMR self-diffusion technique. The initial slope corresponds to a film rupture rate of
J=4x107"". (Adapted from Ref. 64.)
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Figure 10 Normalized intensities versus ¢ for one diffusion time (A =50 ms) at 2
(solid circles) and 8.5 (open circles) h after emulsion preparation. Parameters used in
the experiment were §=3ms and a maximum gradient strength of 8.37T/m.
(Adapted from Ref. 65.)

timescale), and the system can now be regarded as belonging to the general
class of porous systems. As was shown earlier, the interpretation of the
NMR PFG signal in this case also gives a information on the droplet
size. Given in Fig. 10 is the droplet size determined at two different instances
(65), demonstrating that the stability of a concentrated emulsion with time
can be conveniently followed by this method.

IX. STUDIES OF THE DISPERSED AND CONTINUOUS PHASE
A. Identification of the Dispersed Phase in Emulsions

Emulsions are formed by mixing two liquids, a process which creates dis-
crete droplets in a continuous phase. During emulsification (e.g., by apply-
ing mechanical agitation), both liquids tend to form droplets, resulting in a
complex mixture of o/w and w/o emulsions. Which of the components form
the continuous phase depends on the emulsifier used because one type of the
droplets is unstable and coalesce. Therefore, there is a need to identify the
continuous phase in emulsion systems not only in the final emulsion system
but also at short times after emulsion formation or even during the emulsi-
fication process. The NMR self-diffusion method may easily distinguish the
continuous and dispersed phases based on the transport properties of its
molecules. For example, molecules confined in the discrete droplets have an
apparent diffusion coefficient, which is much lower than the corresponding
value in the bulk phase. Molecules in the continuous phase, on the other
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hand, have an apparent diffusion coefficient similar to the value in the
corresponding bulk phase and this fact can be used to identify the type of
continuous phase. This is particularly relevant in the case of emulsification
by the phase-inversion technique (66), where a single surfactant may form
either o/w or w/o emulsions depending of the formulation conditions. In
many cases, the inversion of the emulsion from o/w to the w/o type (or from
w/o to o/w) is a required and important step of emulsion formation. Due to
its sensitivity to the transport properties of the dispersed phase, the NMR
self-diffusion method is a useful tool for studying the phase-inversion
process.

B. Study of the Properties of the Continuous Phase

Extensive work has been carried out in order to establish a relationship
between emulsion properties and the properties of surfactant systems. The
classical HLB (hydrophile-lipophile balance) concept is widely used in
emulsion science to describe the balance of the hydrophilic and lipophilic
properties of a surfactant at oil-water interfaces. The HLB value determines
the emulsion-inversion point (EIP) at which an emulsion changes from one
type to the other. This is of particular importance for nonionic surfactants
that change their properties with changes in the temperature (66).
Various NMR techniques have given significant contributions to the basic
understanding of surfactant systems and some of those were reviewed in
Ref. 8. The usefulness of NMR in studying surfactant solutions lies in the
direct information they provide about the microstructure of microheteroge-
neous systems (8,67-71). It is beyond the scope of this chapter to summarize
the use of NMR techniques to study surfactant systems, but we will present
some representative examples related to emulsions.

In order to study the influence of the microstructure of the contin-
uous phase on the stability of emulsions, two of the present authors inves-
tigated the system sodium dodecyl sulfate (SDS)/glycerolmono(2-ethyl-
hexyl)ether/decane/brine (3 wt% NaCl) (72). In this system, emulsions of
the o/w or w/o type can be made depending on the ratio between surfac-
tant and cosurfactant. The total amount of surfactant and cosurfactant is
kept constant at Swt%. The samples are made with equal weights of brine
and decane and with a varying ratios between surfactant and cosurfactant.
The emulsions in this system are made in two-phase areas of the phase
diagram which for the o/w emulsions consists of an oil-rich phase and a
phase of normal micelles and for the w/o emulsions consist of a water-rich
phase and a micellar phase of reversed micelles. The micellar phase is the
continuous medium for both types of emulsion. In order to determine the
structure of the continuous medium, the emulsion samples were allowed to
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Figure 11 Microemulsion structure in the continuous phase studied by the
diffusion coefficients (D) divided by the diffusion coefficients (D) for the neat liquid
versus the relative amount of SDS in the SDS surfactant mixture. (): decane
diffusion; @: water diffusion. (Adapted from Ref. 73.)

cream (or sediment) and the clear continuous medium was separated from
each sample. These solutions were then characterized by the NMR self-
diffusion method and the diffusion coefficients of both the oil and the
water were determined. The result is shown in Fig. 11, where the reduced
diffusion coefficients (D/D,, where D is the actual diffusion coefficient and
D, is the diffusion coefficient of the neat liquid at the same temperature)
for the oil and the water are plotted versus the ratio between cosurfactant
and surfactant. For the o/w emulsion where SDS is the only surfactant,
one finds that the continuous medium consists of small spherical micelles,
that the water diffusion is fast [slightly lowered relative neat water due to
obstruction effects (74)], and that the oil diffusion is low and corresponds
to a hydrodynamic radius of the oil swollen micelle of about 50 A (accord-
ing to Stokes law). When the cosurfactant is introduced and its amount is
increased, the size of the micelles is increased, as can be inferred from the
diagram by the lowered value of the reduced diffusion coefficient of the
oil. Close to the three-phase area, the continuous medium is bicontinuous,
as the value of the reduced diffusion coefficient is almost the same for
both the oil and the water and is equal to approximately 50% of the value
for the bulk liquids. When the amount of cosurfactant is increased further,
one passes over to the w/o emulsion region, where the continuous medium
is bicontinuous near the three-phase area and then changes to closed
reversed micellar aggregates, as can be seen from the reverse in order of
the magnitudes of the values of oil and water diffusion coefficients.
The hydrodynamic radius of the inverse micelles is about 70 A.

In another study (75), NMR self-diffusion measurements of the con-
tinuous oil phase show that a stable highly concentrated w/o emulsion is
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formed when the continuous phase is a reverse micellar solutions,
whereas unstable emulsions were formed when the continuous phase is a
bicontinuous microemulsions.

C. 3*'P-NMR of Emulsion Components

The linewidths of *'P-NMR can be used to characterize the properties of
phospholipids. In emulsions, the linewidths are affected by the aqueous
phase pH, size, or dispersion states of particles and methods of emulsifica-
tion. The hydrophilic head-group motions of emulsified egg yolk phospha-
tidyl-cholin (PC) and lyso PC are examined by *'P-NMR to evaluate their
phospholipid states and stability. The results suggest that the head-group
motions of phospholipds are related to emulsion stability (76,77).

Many emulsion systems are stabilized by phospholipids that form
various self-organized structures in the continuous phases. Examples are
fat emulsions containing soy triacylglycerols and phospholipids that are
used for intravenous feeding. Studies have shown that these emulsions con-
tain emulsion droplets and excess phospholipids aggregated as vesicles (lipo-
somes), which remain in the continuous phase upon separation of the
emulsion droplets by ultracentrifugation. The lamellar structure of the
vesicles in the supernatant was characterized by *'P-NMR (78) that distin-
guishes lipids in the outer and inner lamellae. >'P-NMR was used (79) to
confirm that the resulting structures in lipid emulsions are emulsion droplets
rather than lipid bilayers. The composition of the fat particles of parenteral
emulsions was obtained by *'P-NMR (80). Analysis of the data identified
the ratio of phospholipid/triacylglycerol in various fractions of emulsion
droplets separated by centrifugation. *'P-NMR showed (81) that approxi-
mately 48 mol% of the phospholipid emulsifier in a model intravenous
emulsion forms particles smaller than 100 nm in diameter.

3'P_NMR and "*C-NMR may be used to study the emulsifier proper-
ties at the o/w interface. The analysis of T, relaxation times of selected '*C
and *'P nuclei of B-casein in oil-water emulsions indicates (82) that con-
formation and dynamics of the N-terminal part of B-casein are not strongly
altered at the oil-water interface. A large part of the protein was found in a
random coil conformation with restricted motion with a relatively long
internal correlation time.

D. Molecular Organization from Relaxation Measurements

In addition to the NMR signal intensity, values of T; and T, have been used
to characterize food emulsions. Indeed, the relaxation time T, for the water
phase is sensitive to biopolymer conformation changes through chemical
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exchange mechanisms. Monitoring the water phase T, relaxation provides
information on the effects of emulsion formation, addition of surfactants,
and temperature on the biopolymer structure at the fat droplet surface. For
example, large differences in the modification of T, induced by the forma-
tion of emulsions have been observed when adding Na-casein or B-lactoglo-
buline (83). Because of the initial conformation of the protein, the effect of
the fat—protein interaction at the interface on the protein structure was
different. The sensitivity of the relaxation time depends on the biopolymer
ratio between the amount fixed at the droplet surface and the amount dis-
persed in the aqueous phase. If the biopolymer content in the water phase is
in large excess, then the relaxation will not be sensitive to the interface. This
is illustrated by the relaxation time behavior in cheese (84). In that case, the
water relaxation is related to the protein/water ratio and independent of the
fat content, and the T, relaxation time of the water phase is sensitive to
the molecular and microstructural organization of the protein gel (85). The
molecular structure of the protein gel induced during ripening could be
monitored with T, relaxation measurements or T, maps obtained from
MRI. With appropriate image analysis methods, the volume of the nonma-
ture part and the mature part in cheese could be quantified (86) and related
to sensory properties of the cheese (87,88).

The relaxation times of fat have also been studied. When the fat is in
the liquid state, the relaxation time T, is influenced by the carbon chain
length and by the degree of unsaturation (89). As many fats in food are a
complex mixture of triglycerides, the NMR signal can be described by a
broad distribution of relaxation times (84) and the interpretation of such
behavior in food is difficult. In contrast to this situation, large changes in
the longitudinal relaxation time of solid fat according to the polymorphic
state have been observed in triglycerides (90). The longitudinal relaxation
time was 12s at 25°C for the polymorphic B form and decreases to 0.6 s
when polymorphic « is formed. Measurement of T provides a method of
following the time course of the polymorphic transformation upon, for
example, aging. Such variations have also been observed between fat in
bulk and in emulsions for model food emulsions (83) or for real food pro-
ducts such as ice cream mix (91). However, because of the complexity of fat
composition, the interpretation in terms of polymorphism modification is
difficult.

X. DEGREE OF SOLIDIFICATION OF THE DISPERSED PHASE

Many emulsion-based formulations also contain solid particles. Typical
examples in the area of food products are margarine and salad dressing.
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In the food industry, the determination of the amount of solid fat is an
essential part of process control. An example is the monitoring of the fat
hardening in margarine after its formation as a w/o emulsion. Close control
of the solid fat content (SFC) is needed to give the margarine its character-
istic properties. The NMR methods used in the determination of the SFC
will be briefly described in Section X.A. We conclude the chapter by dis-
cussing NMR methods in the context of emulsion stability.

A. Determination of the Solid Fat Content

The determination of the SFC content by pulsed NMR is based on the fact
that the transverse magnetization of solid fat decays much faster than oil.
The spin—spin relaxation time (T5) of solid fat is about 10 us and that of oil is
about 100 ms. The NMR signal, derived from the amplitude of the FID, of
partially crystallized fat after a 90° radio-frequency (RF) pulse is schemati-
cally shown in Fig. 12. The magnetization of the solid fat decays very fast.
As a consequence, its contribution to the signal is far less than 0.1% of the
initial value after about 70 ps. The decrease of the liquid-oil signal at this
moment (70 ps) is smaller than 1% and, therefore, the signal intensity will be
well proportional to the number of protons in the liquid.

Two pulsed NMR methods exist for measuring the SFC of edible oils:
the direct and indirect methods. The direct method determines the SFC
from the signals corresponding to the total amount of solid and liquid fat
(measured at time ¢~ 0) and the amount of liquid fat (measured at long
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Figure 12 The NMR signal of partially crystallized fat after a 90° RF pulse.
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enough time). The indirect method, determines the SFC, S;,4, by comparing

the signal from the liquid fraction /; with the signal 7, from completely
melted fat. We have
1, — 1

Sind = % x 100% (8)

Clm

where the factor ¢ corrects the signal for the temperature dependence of
both the equilibrium magnetization and the Q-factor of the receiver coil.
The correction factor ¢ = Iy, /Iy, is obtained by measuring the signals Iy,
and I, of a reference liquid sample at both the measuring temperature and
the melting temperature, respectively. The indirect method is mainly used as
a reference for the direct method when the signals from both the liquid and
the solid fat are processed. The indirect method is similar to the previously
used continuous-wave (wide-line) technique that has some disadvantages
compared to the pulsed NMR approaches. For example, saturation condi-
tions are needed to obtain a sufficiently large signal-to-noise ratio. Even
with a well-chosen reference sample, the systematic error is in the range of
1-2% (92). The wide-line analyses give only the narrow peak from the liquid
fat, which should be compared to the signal of melted fat. This requires a
second measurement to be performed after at least 1 h and automation of
the measurement is hardly possible.

The direct method solves these problems and measures the SFC based
on the processing of both the liquid and the solid signal (93). The measure-
ment procedure may be fully automated and the percentage of solid is
displayed immediately after the measurements. The measuring time is a
few seconds and the SFC is determined with a standard deviation of
about 0.4%. The signal can be obtained directly from the magnetization
decay of the solid-fat protons and is equal to the signal immediately after the
90° pulse; see Fig. 12. Due to the dead time of the receiver, it is not possible
to measure the initial signal height of solid and liquid, s+ 1, but only a signal
s+ 1 after a certain time of about 10 ps after the 90° pulse. To determine the
SFC, the “true”” NMR signal from solid fat, s, may be obtained from the
measured signal, s/, from the solid fraction multiplied with the correction
factor f which depend on the T, of the solid fat protons. The solid fat
fraction S can be expressed in terms of s (equal to the difference between
the observed and liquid signal according to Fig. 12) as

K
5= [+ f5

x 100% ©)

The correction factor f=s/s’ can be determined from the measured s’
and the solid fraction s obtained by the indirect method [Eq. (8)] using a
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reference sample. The calibration should be performed once for a series of
similar samples.

The direct method is very fast and reproducible and the time for
sample preparation is minimal. Only one NMR measurement is needed to
obtain a SFC value.

Commercial spectrometers are available that converts the NMR signal
to the percentage of SFC in fats and margarine. Examples of NMR spectro-
meters that are suitable for the characterization of SFC are PCI100,
NMS100, the Minispec from Brucker, QP20+ from Oxford Instruments,
and Maran Ultra from Universal Systems. Determination of SFC by
NMR is a recognized international ISO standard (94).

In contrast to calorimetric methods, NMR allows the determination
of the SFC both under isothermal conditions and as a function of tem-
perature. Consequently, many studies have been carried with the aim of
understanding the effect of the fat blend on the SFC, mainly focusing on
dairy fat (95-97) and cacao butter (98). The NMR method was used also
for process control of the crystallization behavior (99,100). For example,
effects of minor components (101), effects of surfactants (102), effects of
interesterification (103,104), and effects of protein—fat interactions (102)
on the crystallization of dairy fat and complex fat mixtures have been
studied.

The use of the direct method and the use of calibrated standards allow
for the determination of SFC expressed in mass fraction. Further assump-
tions made are that the hydrogen nuclei contents and relaxation properties
(T») of the liquid and the standards are similar. For phase behavior studies,
molar fractions, rather than mass fractions, of the solute in solvent are
required. When all of the molecules in a sample blend are of similar mole-
cular weight, the standard mass SFC provides a good approximation of the
molar SFC. However, when the molecular weights of the blend solute and
solvent differ, mass SFC can differ greatly from molar SFC (105).

The direct or indirect methods are only valid for anhydrous fat on
account of the complication posed by the presence of water protons con-
tributing to the signal. The relaxation of water is somewhat faster than that
of oil, but not enough to distinguish the oil and water contributions to the
signal (95). Two strategies have been proposed to tackle this problem, one is
based on water suppression and the other subtracts the water phase signal
from the total liquid signal. The water signal could be saturated by selecting
short repetition time between the pulses (106). However, accurate results
with this method assume that the liquid-fat signal is not affected by the short
repetition time. In Ref. 102, it was proposed to replace water by heavy
water. This method is based on the assumption that the presence of D,O
does not alter the behavior of the emulsion. Another method is to change
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the relaxation time of water by adding paramagnetic ions (Cu®>", Mn>"), the
addition of which causes the relaxation time of water to become so small
that the liquid-fat signal could be estimated. This method has been used in
Ref. 107 on cream, where the water phase signal was damped by adding
MnCl,, whereas Walstra and van Beresteyn (108) used CuSOy. This method
requires measurements of the water phase signal separately as well as knowl-
edge of the exact fat fraction of the cream. Moreover, this method assumes
that the water and fat signals are additive. This latter assumption has been
validated in Ref. 109, where no interference between the signals were found.
In order to study the influence of surfactant on ice cream mix emulsions,
Barfod et al. performed two measurements: one on a water phase sample
containing all water-soluble components and the other on the emulsion
(110). Knowing the fat content of the mixture, the SFC could be calculated
from

f5 x 100

%SFC = /5 X 0
’ fs+ (I = xl0)

(10)

[ represents the liquid signal, /i,0 is the liquid signal from the water phase,
and x is the water fraction. This latter method was recently used to study the
effect fat crystallization on the behaviors of protein and lipids at a lipid—
water interface (111).

As noted earlier, the determination of the SFC is based on the
sampling of two points from the NMR signal: one after the dead time of
the probe (11 ps) and the next one at 70 ps. This method assumes that the
relaxation time of the solid part is temperature independent and
independent of the fat composition when using an external reference.
This assumption is not always valid. For example, the precise analysis of
the free-induction signal of milk fat at 5°C shows that an intermediate
phase, characterized by a relaxation time T} varying in the 50-250-us
range, could be detected (112). This intermediate phase represents about
4% of the entire fat content and, consequently, it should be considered
when absolute values of SFC are required. An alternative is to analyze
the complete NMR signal. This approach provides a precise determination
of the relaxation time of the solid phase and the signal intensity is deduced
without the need to correct for probe dead time. This method has been
successfully applied on fat blends (113), on model food emulsions
(83,114), on cheese (84) and ice cream mix (91).

The NMR method for determining SFC has been implement on a
MRI scanner (115). The procedure to quantify the rate of crystallization is
essentially the same as for the indirect method in spectroscopic NMR
experiments. The method has been used to study the fat signal intensity
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from pure chocolate bars as a function of the cooling rate (116). The
variation in the signal intensity was interpreted in terms of variations in
the solid/liquid ratio of the cacao butter; hence, the existence of different
polymorphic forms in the two samples was suggested. Differential
Scanning Calorimetry (DSC) experiments confirmed this interpretation.
Applied on adipose tissues from pig carcasses, a strong linear relationship
was found between the SFC and the fat composition and this allowed for
an accurate mapping of the solid/liquid ratio in animal subcutaneous
adipose tissues and in intermuscular fat tissues from different pieces
(117). The primary information obtained from MRI studies of lipid crys-
tallization is the crystal growth rate (115,118). Oil-weighted MR images
were obtained using a T;-weighed spin-echo sequence. The water signal
was attenuated by using a small delay between the RF pulses. The crystal-
lization dynamics was quantified from localized spectroscopy using a sti-
mulated echo-pulse sequence. The method was then evaluated on model
system both in bulk and in emulsion system. The results show that the rate
of lipid crystallization differs significantly from bulk to the oil-water
emulsion state and that difference is dependent on the nature of the
triglycerides (115). From NMR and MRI studies, the crystal growth has
been empirically modeled and revealed a significant trilaurin-location
dependence, confirming that the rates of the nucleation processes were
affected both by the concentration of trilaurin and the heat transfer prop-
erties of the sample and vessel (118).

B. Studies of the Emulsion Stability

It was demonstrated (119,120) that pulsed NMR may be used to measure
the extent of oil solidification during cooling of oil-in-water emulsions.
Pulsed proton NMR can distinguish between the oil and aqueous phases
because of the large differences between the relaxation times of oil and water
protons. On cooling, the NMR signal obtained for the aqueous phase is
relatively small compared to the oil phase during the entire cooling cycle.
For example, the water signal was approximately 10 times lower than the
water signal for o/w emulsion containing approximately 50% hydrogenated
oil (121). When the lipid phase containing the lipophilic emulsifier is cooled,
the NMR signal decreases as the sample solidifies. The NMR signals from
the different types of protons of the emulsion system are approximately
additive (the sum of the aqueous and oil phases). In practice, the signal
obtained for the supercooled emulsion is always larger than expected
from a mixture with a solid fat and water, indicating that emulsification
has had an inhibiting effect on fat solidification. The dispersion of fat into
small droplets suppresses the rate of solidification under supercooling due to
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nucleation phenomena in confined emulsion droplets (122—124). The extent
of solidification at supercooling is high for very large emulsion droplets and
correlates with a low emulsion stability. Unstable emulsions show little
supercooling, but those that are relatively stable to creaming and phase
separation are resistant to oil solidification. The greater the degree of dis-
persion, the slower the rate of phase separation. A correlation was made
between the emulsion stability and the NMR signal from the emulsion when
compared to the NMR signal from the fat and water phase alone (121). A
parameter called “‘percent interaction” was derived from the NMR signal
(120), the value of which correlated well with actual resistance of the emul-
sion to creaming and phase separation during storage. For example, the
NMR signals from an emulsion and its corresponding fat phases were
determined for an emulsion containing 48% hydrogenated oil, 1% acety-
lated monoglyceride (a 49% total fat phase), 1% Tween-20, and 50% water
(a 51% aqueous phase) (121) as follows:

Fat phase signal 71.5x0.49=35.0
Aqueous phase signal 7.51 x0.51=3.8
Expected emulsion signal = 38.8

Observed emulsion signal 41.5

The “interaction percentages” (Int%) were calculated using

s1+HI1+w I

Int% :(
s+w

) x 100% (11)

where the observed emulsion signal (s, + /4 w) corresponding to the signal
from the solidified fat fraction, s;, and not solidified fat, /, and water, w,
was compared to the expected emulsion signal (s + w) corresponding to solid
fat and water.

An emulsion is considered to be relatively stable if the observed NMR
is more than 30% larger compared to the sum of the NMR signal from
corresponding bulk water and oil (121). Pulsed NMR cooling curve mea-
surements on emulsions offer an improved method for prediction of emul-
sion stability. By using a flow-through cell in the NMR magnet, the rate and
extent of phase separation was measured accurately (120). The method is
useful in selection of optimum types and levels of emulsifiers for each system
(119). NMR measurements can also assist in optimizing surfactant blends to
obtain stable emulsion. At the optimum emulsion formulation for a parti-
cular oil, the “interaction percentage” will be at a maximum, which indi-
cates higher emulsion stability.
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Xl. CONCLUSIONS

In the above sections, we have presented various applications of the NMR
technique in the study of emulsions. NMR is a versatile spectroscopic tech-
nique. This is also reflected in the span of questions pertaining to various
aspects of emulsions that can be addressed with the NMR technique. The
topics covered there include the determination of droplet size distributions,
aspects of emulsion stability, crystallization of fat, and determination of fat
and water contents in food emulsions.

It seems quite clear that emulsions will become increasingly important
in more specialized applications in the future. In such applications, the
demands for accurate design of properties of the emulsion systems, process,
and quality control will be a major challenge. As should be clear from the
above, NMR will become increasingly important in this regard. Controlled
delivery of drugs as well as the use in the administration of pesticides is two
examples of emulsion technology that will require accurate and reproducible
characterization.

Due to its insensitivity to the physical nature of the sample and to its
nonperturbing character, it seems likely that different NMR methods will
find increasing use in studies of emulsions that are important in various
types of food.
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