
ABSTRACT: The objective of this work is to determine the solid
fat content (SFC) of the fat-oil phase in oil-in-water (O/W) emul-
sions, i.e., the droplet SFC, using transverse relaxation decay de-
convolution (TRDD) analysis. The TRDD NMR experiment clas-
sifies protein protons as mobile, semimobile, and nonmobile.
Hence, protein contributes more or less to the solid content de-
tected by TRDD as a function of pH, protein content, and protein
denaturation. By taking into account the protein contribution to
the overall solid content, one can estimate the droplet solid con-
tent in O/W emulsions. The SFC can then be deduced if one con-
verts the ingredients’ mass fraction into ingredients’ proton frac-
tion using the ingredients’ proton densities. 
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The key to understanding many functional properties of food
products and materials is in the physical state of their ingredi-
ents (1). Texture (hardness) and melting behavior of margarine
and chocolate, for example, are determined by the phase be-
havior of their lipid component, i.e., the balance between the
solid/liquid state and the effects of crystal polymorphism (1,2).
For many cereal materials, the phase composition of the carbo-
hydrate components determines processing and textural prop-
erties. The various phases comprise different crystalline starch
polymorphs, gel states, mesomorphic phases, and liquid-like
dissolved phases (3,4). 

For the assessment of crystal polymorphism of food materi-
als, one traditionally deploys X-ray diffraction and thermal
analysis (mostly DSC) (5). These techniques are unsurpassed
in addressing specific phase-compositional details of lipid and
carbohydrate materials, such as polymorph identification.
However, they mostly fall short when the phase composition
of complex foods products needs to be assessed in a quantita-
tive manner. For this purpose, NMR relaxometry currently pre-
sents the most powerful option. Strong advantages of NMR
over other methods are that it probes molecular mobility of the
different phases, and that the obtained signals directly relate to
corresponding proton densities. For this purpose, dedicated
low-field NMR relaxometers have been designed that are rela-

tively cheap and easily operated by nonexperts. The earliest ex-
ample of a widespread application within the foods community
is the determination of solid fat content (SFC) of lipids by
NMR (6). This methodology uses rather crude acquisition and
data treatments of the free induction decay (FID). More recent
sophisticated NMR line-shape analysis procedures (7–9) were
introduced to derive detailed quantitative phase-compositional
information on polysaccharides (10,11) and on lipids (12).
Even thermal denaturation of proteins (13) was investigated.
This type of analysis also can be applied to complex food prod-
ucts (8,9,14,15). In our implementation for lipid-based prod-
ucts, we denoted this approach as transverse relaxation decay
deconvolution (TRDD) (8,9).

In this study we address practical aspects of determining the
phase composition of protein-stabilized oil-in-water (O/W)
food emulsions. These can be considered as examples of com-
plex food products, where functional properties such as texture
and water-holding capacity are determined by the phase behav-
ior of the lipid component. We consider the effect of proteins
on the phase composition of the emulsion as determined by
TRDD NMR. We also provide guidelines on how to make an
assessment of the phase composition of the lipid component
within the emulsion. We demonstrate that such data can be used
to study supercooling of lipids during crystallization within
small oil droplets.

EXPERIMENTAL PROCEDURES

Ingredients. Demineralized water and other ingredients were
used without further treatment. Citric acid (Jungbunzlauer,
Basel, Switzerland) and sodium hydroxide (Merck, Darmstadt,
Germany) were used to adjust the pH of the products. Sodium
sorbate (Daicel Chemical Industries, Tokyo, Japan) was used
as preservative in acidified O/W emulsions (0.1% by wt). As a
result of processing, it was also present in neutral O/W emul-
sions. 

Whey protein concentrate (WPC) (Nutrilac QU7560; Arla
Foods, Wageningen, The Netherlands) was used as protein
source. According to the supplier, the WPC composition is the
following: 75% whey protein, 7% fat, 6% water, 4% lactose,
and 7% others (minerals, etc.), and the degree of denaturation
of the whey proteins is 12%. Whey proteins are on average
composed of 60% β-lactoglobulin, 12% α-lactalbumin, 12%
BSA, 5% immunoglobulin G, and 11% proteose-peptones. The
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isoelectric points of the first three proteins are, respectively,
5.1–5.3, 4.2–4.5, and 4.7–5.1 (16).

Two lipid sources were used: sunflower oil (SF), which is a
fully liquid oil, and a partly crystalline vegetable fat (PC-VF)
that is a 1:1 mixture of fully hardened coconut oil and dry frac-
tionated palm oil. 

Solution processing. WPC powder was diluted in water at
five concentrations—4, 8, 12, 16, and 20% (w g/g)—which
correspond to a whey protein concentration ranging from 3 to
15% by weight. A Turrax (Janke & Kunkel, IKA-Labortech-
nik, Staufen, Germany) was used to disperse the powder in dis-
tilled water. Some of the solutions were kept neutral (pH 6.8)
whereas the pH of others were adjusted to one of five values
using sodium hydroxide and citric acid: 12, 9, 5.5, 4.5, 3.5
(±0.1). A minimum of 24 h elapsed before the solutions were
transferred to NMR tubes for measurements at 5°C. Samples
identified as “heated samples” were warmed in a water bath for
20 min at 85°C. This time and temperature correspond to the
heating conditions in the emulsion processing.

Emulsion processing. All emulsions were prepared the same
way by using WPC. Water and a fraction of the fat blend (FB),
both at 60°C, and WPC were mixed in a 5-L jacketed mixing
bowl (Stephan UMC5; Stephan Machinery GmbH & Co.,
Hameln, Germany). The temperature of the jacketed bowl was
initially set to 60°C, and the mixing knives turned at 300 rpm.
The temperature was then raised to 85°C, after which the rest
of the FB was added. The FB composition was fixed at 30% by
weight, and the protein content was varied (2–20%). The tem-
perature is held during 15 min to allow for protein denatura-
tion. During that time the knives’ speed is set to 600 rpm. Then
the emulsion was dispersed with a Turrax mixer (Ultra-Turrax
T50; Janke & Kunkel) at 8,000 rpm for 5 min. To obtain a well-
defined droplet size (D33 around 1.5 mm), the emulsion was
homogenized at a defined pressure (300 bar first stage, 0 bar
second stage) using an APV Lab1000 homogenizer (Invensys
APV, Hendrik Ido Ambracht, The Netherlands) (17,18). Some
of the emulsion was kept at pH 6.8 (neutral) whereas some of
the emulsion was acidified to a pH of 4.6 in the Stephan pan
with addition of citric acid. After filling into 200-mL tubs and
sealing, the products were stored at 5°C for at least a week be-
fore being measured at 5, 10, 15, and 25°C.

NMR data acquisition and processing. Measurements were
performed on a 20 MHz NMR spectrometer (Bruker MQ20).
The sequence used is a combination of a FID and a Carr–Pur-
cell–Meiboom–Gill (CPMG) sequence (19). Both are designed
to measure spin-spin relaxation. The FID gives information on
the relaxation of the fast-relaxing populations, typically pro-
tons with extremely slow motion (nonmobile protons). The
CPMG gives information on the relaxation of the mobile pro-
tons. This combination is mandatory to have access to the full
proton population’s spectrum (8,9). The echo time between the
90° pulse and the first 180° pulse was set at 100 ms. The FID
dead time was around 11 ms. For the FID, 230 points were
recorded between the dead time and the echo time at a sam-
pling rate of 2.55 MHz. For the CPMG, 5,000 consecutive
echoes were recorded spaced by 200 ms. The recuperation

delay was set at 15 s to avoid T1 weighting, and the number of
scans was either 32 or 64. WPC solutions at pH 6.8, heated or
nonheated, were measured twice and gave the same results.
Consequently, most of the other samples were only measured
once. 

Two NMR SFC methods are currently used on a daily basis:
the direct method and the indirect method (6,20–22). Recently,
a new method was proposed that combines the measurement
of SFC and the assignment of the fat crystal polymorphism
(23). The approach is based on the full deconvolution of the
NMR relaxation curves, unlike the previous methods that use
only two-point comparison. Relaxation behavior of pure crys-
tal polymorphs can be modeled by well-defined mathematical
functions. Using control mixtures of specific polymorphs, it
was shown that a quantitative assignment of β and β′ crystals
vs. α crystal is possible. 

This method, TRDD, can also be deployed to measure solid
content of various kinds of products including O/W emulsions
(8). Hence, it allows the determination of the ratio of the num-
ber of nonmobile protons to the total number of protons. In the
following, the protons that have the relaxation behavior of pro-
tons associated with solids or molecules with extremely low
mobility will be called nonmobile protons. 

The FID-CPMG experiment monitors the relaxation of all
individual protons (1H) to their equilibrium state after excita-
tion. This macroscopic signal can be deconvoluted as follows:

I (t,ni) = ∑ ni fi (t) [1]

where ni is the number of protons corresponding to a given
population i and fi (t) is the characteristic relaxation function
corresponding to each population i. In this approach, popula-
tions are dependent on the data analysis procedure. 

In the literature concerning NMR relaxation in complex sys-
tems (such as food emulsions), protons are classified in a num-
ber of pools of protons (i.e., protons belonging to molecules
having the same mobility) to give a physical meaning to the de-
tected populations. The protons in the water molecules can be
divided into three pools: (i) a pool with protons retaining their
bulk water-like properties, (ii) a pool with protons trapped
within a macromolecular network, and (iii) a pool with protons
interacting strongly with the network molecules. For the last
two pools, one can expect that their mobility will be decreased
compared with the mobility in bulk water.

The protons of the macromolecules can be divided in two
pools: (i) labile protons, which can chemically exchange with
the water protons, and (ii) nonlabile protons. Labile protons be-
long to carboxyl groups, –COOH; hydroxyl groups, –OH; and
amino groups, –NH, –NH2, –NH3 (24–26). Protons from –NH
amino groups that belong to the protein backbone exchange
slowly with water protons and will later in this paper be con-
sidered as nonlabile protons. The exchange rates and the labil-
ity are pH dependent, but we will neglect this aspect as a first
approximation for the calculation of WPC proton densities.
Nonlabile protein protons have the mobility of the protein. 

Oil protons are mobile. As for water, there could be more
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than one pool of them. α and β–β′ crystals give rise to two sep-
arate pools of nonmobile protons. 

During an NMR experiment, some physical phenomena
may occur, such as diffusion of molecules carrying the protons
and proton exchange affecting the magnetization of the pro-
tons. Molecular diffusion, chemical exchange, and magnetiza-
tion transfer can mix different pools of protons. Thus, a popu-
lation (Eq. 1) does not always correspond to a single pool of
protons (27). A single population is often found in an NMR re-
laxation experiment involving macromolecular solutions, rep-
resenting the average relaxation of the three water pools and
the labile protons from the macromolecules (24,25,28,29). A
second population with much shorter relaxation time is some-
time detected and is associated with the nonlabile protons of
the macromolecules. 

Some protons can be part of semisolid structures. In this
case, their relaxation is neither the one of purely mobile nor the
one of purely nonmobile protons (23).

Three basic functions were used to deconvolute the NMR
relaxation decays. For a given population the functions fi(t)
(Eq. 1) will be a combination of them (Table 1): exponential:
exp(–t/T2i); Gaussian: exp[–0.5 (t/T2i)

2]; and Pake: exp(–A2 ×
t2/2) × sin(B × t)/(B × t).

Relaxation of mobile protons is well described by exponen-
tials with a relaxation time T2i greater than 2 ms. Relaxation of
nonmobile protons is usually described in the literature by
Gaussian and exponential expressions with relaxation time T2i
in the microsecond range (24,25,28). Recent works have shown
that when protons are in strong dipole-dipole interaction, Pake
functions are more suitable than Gaussian (23,30).

As our aim is to quantify SFC of the fat-oil phase of O/W
emulsions, we have used the constraints and definitions that
were proposed for measurement on oil-continuous emulsions
(8). The relaxation time for the Gaussian function was set at
0.01189 ms, and the parameter B (Pake function) was free to

vary from 150 to 188 ms–1. The parameter A (Pake function)
was fixed at 66.5 ms–1. Relaxation times between 0.01 and
0.045 ms were attributed to nonmobile protons with additional
degrees of freedom compared with other nonmobile protons.
Relaxation times between 0.05 and 2 ms were attributed to
semimobile protons. Relaxation times above 2 ms were attrib-
uted to mobile protons (Table 1). 

In the deconvolution analysis, the number of populations is
not fixed. The exact identification of the populations with the
ingredients of the emulsions or the solutions is not possible
with the current method. For SFC quantification analysis,
knowledge of the emulsion composition is then required.

When not stated otherwise, semimobile populations will be
counted with the nonmobile populations to make the Solid
Content detection (Eq. 2).

Solid Content = [Σni (nonmobile) + Σni (semimobile)]/[Σni
(nonmobile) + Σni (semimobile) + Σni (mobile)] [2]

Liquid Content = Σni (mobile)/[Σni (nonmobile) + Σni
(semimobile) + Σni (mobile)] [3]

Proton density, Pd. Since NMR is sensitive to proton con-
centration, one has to convert the mass concentration (w g/g),
Cingredient, of each ingredient into a proton fraction, Pingredient,
of each ingredient. For this, the proton density, Pd ingredient, of
each ingredient must be calculated. The proton density is de-
fined as the ratio between the number of protons in a molecule,
Np, and its molecular weight, M.

Pd = Np/M (mol/g) [4]

Water, whey protein (labile protons), whey protein (nonlabile
protons), lactose, PC-VF, and SF have proton densities, respec-
tively, of 0.1111, 0.0059 ± 0.0001, 0.0647 ± 0.0002, 0.0643,
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TABLE 1
Expected Proton Populations Related to Some Molecules with Their Associated Proton Relaxation Mathematical
Functions

Molecules Mathematical functions Relaxation parameters

Mobile populations
Water and macromolecules
(labile protons)

Oil
exp(–t/T2)

Lactose

T2 > 2 ms

Semimobile populations

Fat-oil exp(–t/T2) 0.045 < T2 < 2 ms
Macromolecules

Nonmobile populations

β and β′ fat crystals
exp(–A2*t2/2)*sin(B*t)/(B*t)

T2 < 0.045 ms
A = 66.5 ms–1

Macromolecules (nonlabile) and exp(–t/T2) 150 ms–1 < B < 188 ms–1

α fat crystals
exp[–0.5 (t/T2i)

2]

Macromolecules (nonlabile)

T2 = 0.01189 ms



0.1147 ± 0.0003, and 0.1176 ± 0.0002 mol/g. Errors due to un-
certainties in the chemical compositions of the natural materi-
als were estimated by varying the composition of the main in-
gredients of the lipid sources and whey protein by ±5%.

Pingredient = (Pd ingredient × Cingredient)/(ΣPd j × Cj ) [5]

The proton fraction of any ingredient or group of ingredients is
compared in the Results and Discussion section with the Solid
Content detected by TRDD.

RESULTS AND DISCUSSION

In this study we address practical aspects of the determination
of the phase composition of protein-stabilized O/W emulsions.
In the first part of this study, we will demonstrate that the
TRDD method classifies some of the protein protons as non-
mobile in WPC solutions. Concentration, pH, and protein de-
naturation degree were varied. A quantification of the protons
in those exchanging systems is proposed based on the popula-
tions detected by TRDD. In a second part, we will show that
the learning from the first part is still valid when applied to
O/W emulsion. In the third part, we will demonstrate that such
data can be used to study supercooling of lipids during crystal-
lization in small oil droplets.

The complex NMR relaxation behavior of WPC in solution
or in emulsion is similar to that of other protein sources (Duval,
F., unpublished results). In the following, we will see that whey
protein protons can belong to mobile, semimobile, or nonmo-
bile populations. Their relative amounts are a function of the
WPC concentration, the pH, and the degree of denaturation of
the protein induced by heating. Knowing the effective contri-
bution of the WPC to the Solid Content detected by TRDD will
allow us to determine the SFC of the fat-oil phase dispersed in
O/W emulsions.

Heated and nonheated whey protein solutions. When fully
denatured by the heating step (85°C for 20 min) and when the
pH is around 6.8, the WPC Solid Content detected by the
TRDD method increases linearly with the amount of WPC in
the solutions (Fig. 1). By knowing the WPC composition, Φi,
and the proton densities of each ingredient, Pd i, the fraction of
nonlabile whey protons present in the solutions, Pwhey nonlabile,
can be calculated. Equation 5 can be rewritten as Equation 6,

[6]

The Solid Content detected by TRDD corresponds to the frac-
tion of nonlabile whey protons present in the solutions. This
result is true if one uses 0.067 and 0.004 mol/g, respectively, as
nonlabile and labile whey protein proton densities in the calcu-
lation of the nonlabile whey protons (see Fig. 1). Different val-
ues were tested without any fitting program. Significant
changes could be detected by eye for any step of 0.002 mol/g.
The value 0.067 mol/g seems acceptable since it is between two

boundaries that were calculated: 0.071 mol/g, when there are
no labile protons, and 0.065 mol/g when all possible labile pro-
tons have been taken out. Since lactose is present at concentra-
tions below the saturation concentration (18%), its protons are
all mobile and thus one uses the proton density given in the ex-
perimental procedures section (0.0643 mol/g).

The percentage of the different populations present in the
Solid Content detected by TRDD for the heated neutral WPC
solutions is given Fig. 2. This overall distribution indicates that
protons do not all have the same mobility. There is even a sig-
nificant semimobile population, which decreases with increas-
ing protein content. This concentration effect may be attributed
to protein aggregation.

The heating step (85°C, 20 min) has an effect on the amount
of Solid Content detected by TRDD in the neutral WPC solu-
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FIG. 1. Group of proton populations detected by transverse relaxation
decay deconvolution (TRDD) vs. the amount of nonlabile whey protein
protons in neutral solutions. Solid Content detected by TRDD (nonmo-
bile + semimobile populations) for heated solutions (u) (85°C, 20 min)
and for nonheated solutions (n). For nonheated solutions, Solid Con-
tent plus some mobile populations defined by a relaxation time range
from 2 to 4 ms (nn) and by a relaxation time range from 2 to 12 ms (uu).
Solid line, is meant as a guide for the eyes. Measurements were done at
5°C.

FIG. 2. Solid Content proton populations detected by TRDD of heated
(85°C, 20 min) neutral whey protein concentrate (WPC) solutions. Semi-
mobile protons are relaxing exponentially with relaxation times ranging
from 0.045 to 2 ms. Nonmobile protons relax according to the other re-
laxation functions. Measurements were done at 5°C. For other abbrevi-
ation see Figure 1.

 



tions (Fig. 1). Contrary to heated solutions, for incompletely
denatured protein solutions, the Solid Content did not increase
linearly with WPC content. For all concentrations, the detected
Solid Content was below the amount of nonlabile whey protein
present in the solutions. Below a critical concentration (8%
WPC), there was even no significant amount of nonmobile pro-
ton populations detected. 

As for the heated solution, the detected Solid Content con-
tains contributions of nonmobile and semimobile populations.
The mobile protons are composed of populations with various
relaxation times. For the neutral nonheated WPC solutions, two
of those populations range, respectively, from 2 to 4 ms and
from 4 to 12 ms. If one adds those two “mobile” populations to
the Solid Content, the results corresponds roughly to the quan-
tity of nonlabile whey protein protons present in the solutions
(Fig. 1). One can then identify those two mobile proton popu-
lations with nonlabile whey protons. We have thus shown that
nondenaturated whey protein has nonmobile, semimobile, and
mobile protons.

This experiment shows also that, when not fully denatured,
most of the whey proteins are mobile at low concentrations. At
higher concentrations, only a fraction of the whey protein re-
mains mobile. The nondenatured whey proteins have a globu-
lar structure. With an increase of the protein concentration,
some molecular interactions must restrain the mobility of more
and more proteins. The denatured proteins have a linear struc-
ture. The heating step breaks down the globular structures, un-
masking thiol groups (–SH). Strong disulfide bonds can form
between the protein molecules. The denatured proteins tend to
aggregate even at low concentrations to form small particles
(nanometer scale) (31–34).

Heated WPC solutions at various pH values. The Solid
Content detected by TRDD for heated protein solutions (85°C,
20 min) is pH dependent (Fig. 3). At pH 9, 6.8, and 5.5, the
Solid Content was proportional to the amount of whey protein
in the solutions. At pH 12, less Solid Content was detected than
at pH 9, and Solid Content did not increase linearly with WPC.
At pH 3.5 and 4.5, Solid Content increased with increasing pro-
tein content. The direct relation that we observed at pH 6.8 be-

tween the nonmobile protons detected by TRDD and the non-
labile whey protein protons present in the solution is not obvi-
ous for the other pH values. The overestimation of Solid Con-
tent at low pH (3.5–5.5) may be attributed to the formation of
whey protein particles that can entrap water that can give a
semisolid contribution to the NMR relaxation decay. At pH 12,
the Solid Content is underestimated, which may be due to a
more dissolved (liquid-like) behavior of the whey protein.

Whey protein-stabilized O/W emulsions prepared with SF.
SF emulsions are interesting emulsions because, as SF is a liq-
uid oil, nonmobile protons should only be related to the protein
content. One can see in Fig. 4 that the Solid Content in neutral
emulsions increased as the WPC content increased from 2 to
20% in weight. The Solid Content is not temperature sensitive
since measurements done at 5 10, 15, and 25°C gave similar
results.

The Solid Content measured at 5°C (u, Fig. 4) and the
amount of nonlabile whey protein protons (continuous line) are
in good agreement. The best match was found for proton den-
sities of 0.067 and 0.004 mol/g for the nonlabile and labile
whey protons, in line with the values found for the neutral so-
lutions of WPC.

For a given protein concentration, the Solid Content de-
tected by TRDD in acidified emulsions at pH 4.5 is slightly
higher (Fig. 5) than for neutral emulsions (Fig. 4). The same
effect was seen with the WPC solutions. To have a good match
between the amount of nonlabile whey protons present in the
emulsions and the Solid Content detected by TRDD, the pro-
ton density should be 0.074 mol/g for nonlabile protein protons
and 0 mol/g for the labile ones. The value of 0.074 mol/g ex-
ceeds the limit value for nonlabile protein protons: 0.071. It
was expected that the same values would be obtained as for the
WPC solutions at pH 4.5 (0.070 and 0.001 mol/g). Those val-
ues can be reduced to 0.070 and 0.001 mol/g if one considers
that some protons from water or oil are behaving like nonmo-
bile protons. In this case, their amount is equivalent to 5% of
the amount of protein protons. In contrast to solutions at pH
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FIG. 3. Solid Content detected by TRDD of heated (85°C, 20 min) WPC
solutions at various pH values. Broken or continuous lines are guides
for the eyes. For abbreviations see Figures 1 and 2.

FIG. 4. Solid Content detected by TRDD vs. WPC content at various
temperatures for neutral sunflower oil emulsions. Also plotted is the
nonlabile whey protein proton content in those emulsions (continuous
line). For abbreviations see Figures 1 and 2.



4.5, there is no semisolid detected. Hence, it is not obvious to
split the contribution of the water/oil protons from the contri-
bution of the whey protons. If this last hypothesis is true, the

nonmobile water/oil protons may be even less mobile in emul-
sions than in solutions. 

In a manner similar to the WPC neutral solutions, the corre-
sponding solid-like signal is mainly described by exponentials
with short relaxation times and Gaussian functions at 5 or 25°C
for acidified or neutral emulsions (Fig. 6). Still, there is almost
no semisolid population in the case of emulsions, which indi-
cates that the mobility of the protein is lower in the emulsions
than in the solution. This is in agreement with the adsorption
of the proteins around the fat globules.

Whey protein-stabilized O/W emulsions prepared with a crys-
tallizing FB. The Emulsion Solid Content, SCemulsion, is given
by the sum of the Solid Content from the proteins, SCwhey protein,
and the crystallized fat in the droplets, SCdroplets (FB).

SCemulsion (FB) = SCdroplets (FB) + SCwhey protein (FB) [7]

To calculate SCwhey protein (FB) requires use of the results ob-
tained for the Solid Content of SF emulsions. For Equation 8
to be true, the ingredient proportions—proteins, fat-oil,
water—must be the same. 

SCwhey protein (FB) = SCwhey protein (SF) [8]

In this approach we also suppose that the whey proteins at the
droplet interface show the same behavior whatever the level of
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FIG. 5. Acidified sunflower oil emulsions (pH 4.5): Solid Content de-
tected by TRDD vs. WPC content measured at 5 (u) and 25°C (uu). The
continuous line corresponds to nonlabile whey protein present in the
emulsions. It was calculated using either a nonlabile proton density of
0.074 mol/g or a nonlabile whey protein of 0.070 mol/g plus nonmo-
bile water-oil protons (5% of the amount of whey protons). For abbrevi-
ations see Figures 1 and 2.

FIG. 6. Solid Content proton populations of sunflower oil emulsions at various WPC content. Neutral emulsions (A)
measured at 5°C, (B) measured at 25°C; acidified emulsions (C) measured at 5°C, (D) measured at 25°C. For abbre-
viations see Figures 1 and 2.



crystallized fat in the droplets.
The SFC of the droplets is obtain by the following formula:

SFCdroplets (FB) = SCdroplets(FB)/Pfat-oil [9]

The calculation of the proton fat-oil fraction, Pfat-oil, is done
using Equation 4. As a first approximation, one can use the SF
proton density instead of the crystallized FB proton density.

The previous section describes the correction needed to ex-
tract the SFC of the droplets from the overall Solid Content of
the emulsions. By looking at Equation 9 one can see two
sources of error: (i) an error in the protein contribution to the
Solid Content detected by TRDD, and (ii) an error in the fat-oil
calculation.

To illustrate, in the following paragraph the errors on the
droplet SFC will be estimated in the case of a 4% WPC con-
centration and a 30% FB concentration. Low (10%) and high
(80%) SFCdroplets values will also be taken into account.

Let us first estimate the first source of error. We have seen
that whey protein contribution to the Solid Content is function
of the denaturation degree of the proteins, of the pH of the
product, and to a lesser extent of the concentration of WPC.
Based on the measurement of solutions of WPC at various pH
values, one can see that 4% of WPC could correspond to a de-
tected Solid Content from the whey protein ranging from 0.8
to 2.8%. If one uses this range in Equation 9, it will correspond
to a droplet SFC error of ±3%. With a low SFC value (10 ±
3%), the relative error will be high (±30%), whereas for a high
SFC value (80 ± 3%) the relative error is much lower (±4%).

Using a priori proton densities could introduce another
source of error on the fat-oil phase composition. We have
checked two cases. In the first one, the molecular compositions
of some ingredients were varied (SF TAG composition, whey
protein composition). The effect is extremely limited. In the
second case, two extreme values for the FB proton densities,
0.010 and 0.012 mol/g, were taken. As a result, the fat-oil pro-
ton fraction ranged from 30 to 34%. With a low SFC value, the
SFC ranged from 8.9 to 10%, whereas for a high SFC value the

SFC ranged from 70 to 80%. Hence, using a priori values can
introduce errors in the SFCdroplets value (up to SFC ± 5%). At
low SFC the whey protein contribution to the Solid Content is
the most problematic source of error, whereas at high SFC it is
the calculation of the fat-oil phase.

An example of application: SFC in bulk vs. droplet SFC. To
study supercooling in O/W emulsions, one should know the
exact SFC of the droplet so that it can be compared with the
SFC of the FB in bulk. The overall emulsion Solid Content is
not enough.

The SFC of O/W emulsions prepared with PC-VF, SFC-

droplets, and the SFC of this FB in bulk, SFC PC-VF, were mea-
sured. At 5, 15, and 25ºC the SFC of the vegetable fat in bulk
were, respectively, 62.5, 37.5, and 2.9%. The relative SFC
(SFCdroplets/SFCPC-VF) at five WPC concentrations is shown
Fig. 7 for nonlabile protein protons. Owing to the low values at
25°C, it was not relevant to present the relative SFC at this tem-
perature.

The relative SFC values are below a value of one, which
seems to indicate that there is more solid in bulk than in the
droplets. At low temperatures the effect is small, and more ex-
periments should be done to confirm it. The cooling rate for
bulk fat and emulsions was not exactly the same, and cooling
rate is known to have an impact on the amount of crystals pro-
duced. But at higher temperature the supercooling effect is too
important to be an artifact. 

Relaxation decays of whey proteins in solutions are deter-
mined by the behavior of nonmobile, semimobile, and mobile
protons. The detected Solid Content by TRDD can vary as a
function of pH, protein content, and protein denaturation. For
neutral heated whey proteins solutions, the detected Solid Con-
tent corresponds to the amounts of nonlabile whey proteins in
solution. The adjusting parameters, the labile and nonlabile
proton densities, were found to be of the same magnitude as
the calculated one. At low or high pH, the detected Solid Con-
tent is not proportional to the amount of whey proteins protons
because in some cases water protons have a semimobile behav-
ior (low pH), or in other cases whey proteins protons have a
liquid-like behavior (high pH).

The experiments on neutral SF emulsions showed that the
Solid Content detected by TRDD corresponds to the amount of
whey protein protons in the emulsions. For the acidified emul-
sions, the Solid Content exceeds the amount of whey proteins
in the emulsions. But in both cases, the experiments allowed us
to estimate the effective contribution of the whey proteins to
the Solid Content of an emulsion.

In O/W emulsions, once the protein Solid Content is esti-
mated, one can then calculate the Solid Content of the fat-oil
phase. Knowledge of proton density of each ingredient is es-
sential for quantification of the fat-oil proton percentage. With
this value one can then deduce the SFC of the droplets.

Protein contribution to the Solid Content may be obtained
by doing a measurement on the emulsion at a temperature
above the m.p. of the fat. The present results have shown that
the protein contribution is similar in the 5–25ºC range. How-
ever, in another temperature range the protein aggregation may
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FIG. 7. Relative solid fat content (SFC) for neutral emulsions prepared
with a partly crystalline vegetable fat (PC-VF) blend at various WPC
concentration measured at 5°C (u) and 15°C (n). PC-VF is a 1:1 mix-
ture of fully hardened coconut oil and dry fractionated palm oil. For
other abbreviation see Figure 2.



be different, leading to a variation in the protein contribution.
Further investigation may be needed then.
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