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Commercial dried food emulsions, with high fat content (50 g fat /100 g), were prepared at plant scale
from whey and palm oil. Five powders were analyzed: powder without fines, taken from the bottom
of the spray-dryer chamber; fines 1 and fines 2 respectively collected at the bottom of the first and second
cyclones, a mix of fines 1 and fines 2 and the final powder, taken during packing. Scanning electronic and
optical microscopy showed only spherical particles and also indicated that fines 2 were roughly twice as
smaller as other powder particles. Free fat content was significantly higher in fines than in final powder.
Reconstituted emulsions (10 g powder/100 g water) were analyzed by laser light scattering. Aggregation
and coalescence indexes were very low, except in reconstituted emulsions made with fines 2. This is con-
sistent with their high free fat content and suggests that this results from processing through the
cyclones.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Many food products are dispersed systems of two immiscible
phases: water-in-oil (w/o) emulsions such as butter or oil-in-water
(o/w) emulsions such as milk or cream. One phase exists as small
dispersed particulates, known as the dispersed phase (Hayati
et al., 2007), the other being the continuous phase. Food oil in
water emulsions are complex systems that require stabilization
of the fat droplets by proteins, small-molecule surfactants (emulsi-
fiers) and, in certain cases, polysaccharides (Dickinson, 2010).
Emulsions can undergo different types of instabilities that involve
changes with droplet size, such as coalescence and Oswald ripen-
ing, or instabilities that involve the spacial rearrangement of the
droplets such as flocculation and creaming (Lizarraga et al.,
2008). These mechanisms can lead to a destabilization of the sys-
tem with total phase separation. The presence of an adsorbed pro-
tein layer at the surface of droplets is a stabilizing factor through
steric and electrostatic mechanisms. Effectiveness of this kind of
stabilizing layer depends on how difficult it is to displace it from
the interface (Dickinson, 2010).

To increase physical and microbiological stability, and reduce
transport and storage costs, liquid emulsions can be transformed
into powders by spray-drying (Gharsallaoui et al., 2007; Rattes
and Oliveira, 2007; Schuck, 2002). Spray drying is a major process
of water removal in milk powder production. The principle is to
remove water from the o/w emulsion at the lowest temperature
and the shortest time possible in order to minimize heat damage
toward the milk solids. This is achieved by spraying the emulsion
as very fine droplets by a nozzle or a rotary atomizer into hot
dry air steam at 180–220 �C (Gharsallaoui et al., 2007). Drying
emulsions can only be successfully achieved if liquid emulsions
contained a solid carrier, such as maltodextrins (soluble), or colloi-
dal silica (insoluble) (Christensen et al., 2001a). Indeed, by drying,
the aqueous phase is removed, leaving the solid carrier as the bulk
matrix able to form the powder particles and protect the oil phase
(Christensen et al., 2001b). Milk proteins are widely valued as food
ingredients because of their surface-active and colloid-stabilizing
properties. Adsorption of milk proteins at the lipid–water interface
creates both electrostatic and steric repulsion that protects the
particulates against coalescence and thus destabilization of the
emulsion (Lizarraga et al., 2008). This stands for most dairy emul-
sions such as ice cream or dairy foams in which the presence of a
thick and negatively charged layer prevents coalescence of lipid
droplets (Tomas et al., 1994)). In dried dairy emulsions, the matrix
protecting the fat droplets is composed of proteins and carbohy-
drates such as lactose (Fäldt and Bergenst/aahl, 1996a). Compared
to other sugar, lactose exhibits low hydroscopicity and stickiness
(Jayasundera et al., 2009). Whey is a dairy ingredient mainly com-
posed of lactose and globular proteins such as b-lactoglobulin and
a-lactalbumin, which allow it to be a solid carrier suitable to stabi-
lize dried o/w emulsions (Písecký, 2005). According to Demetriades
et al. (1997), whey proteins can help form physically stable food
emulsions by forming closely packed monolayer of globular

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jfoodeng.2013.11.003&domain=pdf
http://dx.doi.org/10.1016/j.jfoodeng.2013.11.003
mailto:jean-luc.courthaudon@univ-angers.fr
http://dx.doi.org/10.1016/j.jfoodeng.2013.11.003
http://www.sciencedirect.com/science/journal/02608774
http://www.elsevier.com/locate/jfoodeng


E. Donz et al. / Journal of Food Engineering 126 (2014) 190–197 191
proteins at the interface. Moreover, Fäldt and Bergenst/aahl
(1996b) demonstrated an interaction between lactose and whey
proteins that prevents the emulsion droplets from coalescing dur-
ing drying and redispersion.

Spray-drying is divided into three stages (Fig. 1). The liquid
emulsion enters the spray-dryer chamber by its ceiling and exits
at the bottom of the chamber as a powder. A proportion of the cre-
ated powder is carried out by the outlet warm air because of its
lightness. Then, cyclonic separation removes dry products from hu-
mid air through vortex separation, i.e. rotational effects and grav-
ity. This is done through one or several cyclones placed outside
the dryer in order to reduce powder losses in the air (Gharsallaoui
et al., 2007). The powder going through the cyclones is called
‘‘fines’’. The final drying and cooling occurs in a fluidized bed where
fines and powder from the end of the drying chamber converge.

Dried emulsions have to be easily dispersed when mixed with
water. But the drying process can also cause some instability by
adversely affecting the properties of the interfacial layer. The sur-
face composition of a spray-dried dairy emulsion is primarily
determined by the ingredients, pre-treatment process and spray-
drying parameters (Vignolles et al., 2010). Even if the surface is
generally dominated by proteins while fat is largely encapsulated
within the particles, the types of protein, temperature and pH
treatments can influence the surface composition of the powder.
Those extrinsic environmental factors can actually modify the per-
centage of lactose, proteins and oil at the surface of spray-dried
powders (Vignolles et al., 2007).

Most of the existing literature examines dairy powders with a
low fat content, more particularly their surface composition. For
example, Vignolles et al. (2007) reported in whole milk, that the
amount of surface fat is significantly higher in the fines coming
out from the second cyclone compared to powder from a spray-
dryer chamber. Nevertheless, the study of dried emulsions with a
high fat content (50% or more) is a topic of interest for its industrial
applications. Indeed, products with 50% of fat content or more are
used in order to substitute milk or butter in food applications such
as cakes, creams, sauces, or even ice cream. Those milk replacers
need to be stable in liquid phase and homogeneous. At present,
as explained by Martinet et al. (2005), elaboration of such emul-
sions is still mostly empirical and frequently based on industrial
know-how.

The objective of the present study is to determine to what ex-
tend can the different stages of spray-drying affect the physic-
chemical characteristics and the functionality of commercial whey
dried emulsions with a high fat content. This work investigates
Fig. 1. Sketch of the industri
some physico-chemical properties of final products and powders
collected from the spray-drying chamber, the cyclones and after
the packing as well as those of the corresponding reconstituted
emulsions.

Particle size, structure and free fat content of powders were
determined. Reconstituted emulsions made from those powders
were characterized in terms of physical stability and size
distribution.

2. Materials and methods

2.1. Materials

As in the work of Kim et al. (2002, 2005, 2009), spray-dried
whey emulsions were manufactured at a dairy company plant.
Liquid whey from different cheese factories with a protein content
of ca. 8 g ± 1 g per 100 g of dry weight and a lactose content of
ca. 70 g ± 5 g per 100 g of dry weight was used. Palm oil was used
as the dispersed phase. Palm oil, with a melting temperature
between 36 and 42 �C, is made up of triglycerides containing
mostly two fatty acid residues: palmitic acid (44%) and oleic acid
(38%), respectively saturated and unsaturated. Six different
batches of production were studied. As in Keowmaneechai and
McClements (2002) work, raw materials vary in composition
between batches and values should be taken as approximates.

2.2. Industrial process

The powders were made in the industrial-scale as follows.
Whey and palm oil were mixed together to provide a final
powder-fat content of 50 g/100 g. Homogenization was achieved
using a Manton Gaulin type atomiser (homogenization pressure:
10–20 MPa). The liquid emulsion was atomized via a rotary
atomizer in a spray-drier with a capacity of at least 3 tonnes of
powders per hour (Fig. 1). Palm oil was liquid during all the
process. Six different batches of the same formulation were studied
right after their production.

For each production, dry emulsions at different stages of manu-
facture were sampled: the final powder (FP), just before packing
(Fig. 1); powder without fines (PWF) collected at the end of the
spray-drying chamber; fines 1 (F1), which is powder from the first
cyclone; fines 2 (F2), which is powder from the second cyclone and
fines 1&2 (F1&2) corresponding to a mix of fines 1 and fines 2,
when they joined on a vibrating chute before meeting the PWF
in the fluidized bed.
al spray-drying process.
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2.3. Methods

2.3.1. Characterization of powders
2.3.1.1. Optical microscopy. A small amount of powder was placed
on a glass slide and observed with an optical microscope equipped
with a camera. Pictures were taken to analyze the differences in
size and structure.

2.3.1.2. Scanning electron microscopy (SEM). Size and morphology of
the particles were investigated by SEM (Soottitantawat et al., 2005)
in partial vacuum. Powder particles were mounted on metal stubs
with double-sided tape. Because of the partial vacuum. A JEOL
6301F SEM (JEOL UK Ltd., Welwyn Garden City, Herts., England)
was used, at an accelerating voltage of 20 kV.

Pictures were taken to measure particle sizes with an image
analysis software (imageJ, National Institutes of Health (NIH),
USA). Size distribution, in number of particles, was obtained by
measuring Feret’s diameter as explained by Vehring (2008) on ca.
60 individual powder particles for each sample.

2.3.1.3. Free fat quantification. The free fat content was determined
for each powder with a method adapted from the AFNOR-NF
V04-403 Method as follows.

A volume of 150 ml petroleum ether was added to 1 g of pow-
der and the mixture was stirred for 5 min before being filtered.
The filtrate was collected in a tarred beaker and submitted to evap-
oration before being weighed out. The percentage of free fat (FF)
was determined using the expression:

FF ¼ 100� ðm1 �m0Þ=F

where m0 is the mass of the beaker, m1 the mass of the beaker con-
taining the sample after evaporation and F the mass of fat in 1 g of
powder, determined by the Gerber method adapted by Sørensen
et al. (1978).

2.3.2. Characterization of reconstituted emulsions
2.3.2.1. Emulsion reconstitution. The emulsions were reconstituted
as follows: 10 g of powder were dispersed with 100 ml of water
at 50 �C in a 250 ml beaker, and stirred for 5 s at room temperature.
The resulted suspensions were called ‘‘reconstituted emulsions’’.
Additional samples were made to dissociate flocculated droplets
using the following procedure (Tomas et al., 1994; Tual et al.,
2006): 50 ml of reconstituted emulsions were added with 50 ml
of aqueous SDS solution (sodium dodecyl sulfate) at 20 g/L, an ionic
surfactant which displaces proteins from the interface
(Demetriades and Julian McClements, 2000; van Aken, 2003).
These suspensions (SDS emulsions) were stirred for 30 min before
any measurement.

2.3.2.2. Particle size measurements. As in Millqvist-Fureby et al.
(2001) and in Giteau et al. (2008), the size distribution of fat drop-
lets and their aggregation were determined by laser light scatter-
ing using a Mastersizer 2000S (Malvern Instruments, Malvern
Orsay, France). It is equipped with a He–Ne laser (k = 633 nm)
and a blue light diode (k = 466 nm). The refractive index and the
absorption value were respectively set to 1.450 and 0.01 for palm
oil and 1.333 and 0.00 for the aqueous phase.

Measurements were made for both reconstituted emulsions
and SDS emulsions. The result was the mean of two independent
samplings of each reconstituted emulsion and three successive
measurements each time. For SDS emulsions, each sample was
measured until the value of the median diameter was stabilized,
requiring 3–40 successive measurements depending on the pow-
der samples. The variability of the mean droplet diameter made
on two samples with the same composition prepared at different
times was 5% for the floculated (reconstituted emulsions) and
more than 10% for the non-floculated emulsions (SDS emulsions).

The results were recorded as size distribution in the absence or
presence of SDS.

2.3.2.3. Optical microscopy. Reconstituted emulsions were diluted
by 1 in 2 with distilled water. Then a droplet was placed between
a glass slide and a slip cover, and observed with an optical micro-
scope equipped with a camera. Pictures were taken to analyze the
differences in size and structure.

2.3.2.4. Stability index of reconstituted emulsions. The reconstituted
emulsion made from 10 g of powder and 100 ml of water was left
aside for 20 min at room temperature. Then, 50 ml were pipetted
out from the bottom of the beaker corresponding to the lower
phase, and with the rest of the emulsion known as the upper phase.
Total fat content was measured (Gerber method) in each phase. A
stability index (SI) was calculated as a percentage of the total fat
content ratio between those two phases, as follows:

SI¼100� fat content in the lower phase=fat content in the upper phase

The variability of the measurement made on two samples with the
same composition prepared at different times was less than 8%. A
high index (>80%) means almost no phase separation due to cream-
ing. A lower index (<80%), indicates some phase separation has oc-
curred. The lower the index, the higher the creaming.

Unlike the measurement of creaming via a Turbiscan MA 2000
(Ramonville St Agne, France) which gives a qualitative indication
of the oil droplets distribution (Blijdenstein et al., 2003), this meth-
od allows us to quantify the phase separation after 20 min. The
stirring time and the timeout before the measurement were cho-
sen because of industrial uses. Indeed, the emulsions need to be
stable, i.e. homogeneous, with a minimum mixing time of 20 min
in order to be used as ingredients in food products.

2.3.3. Statistics
Analysis of variance (ANOVA) was carried out using XLSTAT

2012. Tukey’s t-test was used for pair comparisons with a level
of significance determined at P < 0.001.

3. Results and discussion

3.1. Characterization of powders collected from different stages of
spray-drying

3.1.1. Light and scanning electron microscopy
Each kind of samples were collected and analyzed by both opti-

cal and scanning electron microscopy (Fig. 2a). Images from optical
microscopy (Fig. 2A–D) show black spheres corresponding to
spherical particles of powder. According to Nandiyanto and
Okuyama (2011), the maximum structural stability of a solution
is in a spherical form, indicating that this process is suitable for
the production of dried whey emulsions. SEM micrographs
(Fig. 2E–H) show smooth and round particles, without dents
appearing on the surface consistent to the study of Nijdam and
Langrish (2006) on high lactose content and low protein content
(<20% DM). Moreover particles to particles interactions are visible
on micrographs. This is attributed to both high surface fat coverage
(Nijdam and Langrish, 2006; Shrestha et al., 2007) which creates an
hydrophobic surface and therefore poor rehydration and flowabil-
ity properties (Vignolles et al., 2009) and the stickiness of sugar
protein solution, though it is partly overcome by the protein migra-
tion at the air–water interface (Adhikari et al., 2009a,b). This is in
agreement with the results on surface fat of dairy powders (fat
content 40% of DM), detailed by Vignolles et al. (2009).
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Fig. 2b depicts results of size particle determination obtained by
image analysis. For all kinds of sample, the 20–40 lm class is the
most abundant (27% in FP; 49% in F1&2), and the larger particles
have a diameter of 105 lm. In Gharsallaoui et al. (2007) study,
powders that range from 10 to 50 lm are defined as ‘‘very fine’’
and 2–3 mm are defined as ‘‘large’’. In Sharma et al. (2012) review,
powders are called fines particles if their size is lower than 90 lm.
Therefore, our dried emulsions can be labeled as ‘‘fine powders’’.

Size distributions of PWF and FP are similar. This is particularly
true for three size classes, i.e. less than 20 lm (18% for PWF; 15%
for FP), 40–60 lm (10% for PWF, 12% for FP) and 80–110 lm
(22% for PWF, 21% for FP). For fines, 23% of particles or less have
a diameter higher than 60 lm (Fig. 2b). This percentage is much
higher for PWF (36%) and FP (45%). Comparing distribution of fines
1 and fines 1&2 indicates that the presence of fines 2 lowers the
average diameter. In fact, the percentage of particles smaller than
40 lm is 44% in fines 1 and 56% in fines 1&2. This agrees with light
microscopy observations showing that fines 2 are roughly twice as
small as fines 1 (Fig. 2a G and H).

Concerning F1 and F2, optical microscopy (Fig. 2C and D) shows,
in addition to black spheres, small light spheres encircled by a
black layer (becoming white and shiny under polarized light), the
latter representing fat droplets, with an average diameter of
15 lm. This means that more fat droplets are present in the pow-
ders that are processed by the cyclones. Since small size or low
density particles are driven through the cyclones, two hypotheses
can be suggested. (i) Since the fat droplets are even smaller and
lighter than the composites, therefore they have higher tendency
to go through the cyclones; (ii) or, fat droplets can be released from
the surface of powder particles by undergoing mechanical stress in
the cyclones. The first hypothesis is unlikely since the fat content of
PWF and F1&2 is similar (data not shown). The second hypothesis
agrees with the work after Vignolles et al. (2007) which showed
higher surface fat coverage on fines than on final powder.
3.1.2. Free fat quantification
As part of the investigation of the effect of cyclones on powder

quality, free fat quantification was performed on each sample
(Table 1). Free fat is defined as the fraction of fat that is extractable
by organic solvent (Kim et al., 2005) and assimilated to non-encap-
sulated fat present in a dry emulsion. A high free fat content is one
of the reasons that can explain poor rehydration and flowability
properties in dairy powders (Vignolles et al., 2009). Therefore it is
crucial to determine which stage of spray-drying generates free fat.

The percentage of free fat (%FF) is ca. 8 ± 3% in FP; 3 ± 1.5% in
PWF and 20% or more in fines. Moreover, the free fat content is sig-
nificantly higher in fines 2 (37 ± 10%) than in fines 1 (20 ± 3.5%). It
is worthy of note that this high free fat content can be linked to the
large presence of fat droplets observed in fines by microscopy.
Again, as mentioned above (Section 3.1.1.) either fat droplets go
primarily through the cyclones, or are released from powder parti-
cles due to mechanical stress. This is consistent with results re-
ported by Vignolles et al. (2007) that the amount of surface fat is
increased when cyclones are used to separate the dry product from
the drying air.
Table 1
free fat content (g/100 g) in the five kinds of powders: Final powder (FP); powder
without fines (PWF); fines 1 (F1); fines 2 (F2); fines 1&2 (F1&2).

Powders %FF Statistical test

FP 7.8 ± 2.7 A
PWF 3.1 ± 1.5 A
F1&2 19.6 ± 6.9 B
F1 20.5 ± 3.5 B
F2 37 ± 9.9 C

Values are shown as mean ± SD of six samples analyzed in duplicates.
Since the %FF is significantly different in F1, F2 and PWF, their
relative proportion in the FP can be inferred by measuring the free
fat content in a powder. In our samples, a direct link between com-
position in terms of powders and %FF was obtained (results not
provided). Consequently, from the value of free fat contents, per-
centage of fines in the FP was estimated to be ca. 20–30%. In the
same way, since %FF is much higher in F2 (FF = 37 ± 10%) than in
fines 1 (FF = 20 ± 3.5%), it is inferred that F1 make up for a large
portion of F1&2 (FF = 19.6 ± 6.9%).

3.2. Characterization of reconstituted emulsions

Most spray-dried powders are not used as such but need to be
either incorporated in a food matrix or be rehydrated for final use
and is why structure and stability characterization of reconstituted
emulsions is of great interest.

3.2.1. Particle size distribution
Laser light scattering is known as a relevant method to charac-

terize fat droplets size and instability (Kulmyrzaev and Schubert,
2004; Pongsawatmanit et al., 2006; Tual et al., 2006).

3.2.1.1. Aggregation. The reconstituted emulsion made with PWF
has droplets with a diameter range from 0.2–15 lm (Fig. 3A). In-
deed, the size distribution is monomodal (dv(0,5) � 0.6 lm). This is
typical of a fine dairy emulsion (Tomas et al., 1994). In the presence
of SDS (SDS emulsions), the distribution is similar but with a higher
population of particles at 0.6 lm and less between 1.5 and 15 lm.
For example, in reconstituted emulsion, 90% of the oil volume is
made of droplets lower than 3 lm. This value goes down to
1.5 lm in SDS emulsion. This demonstrates that, in those products,
particles greater than 1.5 lm represent aggregates, even though
aggregation is quite low.

Reconstituted emulsions from fines 1, fines 2 and fines 1&2
(Fig. 3C) have the same first peak, but also have a peak around
80 lm. This second peak diminishes in the presence of SDS indicat-
ing disruption of oil droplet aggregates (Fig. 3B).

Thanks to size distributions, an aggregation index (Ia) corre-
sponding to the volume of oil droplet aggregates, in per cent was
calculated (Fig. 3D) using the expression:

Ia ¼
Xn

i¼x

h without SDS�
Xn

i¼x

h with SDS

where h is the percentage of volume particles in class i, n is the
higher class of particle size and x the class of particle size where:
hwith SDS 6 hwithout SDS.

This aggregation index (Fig. 3D) is around 13 ± 4% for each pow-
der. This confirms, as observed above, that aggregation is minor
and not significantly different from one product to another.

3.2.1.2. Coalescence. In the presence of SDS, while PWF shows a
mono-modal distribution (Fig. 4A), all the other products contain
a part of larger particles (greater than 10 lm). This means that in
addition to oil droplet aggregates, those reconstituted emulsions
do contain large oil droplets. The latter are due to coalescence since
no such large droplets were observed in powder particles (Fig. 2a).

From size distribution in the presence of SDS, a coalescence in-
dex (Ic) corresponding to the volume of oil in coalesced droplets
(Fig. 4B) was calculated, in per cent, using the expression:

Ic ¼
Xn

i¼y

h with SDS

where h is the percentage of volume particles in class i, n is the
higher class of particle size and y the class of particle sizes where:
h with SDS (y) P h with SDS (y � 1).
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This index of coalescence is 4.5 ± 1.8% in FP. PWF exhibits al-
most no coalescence (Ic < 1%), whereas in fines 1, the coalescence
index is ca. 20% and higher than 35% in fines 2 (Fig. 4B). According
to those results, the higher the numbers of cyclones (none for PWF;
one for fines 1 and two for fines 2), the more powder present the
higher the tendency for coalescence when reconstituted in water.
This agrees with data obtained for free fat quantification. Indeed,
the greater the free fat content, the larger the second peak (diam-
eter � 80 lm) in size distribution, and the greater the coalescence.
Free fat tends to coalesce. Due to their hydrophobic nature, non-
encapsulated fat droplets tend to merge with one another in aque-
ous mediums such as reconstituted emulsions.

From these measurements and without knowing the proportion
of each powder in the final product, the proportion of F1 and F2 in
F1&2 can be inferred. Indeed, because the Ic is significantly similar
for F1 and F1&2 but significantly different from that of F2, it can be
determined that there are more fines 1 than fines 2 in fines 1&2.
This supports the results seen in free fat quantification where FP
is mainly made of PWF and F1&2 of fines 1 (Section 3.1.2.). Addi-
tionally, the physico-chemical features of the final powder are sim-
ilar to those of a mixture of PWF and F1&2 in the same relative
proportions as in the FP. This suggests that the fluidized bed does
not significantly affect the powder characteristics.

3.2.2. Light microscopy
Micrographs of reconstituted emulsions allow us to visualize

the fat droplets (Fig. 5). Large fat droplets are present in fines 1
and in fines 2, indicating coalescence. The droplets are even larger
in fines 2 than in fines 1. At a lower level, large droplets are also
visible on the FP. On the contrary, the fat droplets from the
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Fig. 5. Light micrographs of the different type of reconstituted whey emulsions. Reconstituted emulsion with: final powder (A); the powder without fines (B); F1 (C); F2 (D).
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reconstituted emulsion made with PWF are small; less than 10 lm.
This is coherent with particle size distribution results on
coalescence.
3.2.3. Stability
For many emulsions like infant milks or beverages, the stability

of reconstituted emulsions is a crucial factor with regards to food
applications; no phase separation should occur after reconstitution
and prior to use.

As shown in Table 2, final products selected for the present
study exhibit a high stability index (SI P 95%). Reconstituted
emulsions from powders collected at the different process stages
do not differ in terms of stability index (SI P 80%) except for the
reconstituted emulsions made with F2. Indeed, SI for fines 2
(SI = 65 ± 19%) is lower than that of the other reconstituted emul-
sions. This poor stability can be explained by the results of free
fat content and coalescence index reported above. Indeed, a high
free fat content (FF = 37 ± 10%) means that fat droplets do not have
a sufficient protein coverage, which makes them prone to coales-
cence (Ic = 38 ± 5.7%) after reconstitution. Yet, this lack of stability
of emulsions reconstituted from fines 2 does not affect the index
Table 2
stability index (SI) of reconstituted emulsions: Final powder (FP); powder without
fines (PWF); fines 1 (F1); fines 2 (F2); fines 1 & 2 (F1 & 2).

Powders %SI Statistacal test

FP 97.3 ± 1.1 A
PWF 95.3 ± 2.4 A
F1&2 89.2 ± 5.5 A
F1 90.0 ± 2.8 A
F2 65.5 ± 19.1 B

Values are shown as mean ± SD of six samples analyzed in duplicates.
stability of reconstituted emulsions from the final powders. They
namely represent a low fraction in the FP.
4. Conclusion

Food industrial powders with a very high fat content (50 g/
100 g), collected at various stages of the spray-drying process, as
well as emulsions resulting from their reconstitution in water,
were characterized. Powders are made of spherical particles
(mostly ca. 20–40 lm); fat droplets are mainly present in the pow-
ders processed by the cyclones, i.e. in fines.

Reconstitution of most powders in water gives stable (SI > 95%)
and fine emulsions (dv(0,5) � 0.6 lm) with a low aggregation index
(ca. 13%) and almost no coalescence. However, some coalescence
occurs in reconstituted emulsions from fines (Ic ca. 20% for F1
and 40% for F2), which is likely to correlate to their free fat content
(ca. 20% in F1&2 and higher than 35% in F2). Moreover reconsti-
tuted emulsions from fines 2 are less stable (SI ca. 65%) than the
other. It can be concluded that a high free fat content in powders
induces coalescence upon reconstitution in water; which lead to
quick destabilization. Further investigation should be done consid-
ering the impact of the formulation, especially the protein type, on
the free fat content in fines. Nevertheless, in the final product stud-
ied here, the amount of fines is too low to have a direct effect on
the quality of the final reconstituted emulsion. This is especially
true for fines 2 which have the lowest stability.

In future study, it would be relevant to investigate the structure
of emulsion prior to spray drying in order to compare it to with
what of its reconstituted emulsion.

The new instability indexes generated in this article, based on
fat droplet distribution of reconstituted emulsions, could be ap-
plied on any kind of liquid emulsions that undergo aggregation
and/or coalescence.
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To conclude, the results of this work show that structure and
properties of powders and reconstituted emulsions are affected
by the processing stages of spray-drying.
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