
HAL Id: hal-01454032
https://hal.science/hal-01454032

Submitted on 31 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Free fat, surface fat and dairy powders: interactions
between process and product. A review

Marie-Laure Vignolles, Romain Jeantet, Christelle Lopez, Pierre Schuck

To cite this version:
Marie-Laure Vignolles, Romain Jeantet, Christelle Lopez, Pierre Schuck. Free fat, surface fat and
dairy powders: interactions between process and product. A review. Lait, 2007, 87, pp.187-236.
�10.1051/lait:2007010�. �hal-01454032�

https://hal.science/hal-01454032
https://hal.archives-ouvertes.fr


Lait 87 (2007) 187–236 Available online at:
c© INRA, EDP Sciences, 2007 www.lelait-journal.org
DOI: 10.1051/lait:2007010

Special issue

Free fat, surface fat and dairy powders:
interactions between process and product.

A review

Marie-Laure V, Romain J, Christelle L, Pierre S*

INRA, Agrocampus Rennes, UMR1253, Science et Technologie du Lait et de l’Œuf,
35042 Rennes, France

Received 18 December 2006 – Accepted 13 April 2007

Abstract – Nowadays, fat-filled spray-dried dairy powders have acquired an economic importance.
Increasing the fat content leads to further quality implications such as off-flavors, and poor rehy-
dration and flowing properties. However, the control of the drying operation and of the powder
properties is still rather empirical in this case and few studies have focused on the whole issue up to
now. This review aims at giving an overview of research work on fat-filled powders. The so-called
“free fat” is often related to fat-filled powders, but the review also highlights the relevance of “sur-
face fat” to powder physical properties. Quantitative and qualitative analytical techniques, mainly
referring to free fat, are described here. This review focuses on the specific and combined influence
of composition constituents (fat, protein, lactose and mineral elements) and process steps (such as
heat treatments, homogenization, drying and storage) on physical properties of fat-filled powders
(oxidation, wettability, dispersibility, solubility and flowing properties).

free fat / surface fat / spray drying / fat-filled dairy powders / functional properties

摘摘摘要要要 –游游游离离离脂脂脂肪肪肪、、、表表表面面面脂脂脂肪肪肪和和和乳乳乳粉粉粉：：：加加加工工工和和和产产产品品品之之之间间间的的的相相相互互互作作作用用用(综综综述述述)。。。当今,喷雾干燥
的加脂乳粉具有较重要的经济价值。乳粉中高脂肪含量会带来一些质量隐患,如风味改变、
复水性和流动性差等问题。然而,在这种情况下希望通过控制干燥操作和乳粉特性来保证
乳粉质量完全是凭经验;到目前为止,对这方面的研究还是非常有限的。本文针对添加脂肪
乳粉的研究工作进行了全面的论述。在加脂乳粉的生产中通常要涉及到所谓的游离脂肪问
题,除此之外,本文还重点论述了表面脂肪与乳粉物理化学性质的关系,论述了游离脂肪的
定量和定性分析技术;以及组成成分 (脂肪、蛋白、乳糖、矿物元素)和加工工序 (热处理、
均质、干燥和贮藏)对加脂乳粉物理性质 (氧化作用、可湿性、可分散性、溶解性和流动性)
的特定影响和协同作用。

游游游离离离脂脂脂肪肪肪 /表表表面面面脂脂脂肪肪肪 /喷喷喷雾雾雾干干干燥燥燥 /加加加脂脂脂乳乳乳粉粉粉 /功功功能能能性性性

Résumé – Matière grasse libre, matière grasse de surface et poudres laitières enrichies en ma-
tière grasse : interactions procédé-produit. État de l’art. Les poudres laitières spray enrichies
en matière grasse occupent aujourd’hui une place économique considérable. La présence de ma-
tière grasse entraîne des défauts de qualité majeurs tels que l’oxydation, de mauvaises propriétés de
réhydratation et d’écoulement. Toutefois, le séchage par atomisation de ces poudres et la maîtrise
de leurs propriétés d’usage restent assez empiriques, les études globales de la problématique étant
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188 M.-L. Vignolles et al.

peu nombreuses. Cette revue se propose de dresser un état des connaissances sur les poudres lai-
tières enrichies en matière grasse. La matière grasse dite “ libre ” est souvent associée à ce type de
poudres, mais cette revue insiste également sur la notion de “ matière grasse de surface ” qui semble
un paramètre parfois plus pertinent dans l’influence de leurs propriétés physiques. Les techniques
analytiques quantitatives et qualitatives de la matière grasse dans les poudres laitières, principale-
ment de la matière grasse libre, sont décrites. Cette revue prend en compte les constituants entrant
dans la composition des produits (matière grasse, protéines, lactose et minéraux), les étapes de
fabrication (principalement traitements thermiques, homogénéisation, séchage et stockage) et les
propriétés physiques des poudres (oxydation, mouillabilité, dispersibilité, solubilité et écoulement),
ainsi que les interactions entre ces différents paramètres.

matière grasse libre / matière grasse de surface / séchage par atomisation / poudre laitière
enrichie en matière grasse / propriété fonctionnelle

Abbreviations: ALA: α-lactalbumin; AMF: anhydrous milk fat; BLG: β-lactoglobulin; CLSM:
confocal laser scanning microscopy; CSS: corn syrup solids; DE: dextrose equivalent; DM: dry
matter; DSC: differential scanning calorimetry; EU: European Union; FA: fatty acids; MFGM:
milk fat globule membrane; M-starch: modified starch; NPC: native phosphocaseinate; N-starch:
native starch; SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis; SEM: scan-
ning electron microscopy; TAG: triacylglycerols; TEM: transmission electron microscopy; Tg:glass
transition temperature; WMP: whole milk powder; WPC: whey protein concentrate; WPI: whey
protein isolate; XPS: X-ray photoemission spectrometry.

1. INTRODUCTION

Milk is one of the most varying prod-
ucts of our diet with regard to its physical
and physicochemical features, because of
its very high water content (87 to 88%).

As a consequence, men had to empiri-
cally develop technologies to both reduce
the water content and create physicochemi-
cal conditions which allow milk stability in
the residual water fraction. Early industrial
scale dairy powders were manufactured in
the 1850’s but they incorporated subsidiary
elements such as sugar, sulfuric acid or al-
kali [178]. Just and Hatmaker patented a
roller drying process in 1902 [98]. Jensen
and Grey developed and commercialized
the first spray drying facility in 1913 [178].
After the end of the Second World War,
roller drying became insufficient to dry the
whole excess milk by-products and to meet
the market’s new needs [98]. Milk industry
had to invest extensively in drying facilities
and spray drying tended to predominate
over roller drying in the 1970’s thanks to
technological improvements (e.g. the evap-
oration rate). Current facilities have be-
come very complex and of a high techno-
logical level.

Dairy powders can be classified depend-
ing on their composition: skim, whole and
fat-filled milk powders with a fat content
of 0%, 26% and more than 26% respec-
tively; casein and caseinate powders (e.g.
sodium and calcium caseinate); whey pow-
ders (mostly sweet whey) and milk ingre-
dients such as whey protein concentrate
(WPC), whey protein isolate (WPI) and
lactose [26, 69].

From an economical point of view,
whole milk powder (WMP) production
(only milk fat) was up to 3.5 million
tonnes in 2004 (see Fig. 1) [68]. China
accounted for 25% of the production and
used it for its own consumption; the Eu-
ropean Union (E.U.) produced almost an-
other fourth part. Adding New Zealand,
Brazil, Argentina and Australia, the above-
mentioned countries represented 90% of
worldwide production of WMP. More than
half of the production was dedicated to the
international trade: these quantities have
doubled since 1990 to stabilize themselves
at around 1.7 million tonnes in 2004.
New Zealand was the major supplier with
one third of the exported volume; then,
the E.U. accounted for almost 30% of
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the international WMP market. Few data
are available for milk ingredients. Interna-
tional trade of whey derivatives strongly
increased last years; major suppliers were
the E.U., Oceania and the United States.

To change a liquid dairy preparation
into a powder means to remove almost all
of its water content [178]. As a conse-
quence, the drying process causes a range
of structural and physicochemical mod-
ifications, which in turns influences the
reconstitution and handling properties of
dairy powders and their shelf-life. The aim
of this review is to consider the compo-
sition of the concentrate and the drying
process from the point of view of the so-
called “free fat”. Except for its special use
in chocolate manufacturing, the latter is
considered as a quality defect. The drying
industry attributes to free fat a strong de-
crease in rehydration properties, flowabil-
ity and a development of oxidation flavors.

Few recent studies have been published
about fat-filled dairy powders issues and
none of them considered the formation of
free fat from the beginning to the end of
the process, both varying composition and
process parameters. Latest most complete
work was assigned to Buma [15–23,25] but
drying facilities and nature of the concen-
trates to dry have evolved a lot up to now.

After a short presentation of the fun-
damentals of fat stability, the present re-
view intends to give a definition of free
fat and describes the methods to quantify
and observe the different forms of fat. The
importance of each composition elements
and the influence of each step of a dairy
powder production process are then high-
lighted. A last part finally deals with the
interactions between the product composi-
tion and the process parameters, and the in-
fluence of free fat and surface fat on the
physical properties of fat-filled dairy pow-
ders.

2. FUNDAMENTALS ABOUT
EMULSIONS STABILITY
AND THE FORMATION
OF FREE FAT

Lipids are a chemically heterogeneous
group of compounds which are not water-
soluble, but which are soluble in water-
immiscible organic solvents, e.g. alcohols
and chloroform [58]. Triacylglycerols or
triglycerides (TAG) are the major lipid
class of natural fats and oils. They are fatty
acid (FA) triesters of glycerol [59].

2.1. Emulsions stability

2.1.1. A definition of emulsion

An emulsion is a system where a liq-
uid called the “dispersed phase” is dis-
persed as small droplets within another
liquid called the “dispersing phase” or
“continuous phase” [85]. The two liquids
are little soluble or immiscible substances.
Platon [132] cited the definition from the
IUPAC (International Union of Pure and
Applied Chemistry) which is the more ex-
haustive: “In an emulsion, liquid droplets
and/or crystals are dispersed within an-
other liquid medium”. Fat droplets in dairy
powders are often mentioned as encapsu-
lated fat or oil (Fig. 2) [11, 54, 62–64, 75,
80,86,113,114,122,129,136–138,140,141,
148, 149, 162, 182, 183].

As emulsions are thermodynamically
instable dispersions, the system tends to
minimize the surface free energy between
the two phases. They may be considered as
lyophobic colloids.

2.1.2. Interaction energy

The interaction energy between two
fat globules or droplets is the free en-
ergy needed to bring two particles from
an infinite distance apart closer to each
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other [172]. Electrostatic repulsion, van
der Waals attraction and steric repulsion
mainly explain the stability against ag-
gregation of such colloids. For instance,
adsorbed proteins in homogenized milks
result in steric repulsions which allow
emulsion stability.

2.1.3. Types of instability
of emulsions

Emulsion instability can be reversible
or not and involves three ways: creaming,
aggregation and total or partial coales-
cence (Fig. 3) [172]. These processes
affect one another.

2.1.3.1. Creaming

Milk fat globules are able to rise sponta-
neously without any changes in their aver-
age size when milk is subjected to gravity
or to a centrifugal force [172]. During the
first step of creaming, a vertical concentra-
tion gradient of particles gradually estab-
lishes, then they form a layer rich in fat
globules above the oil-in-water emulsion.
The Stokes equation gives the rising veloc-
ity ν of fat globules:

ν = a(ρp − ρf )d2/18ηp

where a is the acceleration defining the
field, ρp and ρf are the densities of the
continuous and the dispersed phase respec-
tively, i.e. plasma and fat, d is the parti-
cle diameter of fat globules and ηp is the
viscosity of the continuous phase. Thus,
creaming can be delayed by:

(i) decreasing the particle size (d)
thanks to homogenization;

(ii) decreasing the difference between
the two phases densities thanks to homoge-
nization because of plasma protein adsorp-
tion at the surface of fat droplets;

(iii) increasing the viscosity ηp of the
continuous phase [118].

2.1.3.2. Aggregation

However the presence of agglutinins
(immunoglobulins that can act as bridges
between fat globules) in cows’ raw milk
enhanced the rising speed at lower tem-
peratures more than the Stokes equation
predicts it [172]. This is the only kind
of aggregation occurring with natural fat
globules, the so-called “cold agglutina-
tion”. Brownian motion and shearing are
responsible for it while stirring makes it
reversible. Heat treatments and homog-
enization can prevent this flocculation
phenomenon.

2.1.3.3. Coalescence

Coalescence is not reversible because it
consists in the flowing together of two fat
globules or emulsions droplets into a larger
one [172]. When two particles are very
close to each other, the thickness of the film
of the continuous phase between them can
reach less than 10 nm and the film will thus
rupture. Homogenizing can delay or pre-
vent the coalescence to occur. If fat glob-
ules are closely pressed together, consider-
able coalescence can occur as it is observed
when evaporating the water from cream or
when spray-drying the latter. The presence
of semicrystalline fat enhances the disrup-
tion of the film all the more since a me-
chanical stress is applied.

Partial coalescence (or clumping),
where particles are linked by liquid fat
bridges, generally leads to total coales-
cence. It is specific to milk fat.

2.2. Towards a definition of free fat

There is no consensus about what is
free fat. This part aims to give a definition
of free fat after considering the many ap-
proaches of the concept.
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2.2.1. Structural definition

Free fat is the fat that is no longer emul-
sified [128, 167], i.e. that is non-globular
as it was defined in cheeses such as Em-
mental cheese [94,96,97]. Buma [16] cited
Holm et al. [65] as the first authors to men-
tion the so-called “free fat” in their study
of the qualitative deterioration of whole
milk powders during storage. In milk, fat
that is no longer entirely protected by a
native membrane called the milk fat glob-
ule membrane (MFGM) (Fig. 4A) or a pro-
teic film, and the released fat are common
expressions to define free fat in the liter-
ature [50, 79, 156, 178]. Free fat could be
considered as an indirect measurement of
milk fat globule damage [157, 158] or the
deterioration level of the proteic coat of
fat droplets but it would not represent all
aspects of it [40]. For more details about
evaluation of MFGM damage, see the re-
cent review published by Evers [40]. If the
coating membrane is deteriorated, it can no
longer play its protective role towards the
core fat against the physicochemical outer
conditions. Neutral lipids are then able to
be released and to spread through it [50].

It is now admitted that free fat is lo-
cated both at the powder particle surface
and within it, in the pores and capillar-
ies created during the drying process (see
Fig. 2) [15, 79, 178].

2.2.2. Biochemical definition

Lindquist and Brunner [93] observed
that free fat was slightly more concen-
trated in saturated FA, free FA, mono-
glycerides and phospholipids than encap-
sulated fat. A recent study confirmed this
trend: free fat was slightly more concen-
trated in saturated FA from 6 to 8 carbon
chain-length, and less concentrated in un-
saturated FA, namely C16:1, C18:1, C18:2
and C18:3 [82]. Furthermore, surface free
fat contained slightly more saturated FA

than inner free fat in a spray-dried cream
powder; the trend was not significant in a
spray-dried whole milk powder. Free fat
was then supposed to be enriched in high-
melting point TAG and the latter tended to
accumulate at the powder particle surface.
However thermal profiles from surface free
fat, inner free fat and encapsulated fat indi-
cated complex blends of TAG with melt-
ing points ranging from –40 to 40 ◦C [82].
In a contradictory study, The Truyen and
Orsi [159] observed a greater proportion of
unsaturated FA in the free fat fraction and
of polar lipids in bound fat. The possible
fractionation of lipids between free and en-
capsulated fat still needs further investiga-
tions.

2.2.3. Method-dependent definition

It should be noted that many publica-
tions still defined free fat as the solvent-
extractable fat under controlled condi-
tions [77, 82, 128, 156]. As each author
adapted the method to its own applications,
free fat was then an equivocal term. Fur-
thermore Walstra [172] did not support the
concept of free fat in milk and claimed that
uncovered fat was impossible. Indeed, pro-
teins would adsorb onto fat in about 10 ms,
i.e. as soon as the lipid fraction would
come into contact with milk plasma.

We propose the following definition:
free fat is fat (i) which is not entirely coated
and stabilized by amphiphilic molecules,
e.g. either by the MFGM composed by
phospholipids and proteins or by a recon-
stituted coating of adsorbed proteins after
some processing steps such as heat treat-
ment and homogenization, or (ii) which is
not entirely protected by a matrix com-
posed by amorphous carbohydrates (e.g.
lactose) and proteins during drying. It is lo-
cated both at the surface and the inner parts
of a powder particle.
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Figure 4. The milk fat globule membrane (A) before and (B) after mechanical damage, e.g. after
homogenization (schemes are not to scale).
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3. ANALYTICAL METHODS FOR
THE ASSESSMENT OF FREE
FAT AND SURFACE FAT

3.1. Quantitative methods

3.1.1. The solvent extraction method

3.1.1.1. General principle

This method is the most commonly used
to quantify free fat in dairy powders. Only
fat that is not entirely protected as in the
definition given above can be removed by
the solvent. It gives an estimation of the
efficiency of encapsulation of fat through
the process [42]. It consists in adding a
fixed volume of an organic solvent to a
fixed weight of powder, then mixing them
for a determined time. Then the suspension
is filtered and the extraction is repeated as
many times as necessary to recover all free
fat. The latter is gravimetrically quantified
after evaporation of the solvent. Free fat is
usually expressed as a percentage of the to-
tal fat or sometimes as a percentage (w/w)
of the powder, depending on the properties
under consideration [17].

3.1.1.2. Extraction parameters

Extraction parameters considerably af-
fect the amount of recovered free fat,
sometimes up to a factor of 10 [17, 41, 82].
The kind of fat solvent did not influence
free fat recovery, providing it was apo-
lar. Benzene, petroleum ether, n-hexane,
iso-octane, toluene, tert-butyl methyl ether
and carbon disulphide gave comparable
amounts of free fat. Carbon tetrachloride
did not seem adapted because of its high
density. Polar solvents were avoided since
they led to the recovery of total fat [17,41].
They also involved the solubilization of
amorphous lactose and often its crystalliza-
tion [1, 79]. Petroleum ether and hexane
have been widely used for free fat extrac-
tion [7, 9, 15–23, 25, 31, 42, 48, 49, 56, 62–

64, 79–82, 92, 104, 109, 110, 129,165]. The
mixing ratio did not interfere, providing
the amount of solvent was sufficient to ex-
tract all free fat from the powder [17]. The
way of stirring greatly influenced the re-
sults: the more intense the agitation, the
more the solvent could access fat through
cracks caused in the powder particle by
mechanical stress. The effect was enhanced
above an extraction time of 30 min or
more. The more extraction time and tem-
perature increased, viz. 10 s to 20 h and 20
to 70 ◦C respectively, the more free fat was
extracted. Kim et al. [79] confirmed this
trend with contact times of 10 min, 24 and
48 h. As an application, different fractions
of free fat could be extracted depending on
contact time, namely surface free fat, in-
ner free fat from the preceding residue and
total free fat [82, 178]. The kind of pow-
der affected free fat recovery; if homog-
enization was applied prior to spray dry-
ing, extraction time and temperature less
impacted the result [17]. Powder charac-
teristics affecting the accessibility to the
solvent, namely particle size and poros-
ity, have been little considered when ex-
pressing the result. However the amount
of free fat extracted was highly correlated
with particle size and porosity, –0.70 [163]
and 0.94 [21] respectively. This is due
to an increase in the surface area to vol-
ume ratio for smallest powder particles and
to a facilitated solvent access in highly
porous powders through pores and capil-
laries. Only Fäldt [42] applied a correction
factor to the amount of free fat extracted,
which considered the extraction depth.

3.1.1.3. Limits and perspectives

Few authors gave the reliability of the
solvent extraction method they used. The
repeatability ranged from 0.1 to 4% and
the reproducibility was 0.45% [17,41]. The
method was applied for both liquid and
solid products. Could the parameters of the
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former be extrapolated to milk powders?
Was free fat totally removable from pow-
der particles of different size and poros-
ity? Moreover a quantification error was
evaluated by Buma [17] due to solvent
evaporation and retention. Some authors
recommended a short washing of the pow-
der particles with solvent at the end of the
procedure [17, 79, 82, 109, 110], but it can
not be applied to short time extraction, viz.
surface free fat extraction, because it would
be equivalent to an additional extraction.
Finally the solvent extraction method it-
self could lead to enhanced quantification
of free fat. Indeed, Evers et al. [41] ob-
served an increased free fat content in raw
milk and cream with increasing fat solvent
polarity. They attributed it to a deteriora-
tion of the MFGM and concluded that free
fat was at least partly an artifact. However,
using an apolar solvent would prevent fat
globules and fat droplets to be damaged be-
cause polar solvents are used to solubilize
polar lipids and proteins of the interface.

3.1.1.4. Conclusion and perspectivesto
the solvent extraction method

Free fat represents surface free fat and a
variable fraction of inner free fat depend-
ing on the method parameters. Thus, it is
not possible to directly compare the stud-
ies.

Palanuwech et al. [128] proposed an
extraction method based on the recovery
of non-emulsified fat in a lipophilic dye
and the subsequent quantification by the
decrease of the absorbance at 517 nm
measured by spectrophotometry. Indeed,
the lipid dye solution (incorporating oil
Red O) only diluted the free fat but not
the emulsified fat. It could be adapted to
fat-filled dairy powders but prior rehydra-
tion could artificially damage fat droplets.
Furthermore, roller-dried powders are rich
in non-enzymatic browning products [98]

which could interact with the lipid dye dur-
ing the measure of absorbance.

3.1.2. The centrifugation method

Fink and Kessler [50] separated fat that
was no longer protected by the MFGM
from emulsified fat by the density differ-
ence between the fractions, both in raw
milk and raw cream. A two-step centrifu-
gation at 60–65 ◦C allowed the recovery
of a top oily phase which height indicated
the amount of free fat present in the sam-
ple [156–158]. It should be more conve-
nient to talk about fat droplets diameters
instead of densities referring to the above-
mentioned Stokes equation (Sect. 2.1.3.).
Indeed, this method was not correlated
with the solvent extraction one but with fat
droplet size. It should then represent the
homogenization efficiency [40, 156].

3.1.3. Crystallization properties
of free fat

Vanapalli and Coupland [167] made
emulsion models composed by a confec-
tionery coating fat, Tween 20 and wa-
ter with an oil concentration of 100 to
400 g·kg−1 [167]. They made observations
thanks to differential scanning calorimetry
(DSC). DSC is able to measure the amount
of heat absorbed or released during phase
transitions, e.g. melting, crystallization and
glass transition, and allows the subsequent
characterization of the changes of state.
When the samples underwent successive
freezing and heating cycles, an exothermic
crystallization peak gradually appeared at
a temperature above the initial crystalliza-
tion of the fat droplet. The authors at-
tributed this phenomenon to a gradual de-
crease in the amount of emulsified fat and a
corresponding formation of free fat which
was no longer emulsified.

They reported that free fat could act as
impurities or nuclei in the emulsion and led
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to heterogeneous crystallization at a higher
temperature than in the native emulsion.
However, we think it is unlikely that free
fat would come into close contact with the
lipid core of fat droplets.

The relative proportion of free fat was
deduced from the area under the high tem-
perature exothermic peak. Sampling issues
were avoided thanks to an original emul-
sion stability and a continuous analysis of
the same sample undergoing the freeze-
thaw cycles [128]. This method would be
usable as an accelerated ageing test for
milk powders to appreciate its degrad-
ability potential during storage. However
two problems would limit the application.
First, free fat from fat-filled powders pro-
cessed with vegetable oils would only be
detectable at a temperature in the same
range of the crystallization temperature of
the residual water, thus interfering with the
signal detected by DSC. Furthermore, free
fat from fat-filled powders processed with
anhydrous milk fat (AMF) would not show
one but several exothermic peaks, due to
the crystallization feature of AMF. A re-
cent study by Lopez et al. showed that DSC
was a reliable method to assess the forma-
tion of free fat in Emmental cheese [96].

3.1.4. X-ray photoemission
spectrometry (XPS)

XPS is a technique that gives the sur-
face composition of a powder particle. It
was first developed for dairy powders by
Fäldt et al. [49]. The sample undergoes a
monochromatic X-ray source Al Kαwhich
leads to the ionization of the atoms by a
photoelectric effect. Electrons with bind-
ing energy (Eb) inferior to the X-ray pho-
tons energy (hν) are ejected from the atom.
The kinetic energy (Ek) resulting from this
emission is approximately equivalent to the
difference between the photon energy and
the binding energy. As Ek is specific, it al-
lows the identification of the atoms thanks

to the following basic equation:

Ek = hν − Eb −Φ

where Φ is the working force of the elec-
trons. Then, matrix formulas allow the
quantification of each element in the sam-
ple as a percentage (w/w). A dairy powder
is considered to be composed of 3 major el-
ements: lactose, protein and fat. It does not
distinguish between free and encapsulated
fat (see Fig. 2) but it has been combined
with scanning electron microscopy (SEM)
of powder particles before and after free
fat extraction to support the observations
(Fig. 5) [79]. This method gives informa-
tion from the first 10 nm of depth, i.e. half
the depth of the newly formed membrane
after homogenization [146]. Furthermore,
given that powder particle surface can be
highly irregular, to what extent is it a rep-
resentative measure?

3.2. Qualitative methods

3.2.1. Free fat composition

Chromatographic techniques are widely
used to characterize lipids. Elements are
separated between a mobile and a sta-
tionary phase depending on their affin-
ity with each of them. Detection is based
on physical and chemical properties of
those elements. Thin layer chromatogra-
phy is a useful technique to separate the
major lipids classes, i.e. triacylglycerols,
mono and diglycerides, free fatty acids
and phospholipids with a high resolution
and a short time analysis. The constituents
are then available for quantification and
identification. Gas chromatography would
be adapted to determine the exact fatty
acids composition of the free fat fraction
and high-pressure liquid chromatography
would be useful for the composition of
TAG [58].
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Figure 5. Scanning electron micrographs of the surfaces of industrial spray-dried whole milk pow-
der (A) before and (B) after free fat extraction with petroleum ether for 48 h. Scale bar: 5 µm.
Reprinted from [79] with permission from Elsevier.
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3.2.2. Thermal properties of free fat

Thermal properties of fat are related to
its TAG composition. DSC allows the de-
termination of extracted free fat thermal
properties, namely initial temperature of
crystallization, final temperature of melt-
ing, crystallization and melting enthalpies,
and the comparison with the thermal prop-
erties of total fat. If DSC is coupled with
X-ray diffraction, TAG polymorphic tran-
sitions and packing of TAG molecules in
fat crystals can be identified [95, 120]. As
mentioned above, free fat seems to initiate
crystallization at a higher temperature than
emulsified fat [96, 167]. Indeed, milk fat
in bulk needs fewer nuclei to initiate crys-
tallization than milk fat dispersed as fine
droplets [177].

3.2.3. Microscopic observations of
the microstructure of powder
particles and fat

3.2.3.1. Optical microscopy

Confocal laser scanning microscopy
(CLSM)

CLSM is a powerful technique that al-
lows the non invasive observation of sev-
eral elements both at the surface and within
the powder particles. Nile blue and Nile
red fluorescent probes are commonly used
to label fat while Nile blue, Fast green
FCF and rhodamine B are used to label
protein [8,13]. Krypton-argon and helium-
neon lasers allow the simultaneous obser-
vation of fat and protein; crystallized lac-
tose appears by negative contrast or in the
reflective mode [103].

A scanning exploration through suc-
cessive focal planes of a powder particle
can be achieved by realizing optical
sections of the sample: morphology of
fat, fat droplet size and dispersion at the
surface and within the particle are easily

observed [13, 90, 103]. Large areas of
non globular fat clearly appear at the
particles surface and junction of agglom-
erated powder after a three-dimensional
reconstruction from several optical
cross-sections [103]. A dynamic and
semi-quantitative control of the powder
microstructure during process and storage
is possible by means of CLSM [8].

Light microscopy

Buchheim et al. [14] adapted a method
which allowed the observation of surface
fat both before and after free fat extraction
by means of osmium tetroxide labeling.

3.2.3.2. Electron microscopy

Scanning electron microscopy (SEM)

The powder particles are covered by a
thin metallic layer, e.g. gold, which con-
ducts electrons. When the latter impact
the sample surface, a particle spectra or
radiation is emitted, analyzed and then
turned into an image. Extended observa-
tions should be avoided at high resolution
otherwise the metallic layer and even the
powder particles would be damaged [25].

SEM has been used to infer about pow-
der particle structure and size distribution,
fat droplets size distribution within the
powder particles and presence of fat un-
der its several aspects, i.e. globular or not
emulsified.

SEM could reveal structural modifica-
tions at the powder particle surface. Kim
et al. [79] observed several kinds of dairy
powders both before and after free fat ex-
traction with petroleum ether. The whole
milk powder surface was rather smooth but
showed many clear dents after free fat re-
moval. The authors suggested that it was
initially covered by irregular “ patches ” or
“ pools ” of about 1 µm or a layer of surface
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free fat (Fig. 2). The cream powder sur-
face was covered by a thick greasy-looking
layer but after extraction, the particles were
well separated from one another and many
hollow circular features appeared in the
particle surface, which were probably ini-
tially filled by a thick layer of free fat.
Baechler et al. [9] observed the fat droplets
repartition and the influence of a heat treat-
ment on fat release and formation of lac-
tose crystals.

Observations within the powder particle
were achieved by using a razor blade [25].
They revealed a rather porous structure
with pores and capillaries, and one or more
central vacuoles.

SEM observations were coherent with
the physical characteristics of the pow-
ders, e.g. wettability, agglomeration and
flowability [104]. The resolution was of
5–10 µm order; however, composition el-
ements could not be differentiated unless
they adopted a distinct morphology such as
droplets or crystals.

Transmission electron microscopy
(TEM)

An electron beam is condensed onto a
thin sample section in order to visualize a
hologram or the transformed Fourier image
of the diffraction image [104]. TEM is of
micrometric order resolution but it needs a
long and impairing preparation.

The technique has been useful for the
observation of protein-protein or protein-
fat interactions formed during the pro-
cess. The most relevant example has
been the adsorption of casein micelles
on fat droplets after the homogenization
step [169] which influenced the emulsion
stability [104].

Schmidt and Buchheim [143] observed
a thin free fat layer and fat droplets within a
powder particle after freeze-etching of the
sample.

3.2.4. Small deformation rheological
measurements

Vanapalli and Coupland [167] used a
concentric cylinder Couette flow system as
an indirect qualitative method to assess the
higher crystallization temperature of free
fat as cited in the same above-mentioned
study. Peak of the elastic shear modulus G′
could indicate a little fraction of free fat
acting as a nucleation point of crystalliza-
tion in the model emulsion.

A wide range of methods are available
to directly or indirectly consider free fat
and globular fat (Tab. I) but they did not
all prove to be relevant and correlated with
one another or with physical properties of
dairy powders.

4. INFLUENCE OF THE
PRODUCT COMPOSITION

4.1. Influence of fat

4.1.1. Composition and structure
of fat

4.1.1.1. Bulk composition and
structure

Milk fat

Milk is a natural oil-in-water emulsion
where fat is dispersed into spherical fat
globules with diameters ranging from 0.2
to 15 µm (mean value: 4 µm) [172]. The
lipid core of fat globules is constituted
of 97 to 98% by TAG [30]. More than
400 FA have been identified in cow milk;
each of them can be located in one of the
three positions of the TAG molecule [70].
The theoretical possibilities rise to several
thousands of TAG species, but FA are not
randomly distributed. Short-chain FA and
unsaturated oleic acid (C18:1) are essen-
tially esterified in the sn-3 position. It has
an impact on the melting point of TAG
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Table I. Types of fat within a powder particle: main associated analytical methods. Identification
numbers and letters refer to captions in Figure 2: 1a: layer of surface free fat; 1b: patches of surface
free fat; 2: inner free fat; 3: surface globular fat; 4: encapsulated fat; 5: coalesced fat. Abbrevi-
ations: CLSM: confocal laser scanning microscopy; SEM: scanning electron microscopy; TEM:
transmission electron microscopy; XPS: X-ray photoemission spectrometry.

Quantitative method Qualitative method
Surface free fat Short-time solvent-extraction SEM before/after extraction
1a + 1b method with apolar solvent

Total free fat Solvent-extraction method with
CLSM1a + 1b + 2 apolar solvent

Surface fat
XPS SEM before/after extraction1a + 1b + 3

Total fat Solvent-extraction method with CLSM
1a + 1b + 2 + 3 + 4 + 5 polar solvent TEM

which has to be liquid at the physiologic
temperature of the cow for excretion by the
bovine mammary gland. It also influences
the digestion of the newborn mammal. For
further information about milk lipids, refer
to the exhaustive reviews by Christie [30]
and Jensen [70].

The secreting mode of fat globules by
“budding” implies a three-layered mem-
brane with total thickness ranging from 10
to 20 nm, the so-called “milk fat globule
membrane” (Fig. 4A) [39].

The singular three-layered system is
a way to maintain the native emulsion
in milk, to avoid aggregation and coa-
lescence of fat globules (Fig. 3) and to
protect fat against lipolytic enzymes [94].
The MFGM is then a complex arrange-
ment of proteins, glycoproteins, phospho-
lipids, enzymes, diglycerides and traces of
monoglycerides, cerebrosides and choles-
terol [105]. High-melting TAG are often
cited as part of the MFGM but they are just
an artifact due to sample preparation [170].

Vegetable oils used in fat-filled dairy
powders

Dairy powders (including infant formu-
las) often incorporate vegetable oils, alone

or as blends, instead of milk fat because
of their low cost. Table II gives the FA
composition of these oils. Coconut oil is
rich in the short-chain FA (C6:0 to C12:0)
and poor in unsaturated FA. Corn oil or
maize oil is obtained from the germ of
corn grain; once refined, it is little affected
by oxidation despite its high unsaturated
FA content. Palm oil mainly consists of
palmitic acid (C16:0), oleic acid (C18:1)
and linoleic acid (C18:2). Low-erucic rape-
seed oil has a high oleic acid content due
to the decrease in erucic acid 22:1 from
490 g·kg−1 to trace levels; naturally occur-
ring anti-oxidants prevent it from oxida-
tion. Soybean oil is rich in unsaturated FA
thus it is prone to fat oxidation. Sunflower
oil is extracted from the seeds of the flower
heads; its composition varies depending on
the varieties and climate [127].

Vegetable oils often undergo technolog-
ical processing steps to raise their melting
point. Consequently, they are less subject
to oxidation and they offer more functional
food stuff applications. Hydrogenation, in-
teresterification and fractionation are com-
mon steps to obtain desired melting points,
avoid the formation of trans fatty acids
and control chain length of FA respec-
tively [57].
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Table II. Fatty acids composition of some vegetable oils (in their natural form) used for fat-filled
dairy powders. Unsaturated fatty acids appear in grey background (adapted from [57, 127]).

% fatty acids 6:0 8:0 10:0 12:0 14:0 16:0 16:1 18:0 18:1 18:2 18:3 20:0 20:1

Coconut oil 1.3 12.2 8.0 48.8 14.8 6.9 NS 2.0 4.5 1.4 NS 0.1 NS

Corn oil ←−− <0.1 −−→ 0.1 0.2 13.0 NS 2.5 30.5 52.0 1.0 0.5 0.2

Palm oil1 NS NS NS 0.1 1.0 44.3 0.15 4.6 38.7 10,5 NS 0,3 NS

Rapeseed oil2 ←−−−−−− <0.5 −−−−−−−−→ <1.0 4.0 NS 2.0 56.0 26.0 10.0 tr. 2.0

Soybean oil ←−−−−−−−−−−− <0.1 −−−−−−−−−−−→ 11.0 0.5 4.0 22.0 53.0 7.5 1.0 1.0

Hydrogenated NS NS NS NS NS 11.0 NS 7.0 45.0 34.0 2.0 NS NS

soybean oil

Sunflower oil3 ←−−−−−−−−−−−<0.4 −−−−−−−−−−−→ 0.1 5.5 0.1 4.7 19.5 68.5 0.1 0.3 0.1

NS: not specified; tr.: traces.
1 Mean values; 2 low-erucic acid; 3 American variety.

4.1.1.2. Surface composition

Surface composition measurements
by means of XPS revealed an over-
representation of fat whatever the
initial fat composition in the powder
(Tab. III) [48, 49, 55, 75, 79, 110, 119]. It
was ranging from 40 to 50% in powders
enriched with vegetable oils or milk fat
encapsulated with a whey protein/lactose
mixture [44, 75]. Some authors showed
that surface composition of spray-dried
dairy powders could mainly consist of fat
(98%), then proteins and to a lesser extent
lactose [79]. When fat content was low,
surface fat was very susceptible to bulk fat
composition: from 0 to 50 g·kg−1, surface
fat was ranging from 0 to 35%. Then it
rose to 25% from 50 to 300 g·kg−1 of
initial fat content [119].

Coupling XPS with free fat extraction
method, Kim et al. [79] deduced that a
spray-dried whole milk powder particle
was covered by a free fat layer, then pro-
teins were coating fat droplets. However,

free fat and surface fat were not correlated
(Tab. III) because free fat also originated
from the inner powder particle [48,49,79].

4.1.1.3. Inner distribution of fat

Confocal microscopy observations of
spray-dried whole milk powders indicated
that fat droplets, protein and occluded
air were entrapped within a continuous
amorphous lactose phase [8]. Twomey
et al. [163] observed small globular in-
ner fat droplets in low free fat powders.
On the contrary, high free fat powders
showed a surface free fat layer and an inner
degradation of the integrity of fat droplets
(Fig. 6A). McKenna [103] attributed the
non-globular fat areas to coalescence of fat
droplets. Surface free fat was specifically
located at the joining points of agglomer-
ated powder particles.

High free fat roller-dried powders were
mainly covered by large free fat areas and
there were few fat droplets (Fig. 6B) [8].
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Figure 6. Confocal laser scanning micrographs of whole milk powders. A fluorescent probes mix-
ture incorporating acridine orange for protein and Nile Red for fat was used. Observations were
obtained by a Krypton/Argon laser with excitation wavelengths of 488 nm and 568 nm for acridine
orange and Nile Red respectively. Green indicates protein; red indicates fat. (A) Spray-dried high
free-fat powder. Scale bar: 20 µm. (B) Roller-dried powder with high levels of surface fat. Scale
bar: 80 µm. Abbreviations: CF: coalesced fat; IFF: inner free fat; SFF: surface free fat.
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Table III. Fat composition of various types of dairy powders. Abbreviations: AMF: anhydrous milk
fat; DM: dry matter; NCP: native phosphocaseinate; WPC80: whey protein concentrate (protein
content of 800 g·kg−1); WPI90: whey protein isolate (protein content of 900 g·kg−1); WMP: whole
milk powder.

Product Bulk composition Surface fat composition Free fat
(g·kg−1 DM) (g·kg−1 surface DM) (g·kg−1 powder)

Methods
Röse Gottlieb XPS Apolar solvent

WMP [48, 79] 300, 290 550, 980 7–12, 28
Cream powder [79] 750 990 490
Milk powders from skim and 10 170 –
full-cream milk powders [119] 50 350–400

200 550
300 600–650

Skim milk powder [79] 10 180 1
Sodium caseinate + coconut oil [49] 200 500 40

700 700 470
NPC [55] 4 0 (145∗) –
NPC + lactose [55] 4 17 (167∗) –
NPC + lactose + minerals [55] 4 53 (187∗) –
WPI90 + lactose + AMF [75] 202 308 11.1

350 392 48.5
502 494 223.1

WPC80 [79] 60 530 2
WPC80 + rapeseed oil [110] 300 560 25
∗ Theoretical composition.

4.1.2. Thermal properties of fat

Melting temperatures of milk TAG are
ranging from –40 to 40 ◦C due to its large
range in FA [177]. The melting point of
vegetable oils used in the research works
varies depending on their FA composi-
tion and their hydrogenation degree. It can
range from –20 to 60 ◦C as mentioned be-
low.

Crystals formed during cooling distort
fat globules because of their prominent an-
gles [172]. If milk is submitted to stir-
ring, fat crystals will break the MFGM and
provoke partial coalescence of fat glob-
ules (Fig. 3) [172]. When cooling kinetic
is fast and deep, many nuclei are formed
thus leading to small fat crystals [95, 173].

The melting point of milk fat within a
powder particle ranged from 10 to 40 ◦C

when it was measured by DSC [71]. As
during spray-drying the temperature of the
powder particle ranges from 45 to 90 ◦C,
fat is in a liquid form all along the process.

The more the melting point of fat
was above a threshold temperature, the
more it was encapsulated [44, 130] and
the less free fat was extracted [153].
Fäldt and Bergenståhl [44] and Pedersen
et al. [130] processed model emulsions
with a fat load of 300 g·kg−1 from var-
ious sources, e.g. hardened rapeseed oil,
milk fat, hardened coconut oil and soy-
bean oil with melting points of 59, 38,
33 and –20 ◦C respectively. Millqvist-
Fureby [109] studied emulsions made from
hardened rapeseed and palm oil, stabi-
lized with sodium caseinate and lactose,
of similar composition to whole milk. En-
capsulating agents were sodium caseinate,
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lactose alone or associated with mal-
todextrins. Sloth Hansen [153] processed
the emulsions with skim milk concen-
trates. Fat crystals were able to strengthen
the mechanical resistance of the pro-
tein/carbohydrate mixture by means of
their compacity. However, they deterio-
rated the powder particle microstructure
above a given threshold [44]. Pure fat was
always better encapsulated than fat mix-
tures [109]. Indeed the liquid fraction was
released after the disruption of fat droplets
due to the presence of fat crystals from the
high-melting fraction.

4.1.3. Total fat content

Aule and Worstorff [7] determined a
positive linear correlation between the fat
content of partially skimmed milk powders
and the free fat content. Due to the high
value of the regression slope, small vari-
ations in the total fat content would lead
to significant variations of the free fat con-
tent. Young et al. [182] attributed this phe-
nomenon to a decreased thickness of the
encapsulating coat around the fat droplets.
Onwulata et al. [122] confirmed the trend.
Free fat increased by 29% when total fat
content rose from 260 to 400 g·kg−1 [75].
Kelly et al. [74] found a high correlation
factor for powders enriched with cream or
AMF.

4.1.4. Source of fat

AMF was better encapsulated than
cream powder in high fat emulsions pro-
cessed with skim milk powder and added
sucrose or starches [122]. Furthermore it
gave better flow properties to the pow-
ders [121]. When fat was partially water-
soluble, e.g. volatile fatty acids, then re-
tention was determined by both molecular
diffusion and mobility of the encapsulated
element [137].

4.1.5. Surface-active lipids

Surface-active molecules such as mono
and diglycerides, and soy lecithin (phos-
pholipids) are often added to milk powders
in order to enhance their rehydration prop-
erties [31]. However, this study did not fo-
cus on the effect of these constituents on
the formation of free fat.

4.2. Influence of proteins and their
interactions with fat

4.2.1. General case

Dairy proteins are surface-active ele-
ments which play an important role in
fat/water interfaces during the homoge-
nization step, and then in air/liquid in-
terfaces during drying. The encapsulat-
ing phase must show high solubility, good
emulsifying properties and must tolerate
drying conditions [75]. The fat/water inter-
face has to be stabilized enough by surface-
active molecules which can form a coat
surrounding fat droplets of less than 1 µm
in diameter (Fig. 4B). It ensures a good
emulsion stability and a subsequent protec-
tion of fat droplets during drying [162].

The air/liquid interface during dry-
ing has an impact on microstructure and
composition of the powder particle sur-
face. Fäldt and Bergenståhl [43] consid-
ered several ratios of protein/lactose solu-
tions. Surface tension of lactose solutions
was greatly affected with as little as 1%
w/w in proteins. It increased from –70 to
–40 mN·m−1 with sodium caseinate and to
–50 mN·m−1 with bovine serum albumin.
Proteins adsorbed at the air/liquid inter-
face during drying because of their surface-
active properties. XPS measurements con-
firmed an over-representation of proteins
at the powder particle surface in com-
parison with their initial content in na-
tive protein/lactose mixtures and with pow-
ders made from glycine/lactose solutions
(glycine is an apolar amino acid).
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4.2.2. Sodium caseinate and native
phosphocaseinate

4.2.2.1. Emulsification step

Sodium caseinate is amphiphilic and
shows good emulsifying properties of
fat [62]. XPS measurements verified the
efficiency of sodium caseinate/lactose so-
lutions for the encapsulation of several
oils with different melting points [44, 45].
Hogan et al. [62] studied protein con-
centrations similar to those used in the
industry. Fat droplets were coated by a sat-
urated monolayer or an adsorption multi-
layer when the fat/protein ratio was low.
The more the fat/protein ratio decreased in
the emulsion, the less the powder particle
surface was covered by fat [42].

4.2.2.2. Spray-drying step

The more the solution is concentrated in
sodium caseinate, the more encapsulation
is efficient. Less than 5% of surface fat was
present in a spray-dried emulsion of simi-
lar mass composition to whole milk [45].
Indeed, sodium caseinate accumulated at
the air/water interface. The same tendency
was observed for native phosphocaseinate
(NPC); a 75% NPC and 25% lactose solu-
tion gave a particle surface composed by
90% of protein [55]. Confocal microscopy
observations confirmed a heterogeneous
distribution of casein within the powder
particle [90].

For high fat/caseinate ratios, the forma-
tion of a dry crust at the particle surface
was rather slow, thus allowing the degra-
dation of fat droplets during drying [141].
Indeed, apparent viscosity of the emulsions
increased with dry matter (DM) resulting
in increased thickness of the encapsulating
matrix and decreased vacuole volume [62,
64]. Fat retention was low and led to pow-
der agglomeration. The threshold ratio was
fixed at 0.75 with soybean oil; above that

limit, fat droplets was prone to destabi-
lization and coalescence. Neither pores nor
cracks were visible with SEM whatever the
ratio was.

However the fat/caseinate ratio was lit-
tle correlated with emulsion physical prop-
erties. Excess sodium caseinate acted more
as a filler in the encapsulating matrix than
as a surface-active element in the emul-
sions. Indeed, it was protected by lactose;
this latter strengthened the protein coating
at the interface. Sodium caseinate partly
lost its emulsifying properties after a heat
treatment above 70 ◦C (time not speci-
fied) [44].

4.2.3. Whey proteins

4.2.3.1. Emulsification step

Lee and Rosenberg [91] and Rosenberg
and Lee [136] observed protein adsorption
in AMF emulsions ranging from 300 to
500 g·kg−1 of fat by means of SEM and
freeze-fracture SEM. They used whey pro-
tein isolate (WPI) as an emulsifying agent.
The adsorption layer had a granular and ag-
gregated appearance. It showed increasing
thickness of 50 to 200 µm with successive
homogenization steps.

Whey protein concentrate (WPC) ad-
sorbed in a three-layered way: a saturated
monolayer, a multilayer and an additional
layer when protein content was high [64].
The latter would be due to an increased
probability of protein-protein interactions
with the subsequent formation of thick vis-
coelastic layers. Protein content was found
to be correlated with the volume-weighted
average fat droplet diameter (d4,3).

Distortions among the adsorbed protein
layer were attributed to mechanical pres-
sure applied by fat crystals (and to sample
preparation) [136]. The hypothesis would
explain a fat droplet damage observed by
Hogan et al. [64] during drying. Further-
more partial desorption of the less concen-
trated protein layer could lead to fat droplet
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disruption and subsequent release of fat
onto the particle surface.

4.2.3.2. Spray-drying step

Surface-active whey proteins mainly ac-
cumulated at the air-water interface during
drying for both whey protein/lactose solu-
tions and whey protein/lactose/soybean oil
emulsions [182].

Whey proteins would be good encap-
sulating agents for AMF [182]. AMF
emulsions stabilized with WPI or WPC
showed retention efficiencies of more than
90%. Highly concentrated AMF emulsions
(750 g·kg−1) were efficiently stabilized by
as little as 50 g·kg−1 of WPI [183]. As
WPC contained a little fraction of fat, the
encapsulating matrix was more hydropho-
bic than WPI alone thus allowing enhanced
diffusion of apolar fat solvent and free fat
recovery [183].

However whey proteins would be poor
encapsulating agents for vegetable oils
such as soybean oil [47]. A model emul-
sion of similar mass composition to whole
milk showed 50% surface fat instead of 3%
with sodium caseinate. Surface lactose in-
creased too. Nevertheless fat droplet size
distribution was preserved along the dry-
ing step and powder particle structure was
not affected when observed by means of
SEM [46].

Lactose acted with whey proteins in the
fat droplet size preservation both before
and after the drying step, but it did not
enhance the encapsulation efficiency [42].
There was no interaction between whey
proteins and lactose as opposed to what
was observed for sodium caseinate [46].

Soybean oil emulsions stabilized with
bovine serum albumin gave high free fat
and surface fat powders with increasing
heat treatments of the protein [42].

4.2.4. Conclusion about the role
of proteins

The thicker the adsorption layer, the
less fat droplets were susceptible to coa-

lescence [62]. Encapsulation efficiency de-
creased when fat/protein ratio increased.
It ranged from 89 to 19% when the ra-
tio increased from 1:4 to 3:0 for soybean
oil stabilized with sodium caseinate. For
soybean oil emulsions in WPC75, it de-
creased from 59 to 4% when the ratio in-
creased from 1:4 to 2:0 [64]. It was at-
tributed to (i) a high content of fat in the
emulsion and subsequent lack of protein
to stabilize the fat/water interface, (ii) a
high viscosity which led to deterioration
of atomization and (iii) a delayed forma-
tion of the dry crust at the powder particle
surface and subsequent deterioration of fat
droplets [64, 141].

Proteins are costly encapsulating agents
compared to carbohydrates. Nevertheless
none of them can individually fulfill all
required properties; then, research studies
mainly focused on protein/carbohydrates
mixtures [43, 148, 183].

4.3. Influence of lactose and other
carbohydrates and their
interactions with fat

4.3.1. Influence of lactose

4.3.1.1. Lactose concentration

Free fat decreased with increasing lac-
tose/protein ratios [75, 182, 183]. Aguilar
and Ziegler [2] found out that lactose con-
centrations of more than 400 g·kg−1 were
necessary to limit the free fat content. Par-
ticles were more spherical, had an even
surface and were less porous thus hinder-
ing the fat solvent accessibility despite the
decrease in the powder particle size and
the subsequent increase in the surface area.
Keogh and O’Kennedy [75] observed that
high lactose/protein ratios, viz. 50:50 for
260 and 400 g·kg−1 fat loads, decreased
both solvent accessibility and fat droplet
aggregation during drying. Free fat de-
creased from 350 to 50 g·kg−1 fat when the
ratio increased from 0:100 to 50:50 [182].
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This trend was not confirmed by Twomey
et al. [163].

Amorphous lactose was supposed to
substitute the water during drying. It would
protect proteins by forming a hydration
coat, hence, keeping them in a solubilized
and more stable state [44].

When soybean oil emulsions of
300 g·kg−1 fat were dried, lactose was
necessary to provide a good encap-
sulation with sodium caseinate, but it
remained in the inner parts of the pow-
der particle in contrast to the protein
fraction [75, 182, 183]. Moreover, a
WPI/lactose matrix had better encapsu-
lation properties than WPI alone when
encapsulating a volatile fat [137]. Lactose
entrapped the latter by forming an amor-
phous and glassy phase. The encapsulation
of vegetable oils was not improved when
adding lactose to WPC [42].

The encapsulation efficiency decreased
in the following order: WPC50, WPI95
and WPC75 for a wide range of AMF con-
tents [182]. WPC50 was less susceptible
to higher AMF contents than WPI95 be-
cause it incorporated lactose; WPC75 was
less efficient than WPI95 because it incor-
porated 80 g·kg−1 fat in DM content.

Amorphous lactose acted as a hy-
drophilic filler within powder parti-
cles [182, 183]. It hindered the diffusion
of the apolar solvent (such as petroleum
ether) within the powder particle, fat
accessibility, dissolution of the latter and
opposite diffusion of the solvent to get
out from the powder particle. As fat dif-
fusion had to be avoided too, amorphous
hydrophilic lactose was useful to delay
diffusion through the hydrophobic protein
coating [75]. Surface fat measured by XPS
was not affected by the lactose/protein
ratio.

4.3.1.2. Lactose crystallization

Aguilar and Ziegler [3] and Fäldt and
Bergenståhl [47] showed that lactose crys-

tals damaged the MFGM and the protein
coat of fat droplets during processing steps
and storage; then they led to coalescence.
Lactose is present as a continuous phase
in milk [83]. It converts from the glassy to
the rubbery state above the glass transition
temperature (Tg), thus allowing the mobil-
ity of the other constituents present in a
powder particle and the subsequent release
of fat [89,142,150]. If a pre-crystallization
step was applied before drying, up to
85–95% or total lactose could be crystal-
lized in the α monohydrate state [66]. The
usual tomahawk shape was observed [134].

Once lactose was crystallized, the sol-
vent could diffuse easily and the encapsu-
lation efficiency decreased: indeed, it led
to modifications in the porosity of pow-
der particles by the occurrence of newly
formed pores [3, 9, 42, 44, 46]. They orig-
inated from the phase separation between
lactose and protein.

However, the presence of fat droplets
within the powder particle could poten-
tially inhibit lactose crystals growth [42]. It
was observed with powders stored at 75%
relative humidity for 4 days despite the
presence of α-lactose monohydrate crys-
tals detected with calorimetry [45]. Fur-
thermore, the hydrophobic surface fat cov-
erage possibly delayed water uptake which
is known to promote lactose crystalliza-
tion [113]. When the fat content was high,
lactose crystallization was delayed and it
was necessary to expose the powder to
higher water activities to achieve it. The
authors attributed it to the higher viscos-
ity due to high fat contents and the ne-
cessity to balance it by a higher mobility
of the constituents. When lactose crystals
were formed during storage, they adopted
a needle-like shape [134].

Lactose has adverse effects depending
on the processing step under consideration.
It enhances fat droplet strength during dry-
ing: no coalescence is observed; hence,
there is no relevance to filter out lactose
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before drying. As soon as crystallization
occurs, it leads to fat release among the
powder particle surface and to fat droplet
coalescence. However, the amount of lac-
tose necessary to achieve the former is
higher than the amount to avoid its nega-
tive effect [47].

4.3.2. Influence of carbohydrates
other than lactose

These ingredients are used for specific
applications as encapsulating agents. Few
carbohydrates are available for microen-
capsulation adapted to the food industry.
Maltodextrins of several dextrose equiv-
alent (DE) values, modified starch (M-
starch), corn syrup solids (CSS) and nat-
ural gums and waxes, e.g. acacia gum
and gum arabic, are the most commonly
used [138, 162].

4.3.2.1. Role during the emulsification
step

Native carbohydrates showed little in-
terfacial properties: they had to undergo
structural modifications or they had to be
coupled with surface-active agents in or-
der to encapsulate lipidic constituents [62].
Young et al. [183] illustrated that adding
surface-active carbohydrates did not distort
the stability of an AMF/WPI emulsion. In-
deed they showed less efficient emulsifica-
tion capacities than WPI alone or WPI/non
surface-active carbohydrates mixtures. The
authors concluded they were poorer emul-
sifiers of AMF.

4.3.2.2. Role during the drying step

Surface-active carbohydrates with high
DE values gave less porous and more ho-
mogeneous particles thus decreasing sol-
vent accessibility [63]. Their presence both
improved the drying capacities of the en-
capsulating matrix and enhanced the for-
mation of a dry crust in the boundary parts
of the powder particle [148]. The higher

the DE value, the less cracks appeared at
the powder particle surface by means of
SEM, until their complete disappearance.
Fat retention was better because the pow-
der was less brittle.

Maltodextrins strengthened the quality
of the protein coating on the powder
particle surface and limited agglomera-
tion [130]. They affected the surface com-
position but not the inner structure. In-
deed, their crystallization degree and their
crystal size are similar to lactose. Emul-
sions made from vegetable oils, acacia
gum and maltodextrins showed a good dis-
persion of fat droplets within the concen-
trates [162]. There was no coalescence
during drying or agglomeration in the flu-
idized bed. The encapsulation efficiency
decreased in the following order: sucrose,
M-starch and N-starch (native starch, i.e.
all-purpose flour) [122].

If the protein/carbohydrate ratio in-
creased, the encapsulation efficiency
decreased [63, 182, 183]. Indeed, the
powder particles were more hydrophobic,
thus allowing an enhanced apolar solvent
accessibility. In the same way as lactose,
WPI/carbohydrates mixtures were more
efficient than WPI alone in the encapsula-
tion of AMF with increasing carbohydrate
contents [183].

Carbohydrates acted as fillers in the dry
matrix that surrounds fat droplets [162].
They gave low-viscosity concentrates that
are able to dry quickly. They are chosen de-
pending on the powder properties required,
such as solubility, porosity and hygroscop-
icity.

4.4. Influence of the mineral
elements of milk and their
interactions with fat

No studies about the effect of salts on fat
stability in dairy powders were published
to our knowledge.

XPS surface composition measure-
ments revealed that carbon, oxygen and
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nitrogen represented 99% of the total ele-
ments detected [55, 119]. It meant that cal-
cium, sodium and phosphate were present
as traces at the powder particle surface.

They could have indirect effects through
their association with proteins of the col-
loidal fraction. Salts decreased electro-
static repulsions between proteins and
could lead to interface sharing between fat
droplets [10, 99]. Furthermore, salts could
influence physical properties of powders
because of their hydrophilic nature. They
could enhance water absorption and its
subsequent negative effects. It could also
favor powder rehydration as indicated by
Gaiani et al. [55] who studied NPC pow-
ders.

4.5. Summary of the composition
influence

Free fat increased with the fat and pro-
tein contents and decreased with lactose
content [75]. In general terms, free fat de-
creased with the concentrate dry matter
content [34, 35, 137]. A higher dry matter
content gave increased encapsulation effi-
ciency because of the presence of a pro-
tective film that was formed before the dry
crust. Consequently, AMF migration to-
wards the powder particle surface would
be limited in the primary steps of dry-
ing [182].

However, the authors agreed to say that
the fat/protein ratio had little influence on
fat retention efficiency if the latter was
encapsulated enough by a solid-state ma-
trix [63]. Poor encapsulation efficiency was
correlated with a high surface fat content
and it resulted in the agglomeration of
powder particles.

To conclude with, the two major con-
stituents of the encapsulating matrix had
a specific role towards fat. Surface-active
proteins stabilized the emulsion: fat was
present as small fat droplets well dispersed
within the concentrate. Lactose acted as a

filler within the powder particle and de-
layed the extraction of free fat (by an ap-
olar solvent) because of its hydrophilic
nature.

5. INFLUENCE OF THE
PROCESSING STEPS

Before processing, milk undergoes sev-
eral thermal and mechanical stresses as
reviewed by Surel and Ali-Haimoud-
Lekhal [155] and Evers [39]. These
stresses would interfere with fat globule re-
sistance to later technological treatments.
Stirring had a detrimental effect what-
ever the storage temperature of raw milk
was [157]. Figure 7 illustrates the general
process for the manufacture of dairy pow-
ders.

5.1. Processing steps prior to drying

5.1.1. Influence of heat treatment

5.1.1.1. Influence of a moderate
heat treatment such as
pasteurization

Interactions between fat globules due
to association between adsorbed whey
proteins could lead to subsequent aggre-
gation during later processing steps [179].
β-Lactoglobulin (BLG), α-lactalbumin
(ALA) and κ-casein associated with the
MFGM of whole milk via disulfide bonds
above 60 ◦C, 65 ◦C and 75 ◦C for 10 min,
respectively. A heat treatment led to the
dissociation of the native BLG dimers into
monomers and to the exposure of the thiol
groups. Available sulfydryl groups were
able to associate and to interchange with
other sulfydryl groups and disulfide bonds
of the MFGM proteins.

BLG and ALA association with the
MFGM increased with higher temperature-
time parameters up to 80 ◦C. Above this
temperature, association was very low,
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probably because there were no more
available sulfydryl groups. The maxi-
mum amounts for BLG and ALA were
∼1.0 mg·g−1 fat and ∼0.2 mg·g−1 fat, re-
spectively. It only stood for 1% and 0.8%
of the total BLG and ALA in the whey.
McPherson et al. [106] compared sodium
dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) patterns of raw
and pasteurized milks. They concluded that
the MFGM overall composition was little
impacted by a pasteurization treatment of
72–74 ◦C for 15 s. There was no effect
of varying the BLG and ALA contents on
their adsorption intensity.

The major native MFGM proteins, e.g.
xanthine oxidase and butyrophilin, were
intact except heat labile PAS 6 and
PAS 7 [179].

If the heat treatment was prior to the ho-
mogenization step, whey proteins were less
adsorbed and the adsorption layer was less
thick [146].

In rapeseed oil emulsions stabilized by
WPC80 with or without sodium caseinate,
the more proteins were heat-treated be-
fore emulsification (60 to 90 ◦C for 0 to
18 000 s), the more fat droplets size in-
creased [110]. The authors attributed the
poorer encapsulation efficiency to a lack of
flexibility of the denatured proteins. More-
over, XPS measurements revealed a de-
crease in the surface protein content after
a heat treatment, probably because the dif-
fusion rate of the protein aggregates to the
air/liquid interface was slower during the
early stage of drying.

5.1.1.2. Influence of an ultra high
temperature treatment

Larger free fat contents were found in
creams of 300 g·kg−1 fat when temper-
ature ranged from 115 to 135 ◦C irre-
spective of holding time [51]. The authors
attributed it to an enhanced MFGM per-
meability which led to emulsion instabil-

ity. They confirmed the emulsion break-
down in a later study when temperature
ranged from 105 to 135 ◦C and time from
0.8 to 150 s [78]. The greatest free fat
content was found at 125 ◦C regardless
of the holding times. Up to 125 ◦C the
loss of membrane-forming constituents,
mainly phospholipids and lipoproteins,
was pointed as responsible for the desta-
bilization of the MFGM. Above this tem-
perature, aggregation reactions would lead
to a denser and consequently less penetra-
ble MFGM. McPherson et al. [107] under-
lined the presence of caseins and BLG in
SDS-PAGE patterns of isolated membrane
materials from UHT milks.

However van Boekel and Folkerts [165]
pointed out some limits to the study by
Fink and Kessler [51]. An indirect UHT
heating could not destabilize fat droplets.
Only a UHT direct heat treatment was able
to produce disruption of the fat globules
and their coalescence in partially skimmed
milk (40 g·kg−1 fat). It was due to turbu-
lent streaming caused by direct steam in-
jection and to cavitation caused by flash
vacuum cooling. This trend was enhanced
by increased heat temperatures. The au-
thors assimilated the disruption of fat glob-
ules during a UHT heating at 140 ◦C and
homogenization at 10 MPa.

Van Boekel and Walstra [166] proposed
a review on physical modifications under-
gone by fat globules and fat droplets in
milk after a heat treatment performed be-
fore or after a homogenization step.

Millqvist-Fureby et al. [110] observed
oil droplet coalescence when a UHT treat-
ment (140 ◦C for some seconds) was
applied to WPC80 before processing of
rapeseed oil emulsions.

5.1.2. Influence of evaporation

Water is first removed by steam evapo-
ration under vacuum. Falling film multiple-
effect evaporators allow a low energy cost
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and minimal heat-damage to the milk con-
stituents [175, 179].

Free fat was greatly enhanced when fat
standardization took place after the con-
centration step. Indeed, the MFGM was
disrupted during evaporation because of
vapor bubbles formed by boiling while
fat was in a liquid state [112, 180]. Fat
was then partly homogenized. Casein mi-
celles were preferentially adsorbed at the
BLG onto newly formed interfaces [180].
It resulted in a surface layer similar to a
fat globule layer in unheated homogenized
milk. Only κ-casein was directly adsorbed
at the surface suggesting that the casein mi-
celle was not damaged during evaporation
and remained in its native state to adsorb at
the interface. BLG associated more to the
MFGM in preheated milk at 95 ◦C for 20 s
and when it underwent successive evapora-
tion effects.

Evaporation damaged the protective
protein layer around homogenized fat
droplets by modifying the fat/water inter-
face, i.e. both its surface area through the
creation of small droplets and its composi-
tion [175].

5.1.3. Influence of a
pre-crystallization step

Low variations in excess α-lactose led
to great variations in the free fat con-
tent [156]. When whole milk concentrates
were seeded with 1% lactose, they con-
tained 74% of α-lactose after 5 days. The
study gave a correlation coefficient of 0.82
between free fat and excess α-lactose (the
equilibrium level is 37% of α-lactose at
20 ◦C [66]). Schuck et al. [144] undertook
a detailed review about factors affecting the
lactose crystallization.

Heating a whole milk powder and ap-
plying mechanical stresses such as shear-
ing greatly increased lactose crystalliza-
tion [87, 88]. The study gave the optimal
process parameters to reach the largest lac-

tose crystallization with the facility under
consideration. Free fat increased from 10%
in the original whole milk powder to more
than 95%.

5.1.4. Influence of the
homogenization step

Homogenization aims at keeping the
homogeneity of milk or the dairy mix-
ture [174], by disrupting fat globules into
smaller ones: creaming, coalescence and
disruption during handling are then de-
layed. However, aggregation of fat droplets
on heating is still possible. There was no
influence of homogenizing before or after
the evaporation step on the free fat con-
tent [74]. The two major effects of ho-
mogenization are a strong decrease in fat
droplets size and changes in the compo-
sition of the protective layer surrounding
milk lipids (Fig. 4B) such as a preferen-
tial adsorption of caseins, changes after a
heat treatment and changes depending on
the number of homogenization passes.

5.1.4.1. Fat droplets size

Once homogenized, the fat droplets di-
ameter decreased by a factor of 10 (0.2 to
1 µm) and the surface area increased from
5 to 15 times (7 to 34 m2·g−1 fat) when
compared to the initial one, depending on
the process parameters [174].

Fat droplets size decrease was more pro-
nounced when 4 passes were applied in-
stead of 2 for a given pressure of 45 MPa,
but the free fat content and the surface
fat were not influenced [75]. Tamsma
et al. [156] observed a decrease in the free
fat content when the homogenization pres-
sure increased from 0 to 27.5 MPa in the
first stage and 3.5 to 7.0 MPa in the second
stage.

Sometimes casein micelles are adsorbed
onto two independent fat droplets and form
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the so-called “clusters” [174]. They are
generally eliminated through passes in the
second stage of the homogenizer if the
pressure applied is less than that of the first
stage. Large clusters of 10 to 100 µm in
size increase the emulsion viscosity; this
latter accelerates fat droplets aggregation
and subsequent creaming. Cluster disrup-
tion lead to fat droplets coalescence.

5.1.4.2. Preferential adsorption
of caseins

Oortwijn et al. [125], Oortwijn and
Walstra [123, 124] and Walstra and
Oortwijn [176] published a four-part
study on recombined fat droplets. They
observed by SEM that caseins adsorbed
preferentially to the recombined fat
droplets surface. Recombined fat droplets
differed from homogenized fat droplets
by the absence or quasi absence of native
MFGM constituents in the protective layer
surrounding the lipids [174].

McPherson et al. [107] observed the
presence of αS- and β-casein in SDS-
PAGE patterns of membrane material iso-
lated from homogenized milks. κ-casein
was little present. A non-selective loss of
phospholipids was noted during this tech-
nological step. Walstra [171] disclaimed
this latter assertion.

Sharma and Dalgleish [145] noticed
the adsorption of casein micelles at the
newly formed surface after the homoge-
nization of raw milk at 42 MPa, 40 ◦C
and 3 passes. Sharma et al. [147] con-
firmed this trend: casein adsorbed pref-
erentially to the fat/water interface rather
than whey protein, regardless of the origi-
nal amount of protein (Fig. 4B). However
the adsorption was enhanced at lower pro-
tein contents. Decreasing the colloidal cal-
cium phosphate content destabilized casein
micelles and protein load decreased at the
fat droplets surface.

The presence of casein micelles at the
fat droplet surface was responsible for
their stability to creaming and coales-
cence [166]. The transport of these pro-
teins towards fat was extremely quick (less
than 10 µs under most conditions) [174].
It resulted from convection streams due to
intense turbulence caused by homogeniz-
ing. Convection favored the adsorption of
largest molecules: then, 93% of the dry
matter isolated from the membrane mate-
rial were caseins. They covered more than
75% of the surface area. The smaller the fat
droplets, the thicker the adsorption layer,
with an average thickness of 15 nm. Only 5
to 40% of the surface area was constituted
by original MFGM.

5.1.4.3. Influence of a heat treatment
after the homogenization step

Whey proteins adsorbed at the newly
formed fat droplets surface when homoge-
nized raw milk was pasteurized at temper-
ature in excess of 70 ◦C for 10 min [145].
Denatured BLG and ALA attached to
already adsorbed cysteine-containing ca-
seins, i.e. αS2- and κ-casein, via disul-
fide bonds. The lipid fraction of heat
treated vegetable oil emulsions was well
encapsulated regardless of oil type [49].
Then, the adsorption layer was also pro-
tective for other fats than dairy ones. It
reached a thickness of 34 nm when milk
was homogenized before pasteurization,
rather than 20 nm when milk was homog-
enized after pasteurization [146]. If heat
treatment was intense, fat droplets could
aggregate by the association of denatured
caseins [165]. Being mainly covered by
caseins, fat droplets behaved to some ex-
tent like large casein micelles, e.g. they
tended to aggregate on heating (heat coag-
ulation) [151, 174]. Adding surface-active
molecules, namely phospholipids, before
the homogenization step would strengthen
their heat stability but would alter their
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stability to coalescence [174]. Further-
more, caseins could lead to fat droplet floc-
culation during storage (age thickening)
and use (feathering in hot coffee) [166]. If
milk is to be concentrated, as in the manu-
facturing of milk powders, it should hence
be better to homogenize after the heat treat-
ment [117].

5.1.4.4. Influence of the number
of passes

After 2 homogenization passes, emul-
sion stability depended on electrostatic
forces; it was sensitive to the presence of
salts such as sodium, potassium, calcium
and magnesium. When 4 homogenization
passes were achieved, the interface layer
was thicker; then, the stability mainly de-
pended on steric forces [99].

Kelly et al. [74] underlined that stan-
dard homogenization parameters were not
sufficient to stabilize the fat/water and the
air/water interfaces of fat-filled powders of
360 to 720 g·kg−1 fat loads.

Homogenization, similarly to an inten-
sive heat treatment, provokes significant
changes in the protective layer surrounding
the lipids. The newly formed layer proper-
ties differ from the original ones, depend-
ing on the adsorbed constituents type and
load [107]. It allows the manufacture of
low free fat powders from concentrates of
less than 500 g·kg−1 of dry matter con-
tent all the more since the homogenization
pressure was high [33–35, 109].

5.1.5. Influence of mixing, stirring,
pumping and feeding operations

Fat globules and fat droplets undergo-
ing a shear stress higher than their surface
tension were prone to disruption and sub-
sequent formation of a new reconstituted
interface [155]. Koc et al. [87, 88] adapted

a continuous mixer in order to preprocess
whole milk powders and obtain high free
fat contents. Several types of paddles were
used for mixing and shearing. Fat was al-
most totally destabilized.

Stirring, pumping and feeding opera-
tions led to the formation of free fat de-
pending on their intensity via selected
flows [50]. The negative effect of pump-
ing reached a maximum value at 25 ◦C in
heat treated creams and almost vanished
above 50 ◦C when all fat was liquid [78].
Furthermore, turbulence and flow through
narrow gaps, e.g. valves, increased shear
stresses. The study recommended avoid-
ing mechanical treatments between 15 and
40 ◦C, which would not be possible in in-
dustrial conditions.

Air incorporation enhanced proportion-
ately the negative effect of pumping [7,78].

5.2. Drying

5.2.1. Fundamentals

Roller-drying is the less costly drying
way but it is only used for specific food
applications such as in the chocolate in-
dustry, because it results in intensive heat
treatment [144]. The product is applied as a
thin film onto rotating, steam heated drums
and water is removed by boiling [98]. Stan-
dard roller-dried powders can reach more
than 900 g·kg−1 of free fat in the total fat
content. As the time-temperature parame-
ters are high, most of the fat droplets have
coalesced during drying [175].

Spray-drying is the most commonly
used drying process [98]. The concentrate
is atomized at the top of the drying cham-
ber so as to form a spray. Water is removed
from the product in a hot and dry air flow.
A heat transfer, depending on the temper-
ature gradient, takes place from the air to
the product, and a water transfer, depend-
ing on the partial pressure gradient, takes
place in the opposite way. The tempera-
ture of the drying concentrate does not ex-
ceed 45 ◦C (wet bulb temperature) in a dry
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air at 200 ◦C, as long as water is removed
from the droplet surface and replaced by
water coming from the inner. The free fat
content of standard spray-dried powders is
very low: 10–20 g·kg−1 in the total fat con-
tent [131].

It is worth noting that the several pro-
cesses taking place during drying are
almost instantaneous: formation of the
droplet by atomization, contact with the
dry air, expansion, coalescence and evap-
oration [100].

5.2.2. Spray-drying: influence of the
process parameters on the free
fat content

Spray-drying damages the protective
layer of fat droplets by modifying the
composition of the fat/water interface via
the adsorption of caseins and whey pro-
teins [175]. Sliwinski et al. [152] observed
a displacement of the αS1- and β-casein by
denatured BLG at the adsorption layer. Ye
et al. [181] confirmed the increased amount
of proteins at the fat droplet surface when
studying the influence of drying on the in-
teraction between the constituents and the
adsorption layer of fat droplets. However
they noted that only caseins adsorbed at the
newly formed interfaces. The heat treat-
ment intensity due to drying would not
have been high enough in this study to
denature whey proteins and to allow their
subsequent adsorption. Furthermore, as the
surface area of fat droplets increased after
drying (their diameter decreased), the sur-
face protein coverage decreased slightly.

5.2.2.1. Atomizing device

The spray is usually obtained by a noz-
zle or a rotary disc (wheel) [42]. The free
fat content was lower in powders that orig-
inated from a nozzle [74]. Reducing the
nozzle diameter allowed the atomization

pressure to increase, which decreased the
amount of free fat. Increasing the rotary
speed of the wheel had a similar effect be-
cause it enhanced the homogenization ef-
fect of spraying, except when the concen-
trate had been already homogenized [34].
The lower the rotary speed, the less the first
steps of drying were able to prevent the re-
lease of fat from the forming powder parti-
cles [129].

5.2.2.2. Inlet and outlet temperatures

The higher the inlet temperature, the
smaller the free fat content in the pow-
der [34, 74]. Indeed, the dry crust at the
powder particle surface would be more
solid and would delay the solvent acces-
sibility to free fat. Nitrogen gas diffusion
was very limited when the inlet tempera-
ture rose from 155 to 185 ◦C. The effect
was less pronounced when the concentrate
had been homogenized already. Bhandari
et al. [12] observed a better retention of
volatile compounds with higher inlet tem-
peratures during the encapsulation of fla-
vors. At the same time, the surface volatiles
content decreased. Sloth Hansen [153] ob-
tained contradictory results when the in-
let temperature increased. The free fat con-
tent increased because more capillaries and
vacuoles would have formed and fat would
be consequently less protected. Tamsma
et al. [156] did not observe any influence
of inlet temperature, probably because the
inlet temperature that they used did not ex-
ceed 70 ◦C. Further investigations would
be useful in this area.

Conversely, the free fat content in-
creased with increasing outlet temper-
atures [74]. The retention of volatile
compounds was poorer and they were
more present on the powder particles sur-
face [12]. The authors explained that it
would be due to the formation of cracks
and to the subsequent release of volatiles.
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5.2.2.3. Influence of the cyclones

The amount of surface fat increased
when cyclones are used to separate the dry
product from the drying air [42, 48]. The
trend was significant after the second cy-
clone, and was attributed to enhanced me-
chanical stresses that were able to pro-
voke the release of fat onto the powder
particle surface. This was confirmed by
XPS whereas free fat extraction did not re-
veal significant differences once the results
were corrected by the extraction depth.

5.2.2.4. Influence of the fluid bed

Powder fluidization occurs when a flow
of air (gas) reaches sufficient velocity to
support the particles without carrying them
away in the air stream [36]. The bed of par-
ticles then assumes the characteristics of a
boiling liquid. It allows the control of the
instant properties of powders and the re-
duction of the amount of fine particles, the
so-called “dusty” [54]. Further agglomera-
tion of particles is obtained by solid bridg-
ing between particles, with the powder ma-
terial or a different material, when spraying
water or a solution of agglomerating agent
such as maltodextrins and starches respec-
tively.

A two-stage drying facility with an in-
ternal fluid bed rather than a one-stage dry-
ing facility gave powders with lower free
fat contents [33]. However, drying in the
fluid bed itself had an adverse effect. It
was attributed to the breaking-up of the
agglomerates already formed, i.e. to the
physical structure of the powder. The study
recommended a limit to the final drying
temperature at 95 ◦C for 4 min. Further-
more, product temperatures far too similar
to the melting temperature of the encap-
sulating matrix gave viscous, humid and
sticky powders that tended to agglomerate
during storage [36].

Only 12 and 17 g·kg−1 fat were not en-
capsulated after the drying chamber and

the fluid bed respectively, in powders con-
taining 50 g·kg−1 fat [162].

5.3. Storage

Celestino et al. [28] observed a slight
decrease in the free fat content of whole
milk powders after the 6th month of stor-
age. It was partly attributed to a formation
of a fat-protein complex which was not re-
movable by solvents [35].

Lactose crystallization has been men-
tioned already (Sect. 4.3.1.2).

Keogh et al. [76] studied the influence
of vacuum packaging on spray-dried fish
oil powder, in the presence or without ni-
trogen. The free fat content and the fat
globule diameter of the reconstituted pow-
ders tended to be lower when vacuum
packaging did not include nitrogen. How-
ever, the off-flavor score related to oxida-
tion was increased. A contraction factor
due to vacuum packaging was not evident
from the available data.

Thomas et al. [160] proposed a detailed
review on the evolution of physical and
functional properties of dairy powders dur-
ing their storage.

6. INTERACTIONS BETWEEN
COMPOSITION ELEMENTS
AND PROCESS STEPS

6.1. Properties of the emulsion before
and during drying in response
to technological treatments and
subsequent influence
on fat stability

6.1.1. Emulsion stability: application
to the overall drying process

6.1.1.1. Influence of a heat treatment

Fink and Kessler [50] attributed the for-
mation of fat aggregates and coalesced
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structures in pasteurized or UHT-treated
creams to the presence of free fat. The free
fat content was correlated with the increase
in the average fat droplets size [51].

6.1.1.2. Influence of drying

Small fat droplets (less than 1 µm) fa-
vored emulsion stability, enhanced fat re-
tention of the encapsulated phase and de-
creased surface-extractible fat [63, 148].

Fat droplets underwent a shear stress
and would be disrupted again during the
atomization step [172]. Smaller droplets of
0.1 to 4 µm rather than 0.1 to 10 µm in the
original emulsion were formed during dry-
ing [181]. The authors observed the pres-
ence of some very large droplets of 4 to
80 µm resulting from coalescence. How-
ever the fat droplets size distribution was
independent of the fat droplets size of the
concentrate before drying.

Emulsion instability led to fat droplet
aggregation and to an increased viscos-
ity [174]. The former consequence in-
cluded two physicochemical hypotheses:
(i) when water was removed the droplets
came closer to each other and (ii) dehy-
dration of the surface-active constituents
promoted interactions between these emul-
sifier molecules adsorbed onto different
droplets [86]. Hence, fat droplets could
easily coalesce. Fat migration was thus fa-
cilitated during drying and fat was present
at the powder particle surface [44].

It, thus, seems of the outmost impor-
tance to control fat droplet size and its sta-
bility all along the process so as to en-
sure a good encapsulation of fat [75]. For
this reason the oil-in-water emulsion has to
be very fine [182, 183]. Sheu and Rosen-
berg [148] hypothesized that retention of a
volatile fat was enhanced by decreasing fat
droplets size in the emulsion.

Several alternatives can be considered.

(i) The homogenization step (see
Sect. 5.1.4): there was an optimum of
successive passes and pressure [75, 136].

(ii) The atomization: it had a homog-
enizing effect depending on the speed of
the rotary disc or the atomization pres-
sure [22].

(iii) The kind of proteins and their con-
centration (see Sect. 4.2): while the protein
load was sufficient to stabilize the fat/water
interface, there was no influence of the
fat/protein ratio. Sharma et al. [147] indi-
cated a minimal protein content of 200 mg
for each mL of fat; under that limit they
observed that a percentage of fat was not
emulsified when centrifugation was ap-
plied to milk.

(iv) The molecular weight and size
of the carbohydrates: the more the lat-
ter were hydrolyzed, the smaller the fat
droplets [148]. However, there was no in-
fluence of their surface-active characteris-
tics via the DE value [63, 183].

6.1.1.3. Behavior of the emulsion
after powder rehydration

Without homogenization, the rehy-
drated powder showed a higher content in
large fat droplets than the corresponding
concentrate otherwise it had a similar size
distribution [22].

6.1.2. Emulsion viscosity

6.1.2.1. Viscosity before drying

Emulsion viscosity had an influence on
fat migration towards the powder particle
surface, on powder particle size and on the
thickness of the encapsulating matrix sur-
rounding fat droplets [141]. If emulsion
was too viscous, spray-drying of the atom-
ized concentrate was slower because the
droplets remained large and long. It af-
fected drying because of the creation of a
semi-permeable layer at the powder par-
ticle surface. Indeed, powder particle size
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increased with increasing dry matter con-
tent and it was correlated to the apparent
viscosity of the emulsion [62]. It was at-
tributed to (i) an incomplete atomization
of the emulsions with very high viscosi-
ties; (ii) an agglomeration of the powder
particles with each other [119] and (iii) an
increased time needed for dry crust for-
mation at the powder particle surface be-
cause of the low protein load [141]. It then
allowed (i) an extended migration of fat
towards the powder particle surface and
(ii) an enhanced disruption of fat droplets
before the complete creation of the powder
particle.

Stability towards coalescence is gener-
ally improved by adding high concentra-
tions of carbohydrates to the concentrate
before drying. They form a viscous phase
surrounding the fat droplets, thus delay-
ing them from coming closer from each
other, or they create hydrogen bonds with
the surface-active molecules that already
adsorbed at fat droplets, thus limiting in-
teractions [4, 5].

Furthermore, emulsion viscosity de-
creased with the average size and the
increasing solubility of the constituents
forming the encapsulating matrix, i.e.
protein and lactose [63]. Selecting low-
viscosity encapsulating agents allows to
dry high-fat concentrates.

Emulsion viscosity was modified by
heat treatments and subsequent changes in
its physicochemical features [174]. Indeed
denatured proteins that adsorbed at the
fat globules increased the viscosity. Fur-
thermore, they tended to bind more water
molecules [34].

However, a viscous emulsion delayed
fat droplet migration and subsequent ag-
gregation and coalescence [101].

6.1.2.2. Viscosity after drying

The increase in emulsion viscosity af-
ter rehydration of powder was attributed to

the increase in the volume of the dispersed
phase (swelling) [64] or to an aggregation
of fat droplets resulting in a bi-modal dis-
tribution of their size [136].

It was reduced by an homogenization
step (20 MPa), a lower speed of the ro-
tary disc (19 600 rather than 31 300 r.p.m.)
or a lower outlet temperature after the dry-
ing chamber (from 70 to 105 ◦C) because
proteins adsorbed less and were less dena-
tured [34].

6.2. Properties of the powder
particles in response to
technological treatments
and subsequent influence
on fat stability

6.2.1. Creation of a powder particle
during drying

6.2.1.1. Macroscopically: from the
droplet to the powder particle

Spray droplet evaporation begins as
soon as contact with the dry air is es-
tablished [100]. Firstly, moisture removal
of spray droplets is achieved at a near-
constant rate because droplet surface tem-
perature and partial pressure of vapor are
constant. Water migrates from the inner
droplet to the surface at a rate sufficient
to maintain saturation at the spray droplet
surface, by capillary and diffusional mech-
anisms. The wet-bulb temperature relates
to the spray droplet one. Then moisture
becomes lower than the so-called “critical
moisture content” and its removal rate de-
creases during the falling-rate period, until
drying is completed. Once surface wetness
can no longer be maintained, a dry crust
gradually forms at the surface.

Reducing the drying time led to the
quick creation of a dry crust at the bound-
ary of the powder particle thus enhancing
fat retention [182]. Indeed, fat losses ap-
peared at the early stages of drying and
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concerned surface fat droplets or inner fat
droplets that were able to migrate towards
the surface before the formation of the dry
crust. The high turbulence and the evap-
oration of water at the outer parts of the
concentrate droplets would be responsible
for those losses. Ye et al. [181] assumed
that fat at powder particle surface was not
protected by a monolayer of adsorbed pro-
teins. It was released during drying and
not during previous processing steps, thus
agreeing with Walstra’s theory [172] about
the impossibility of the presence of free fat
in a liquid matrix.

6.2.1.2. Microscopically: creation
of the powder particle surface

Kim et al. [80] mentioned three different
scenarios on how the surface of the drying
droplet is formed during spray-drying.

Formation of a crust or skin

Charlesworth and Marshall [29] de-
duced from the drying kinetics that when
the outer layer of the powder particle
was no longer under saturation condi-
tions, solutes started to be deposited as a
solid phase at the drying droplet surface.
Masters [100] also mentioned a solid ma-
terial layer forming at the drying droplet
surface.

Solid/solute segregation

Meerdink [108] studied a ternary food
model system made of water, sucrose and
sodium caseinate. Evaporation of water
from the drying droplet surface caused
concentration gradients that led to water
diffusion towards the surface and solute
diffusion towards the center. The transport
velocities depended on the concentration

gradients of the solutes and on their diffu-
sion coefficients. The segregation was de-
creased by a higher initial dry matter con-
tent. Powder particle surface would then be
covered by the slower constituent, namely
free fat [80] but it would need further in-
vestigations to support this hypothesis.

Protein adsorption at the air/liquid
interface

The studies by Fäldt [42–49] were based
on XPS measurements of the surface com-
position of spray-dried model solutions.
Protein was overrepresented at the powder
particle surface due to preferential adsorp-
tion to the air/liquid interface because of its
surface-active properties.

Kim et al. [80] studied whole milk pow-
ders with 400 g·kg−1 lactose, 310 g·kg−1

protein and 290 g·kg−1 fat. After free fat
extraction with petroleum ether, surface
fat estimated by XPS still reached 68%
(rather than 98% in the original powder)
which would represent fat droplets embed-
ded in a protein coat. SEM observations
agreed with XPS measurements. The au-
thors concluded that early segregation of
constituents before the formation of a dry
crust during drying was the most reliable
scenario. They calculated diffusion coeffi-
cients thanks to the Stokes-Einstein equa-
tion. Free fat and fat droplets had the lower
values hence they remained at the surface;
then casein micelles, whey proteins, lac-
tose and mineral elements formed the inner
parts, from the surface to the core. A previ-
ous study already suggested a migration of
low molecular weight solutes towards the
interior of the drying droplet in response to
concentration gradients [29]. Actually, the
surface composition would represent the
solubility of the constituents found in the
drying solution.

A powder particle is formed as soon as
the surface reaches the critical concentra-
tion which is a function of the solubility
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of constituents at the wet-bulb tempera-
ture [38]. Fat was carried out towards the
surface during drying or it was already
there [80, 119]. It tended to accumulate all
the more since the inlet temperature was
high (200 rather than 120 ◦C). Later dry-
ing steps, e.g. fluidization, probably influ-
enced the surface composition, in addition
to drying in the chamber [80]. However, as
long as solutes diffusion to the air/water in-
terface was fast enough, drying parameters
did not influence powder surface composi-
tion to a great extent [48].

Two major phenomena would then oc-
cur during the first step of drying (i.e. be-
fore the formation of the dry crust): (i) a
migration of surface-active components to-
wards the surface and (ii) a diffusion of
solutes from the surface to the inner parts
of spray droplets [42]. However, these are
still hypothesis and it assumes that there
is enough time for constituents to migrate
during drying.

6.2.1.3. Spray-dried and roller-dried
powders: comparison of their
surface composition

Fat at the surface of spray-dried whole
milk powders could reach 98% as indi-
cated by XPS measurements [79]. When
the powder was enriched with a vegetable
oil at a similar fat content as a whole milk
powder (260 g·kg−1), the surface was com-
posed of 50–55% fat, 30–34% protein and
15–16% lactose [42]. Roller-dried powders
were mainly covered by fat (84%) then
protein (9%) and lactose (7%). High denat-
uration of protein and shape of the parti-
cles (large and angular rather than spher-
ical) would be responsible for a poor fat
encapsulation.

6.2.2. Powder particle size

6.2.2.1. Influence of powder particle
size on fat retention
and the free fat content

There was an optimal drying droplet
size for the encapsulation of fat during the
drying process [11]. Larger particles had a
lower surface area to volume ratio hence
they could encapsulate more fat. On the
other hand, the creation of the dry crust
was delayed, and there was then a greater
loss of volatile substances.

Buma [18] observed that free fat con-
tent was higher in smaller particles for a
same total fat content. However, Fäldt [42]
showed that the free fat content was
correlated with differences in powder par-
ticles size, regardless of the surface com-
position and the drying facility. When sev-
eral heat treatments were applied, neither
surface fat measured by XPS nor the free
fat content varied, this latter being cor-
rected by the extraction depth. The free fat
content was identical wherever the sample
was taken, whereas surface fat increased
strongly after the second cyclone. These
observations contradict again a previous
study by Buma [18], who noted a higher
free fat content in powder particles origi-
nating from the cyclones. It was attributed
to a surface area which was the double of
that of the particles from the drying cham-
ber.

Actually, free fat extraction could be a
complement to XPS analysis. If surface fat
is high but free fat is rather low, the surface
layer of fat is probably low. On the con-
trary, if free fat is high too then this layer is
probably thicker or inner fat is more reach-
able by solvents.

6.2.2.2. Composition elements
affecting powder particle size

The higher the oil content, the smaller
the powder particle size [11]. Indeed, there
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was less available encapsulating agent to
diffuse to the interface with the already
adsorbed molecules at the monolayer and
the overall thickness of the adsorbed mul-
tilayers decreased. Furthermore, the sur-
face tension of the drying concentrate de-
creased, thus impairing the atomization
with a two-fluid nozzle [119]. Fat would
influence the mechanical properties of the
surface dry crust and would limit the ex-
pansion of the particle.

Conversely, powder particle size glob-
ally increased in a non-linear relation-
ship with the concentrate dry matter
content [38, 64]. It was correlated with
the apparent viscosity of the emulsion
when fat content increased. Rosenberg
et al. [141] observed that powder parti-
cles became longer, larger and no more
spherical above a given viscosity. How-
ever, there could have been agglomerated
or stuck-together particles because of the
presence of surface fat [64].

6.2.2.3. Process elements affecting
powder particle size

Reducing drying droplet size allowed
the decrease of the powder particle
size [38]. It could be achieved by decreas-
ing the nozzle diameter orifice from 2 to
1.5 mm. Drying droplets size was then
7 µm instead of 19 µm and powder par-
ticles size decreased of 35 to 55% of its
original value. Reducing inlet temperature
from 200 to 120 ◦C also led to a decrease
in powder particle size because the drying
particle had time to deflate and shrivel as it
cools [119].

6.2.3. Powder particle microstructure

Composition of the drying concentrate
(including the fat/encapsulating matrix ra-
tio), drying parameters (temperature of dry
air, type and speed of atomization) and

storage conditions determine powder par-
ticle microstructure which in turns is re-
sponsible for fat migration during drying
and storage [27, 138, 140, 182,183].

Studies about surface and inner mi-
crostructure of powder particles allowed
the evaluation of the protection level of fat,
its organization, the flowing properties of
the overall powder, their porosity and ap-
parent density [140]. SEM was the most
commonly used qualitative method to as-
sess particle microstructure [9, 21, 25, 38,
42,62–64,72,73,79,104,111,113,122,129,
136,138,140,143,148,149,169,182,183].

6.2.3.1. Surface microstructure

Composition elements affecting
surface microstructure

Folds, indentations, pores and cracks at
the powder particle surface would be due
to (i) a mechanical stress induced by irreg-
ular drying of the surface areas of the par-
ticle which in turns is influenced by atom-
ization and other drying parameters and to
(ii) the influence of drying on casein with
its subsequent shrinkage [15, 21, 25, 138].

Rosenberg and Young [138] studied the
microstructure of microcapsules made of
AMF and whey proteins. High contents of
AMF limited the shrinkage of the encap-
sulating matrix. It had been suggested al-
ready by Buma [21] for casein.

Presence of surface dents was all the
more pronounced since there were less
WPI in the encapsulating matrix [149]. The
smoothing of surface irregularities was
correlated with the viscosity of the drying
concentrate by means of its surface tension
properties [139, 149]. Indeed, the thermal
expansion (under the influence of heat and
steam) was able to smooth particle surface
provided the drying rate and the viscoelas-
ticity were high enough. The encapsulating
matrix became solid more slowly when the
WPI content was high and remained prob-
ably more elastic.
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Lactose would have an influence given
that folds appeared at the particle surface
of powders incorporating WPC whereas
few dents were present with WPI [138].
Mistry et al. [111] noted that the sur-
face microstructure depended on both
protein and lactose contents. Their con-
comitant presence at concentrations above
200 g·kg−1 gave powders with wrinkled
particles hence with a greater surface area.

The dry matter content could have an
effect on the shrinkage of particles during
drying: dents were less pronounced when
it increased [140].

Influence of powder particle size

Indentations were more evident on
smaller particles because drying time was
shorter [138, 149]. The encapsulating ma-
trix became solid before expansion and the
subsequent particle smoothing could occur.

Furthermore, as smaller particles dried
and became solid faster, they could collide
with still viscous larger ones and remain
trapped on their surface [73]. If the latter
were no more sticky, the small particles im-
pacts created depressions on their surface.

Process elements affecting surface
microstructure

Higher inlet temperature (210 rather
than 150 or 160 ◦C) led to smoother sur-
face aspect particles [138]. The higher
the temperature difference between the
feed concentrate and the drying air, the
smoother the particle surface in relation to
the drying kinetics [140].

Slow cooling and higher inside temper-
ature of particles led to inclusion of small
particles within their folds.

Finally, the presence of surface dents
was due to the composition of the con-
centrate, its viscosity via its surface ten-
sion, and to atomization and drying param-
eters [111, 138, 140]. They had a negative

effect on the flowability and rehydration
properties of the powders [139]. The au-
thors still did not find any relation between
free and surface fat with the surface mi-
crostructure of the particles. However, both
have an influence on powder physical prop-
erties (see this section and Sect. 6.2.4.).

6.2.3.2. Inner microstructure

Composition elements affecting
inner microstructure

Fat was homogeneously dispersed as
very small droplets within the matrix. They
had a diameter of 50 to 600 nm for par-
ticles of 1 to 40 µm (case of microencap-
sulation). It was observed for ethyl capry-
late encapsulated by gum arabic [140]
or by WPI/maltodextrins and WPI/CSS
mixtures [148], for AMF encapsulated
by WPI, WPC50 and WPC75 [138],
or by WPI/lactose, WPI/M-starch and
WPI/dextrin mixtures [182, 183]. Fat
seemed to be well separated from the outer
surface: neither pores nor cracks were de-
tected between inner and outer parts of
the particles at the SEM resolution (about
1 µm) [9, 21, 115, 138,140].

Rosenberg et al. [140] and Rosenberg
and Young [138] noted that fat droplets
size did not vary from the original emul-
sion to the powder: there was no coales-
cence during drying. The matrix protected
fat, provided it was not altered during stor-
age. Furthermore, the type of protein did
not influence the inner microstructure of
powder particles.

Influence of powder particle porosity

Porosity has an influence on free fat ex-
traction of milk powders via the solvent ac-
cessibility [21, 23]. De Vilder et al. [34]
found a positive linear correlation between
the free fat content and the penetration
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of nitrogen as a measurement of parti-
cle porosity. Spray-dried powder particles
show one or several interconnected cen-
tral vacuoles which shape is not influenced
by surface folds [21]. Pores and capillaries
also form part of powder particles porosity
as shown in Figure 2.

The porosity of microcapsules incorpo-
rating amorphous lactose would be lower
to those without lactose [113]. King [83]
mentioned that lactose crystallization led
to the formation of thin interstices and
cracks around the crystals. Moreau and
Rosenberg [113] did not confirm the ob-
servation, but they worked with a different
matrix.

When AMF was encapsulated in
a WPI/lactose matrix, extraction by
petroleum ether was promoted after lac-
tose crystallization because the porosity
was greater. However, pores in powders
stored under humid conditions (water
activity aW above 0.43) were partially
plugged by a partial dissolution of the
matrix. The solvent diffused less in
the powder particle; furthermore, water
created a hydrophilic barrier. Hence,
powder porosity resulted from thermal
and mechanical stresses during drying
and storage: it often decreased, thus
influencing the free fat content [24].

Process elements affecting inner
microstructure

Under the same atomization parame-
ters, higher inlet temperatures in the drying
chamber led to larger, more numerous cen-
tral vacuoles [140]. The thickness of the
encapsulating matrix was decreased.

The presence of vacuoles was attributed
to either air desorption, presence of steam,
or both. Shrinkage of the encapsulating
matrix due to water losses was counterbal-
anced by high drying temperatures induc-
ing extended expansion of the air bubbles.
Vacuoles were formed during early stages

of drying, i.e. prior to shrinkage which oc-
curred when the matrix was still enough
elastic.

6.2.4. Physical properties of dairy
powders in relation to free fat
and surface fat

6.2.4.1. Oxidation

Oxidation concerns unsaturated fatty
acids, including free fatty acids originating
from the lipolysis of fat [160]. Milk lipids
first oxidize as hydroperoxydes, which in
turns are decomposed into carbonylated
products. The latter are responsible for
undesirable off-flavors and polymerization
with proteins.

It is commonly evaluated by the perox-
ide value [67] for the primary products of
oxidation or by the thiobarbituric acid, flu-
orescent spectroscopy and size-exclusion
liquid chromatography for the secondary
products of oxidation [160]. Sensory anal-
ysis by an experienced panel can support
the physicochemical analysis [75].

Despite surface fat oxidizing more
rapidly, oxidation strongly depended on
the oxidation degree of the encapsulated fat
for the latter represented more than 90% of
the total extractable fat present in a whole
milk powder [61]. The more the surface
was covered by fat, the more cholesterol
oxidized [75] unless it was low-melting
fat [42, 56]. Indeed, liquid fat would par-
tially and temporarily protect cholesterol
crystals by spreading over them [150].

Keogh and O’Kennedy [75] claimed
free fat and fat oxidation did not depend on
the same factors. The free fat content eval-
uated by solvent extraction was not cor-
related to oxidation flavors in whole milk
powders stored at ambient temperature or
at 30 ◦C, for 6 months and protected from
light [19, 42, 56]. However, the taste of the
large particle size fractions, which incor-
porated far less free fat, was found to be
better [19].
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Oxidation depends on oxygen content,
the presence of antioxidant molecules,
light (mostly UV), metallic ions, storage
temperature, relative humidity and water
activity [60, 61, 102, 135, 154].

Inner porosity of powder particles, i.e.
capillaries and vacuoles, constitutes an
amount of trapped air that is susceptible
to diffusion so as to make contact with fat
and oxidize it [76, 116, 162]. Gas displace-
ment pycnometry measurements with a gas
of similar molecular dimension to oxygen,
e.g. nitrogen, can predict its permeation
level [116].

A good dispersion of fat droplets within
the solid matrix is essential to avoid the
propagation of oxidation to the overall
product [162].

6.2.4.2. Rehydration properties

The composition at the air/water in-
terface of drying droplets was more
important than the composition at the
oil/water interface of emulsion droplets,
i.e. the stability and properties of the ad-
sorbed layer [42], mainly the protein-fat
(and protein-protein) interactions [27,112].
However, emulsion stability played an in-
direct role because it could delay coales-
cence; hence, it favored a good encapsula-
tion [42].

Wettability

Fäldt [42] mentioned the Washburn
equation that describes the penetration rate
of a liquid into the capillaries of a powder
particle:

dh/dt = (r2/8ηh) · (2γ cos θ/r)

where h is the height of liquid in the capil-
lary, t the time, r the capillary radius, η the
liquid viscosity, γ the surface tension of the
liquid in the air and θ the contact angle be-
tween the liquid and the powder particle.

The presence of fat made particle sur-
face more hydrophobic and increased the

contact angle with water; therefore, de-
ducing it from the Washburn equation,
wettability was poorer [47]. Furthermore,
particles of different size would have cap-
illaries of various radius r; consequently,
their wettability would be different.

Gaiani et al. [55] did not find any signif-
icant relation between the surface fat and
the wetting time of fat-free powders. How-
ever, several authors had noted that the
presence of surface fat could be used to
predict the wettability of powders [42, 79,
81, 82, 153]. Some of them suggested that
this property was correlated with the melt-
ing point of surface fat but not to the global
melting point of fat, in the absence of
surface-active constituents [82, 153]. The
lower the melting point temperature, the
better the wettability. The wetting time was
also negatively correlated to the lactose
content at the particle surface [42].

Finally, wettability would be correlated
more to the surface composition of powder
particles and dispersibility would be due
to the presence of hygroscopic elements
in the overall composition, i.e. lactose and
minerals [55].

Dispersibility

Dispersibility had a negative but weak
correlation with the free fat content [156].
It was slightly improved when the melting
point of the dairy fat was lower. By ex-
trapolation, powders would be more easily
dispersed at a temperature higher than the
melting of the fat they incorporated.

Buma [19] observed a deterioration of
dispersibility when the free fat content
varied from 0 to 6%. Above that limit,
there was no more influence of free fat
because only surface free fat would have
an influence [23] or homogenization and
powder particle size would be the only pa-
rameters to directly influence dispersibil-
ity. Poor dispersion properties were re-
cently attributed to the presence of surface
fat [64].
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Solubility

Authors agreed about the negative influ-
ence of fat on the solubility properties of
powders [19, 112, 133].

The presence of fat droplet clusters was
correlated with a poor solubility by means
of insolubles detected after powder recon-
stitution in hot water and coffee [104]. Fat
droplet size increased after powder recon-
stitution for liquid or semi-solid oils all
the more since the powder was stored un-
der humid conditions [130]. Coalescence
had occurred during drying or rehydra-
tion. Indeed, the semi-solid oil incorpo-
rated some fat crystals that could damage
oil droplets. The trend was slightly pro-
nounced for solid oil and reconstitution
properties were little affected. Fat crys-
tals, agglomerated or not, were observed
by light microscopy.

High homogenization pressures im-
proved emulsion stability; on the other
hand, they increased concentrate viscosity
which could reduce the solubility of pow-
ders for a given particle size [19,153]. Fur-
thermore, adsorbed casein micelles would
be less stable than native micelles; hence,
solubility was poorer [112].

After the cyclones, powder particles
were smaller, showed higher free fat con-
tents and a better solubility [19].

Time of dissolution ranged from 7 to
15 s for emulsions of similar composition
to whole milk [47].

Finally, homogenization (by decreasing
the porosity) and powder particle size
probably have a greater influence on the
solubility properties of the powder than the
free fat content. However, the latter would
be related to the first two factors [19].

Cream rising, foaming and churning

Free fat did not promote cream rising
and foaming of milk when the powders
were rehydrated [19]. Churning was due to
the use of non-homogenized concentrates

that gave high free fat powders, but again
there was no significant correlation with
the free fat content.

6.2.4.3. Flowability

There are few studies about powder
flowability of fat-filled powders. In com-
parison with skim milk powder, the preva-
lence of fat at the surface of whole milk
powder, cream powder and whey pow-
der prevented them from good flowing
properties [20, 52, 53, 81, 126, 133, 161].
Surface fat was predominant over hygrom-
etry, amorphous lactose and powder parti-
cle size. Indeed, the flowability was greatly
improved after free fat extraction [81]. Fur-
thermore, only surface fat measured by
XPS and surface free fat would have a neg-
ative influence on the flowing properties
of powders, and not the total free fat or
the total fat for a given powder particle
size [20, 23, 81, 121].

The flowability of powders with fat con-
tents of 260 and 730 g·kg−1 fat was al-
tered in the range 5 to 25 ◦C. Indeed,
the melting of fat was responsible for the
formation of liquid bridges between par-
ticles and their stickiness to one another
by attractive capillary forces [20, 52, 53,
126]. A subsequent slow cooling enhanced
the cohesion because fat crystallized and
strengthened the bridges [133]. These stud-
ies agreed with previous observations by
Sloth Hansen [153] on vegetable oils with
different melting points.

The melting of fat could also make the
powder more elastic and malleable [133].
The contact area between particles was
greater which enhanced agglomeration.

Crystallized lactose and interactions be-
tween denatured caseins also diminished
the flowing properties of powders; hence,
temperature and relative humidity have to
be considered [52, 53, 84, 126,133].
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6.2.4.4. Chocolate processing
applications

Butterfat can replace at least partly co-
coa butter because of its lower cost and its
desirable flavors [6, 168]. Milk chocolate
incorporates about 230 g·kg−1 of whole
milk powder [168].

The free fat content determined the Cas-
son viscosity of the chocolate mass: the
higher it was, the less the mixture was vis-
cous, thus making it easier to process the
chocolate, e.g. during conching [6,77,164,
168]. It was observed for various melting
points of fat, e.g. 18, 26, 35 and 41 ◦C [6].

Furthermore, milk chocolate hardness at
ambient temperature was reduced when the
free fat content increased [77,92,164,168].
The free fraction of fat inhibited the co-
coa butter crystallization and its polymor-
phism under its most stable form. Hence,
tempering was conduced at lower temper-
atures and fat bloom was delayed during
storage [92].

Fat fractions behaved in a different way
depending whether roller-dried or spray-
dried powders were considered [6, 37]. In-
deed the viscosity of the chocolate mass
was always lower with the former even if
free fat contents were similar. Rheological
properties of the chocolate mass are thus
conditioned by interfacial properties and
microstructure of the dispersed phase, in
addition to free fat.

When fat with a melting point of 26 ◦C
was added in a free form to the other con-
stituents, the chocolate showed a more pro-
nounced “mixed crystallization” of milk
fat and cocoa butter [6]. If fat was added to
skim milk before drying, the particles were
compact and showed a large central vac-
uole. If fat was atomized later onto pow-
der particles, the latter had a spongy inner
structure and free fat remained available at
the surface. Roller-dried powders behaved
in the same manner.

Adapting the spray-drying process en-
abled the manufacture of powders with a

similar viscosity behavior to roller-dried
powders in the chocolate mass [6, 32].

7. CONCLUSION

Functional properties of dairy powders
related to free fat mainly depend on two
considerations. Concentrate composition
has a great influence through its three ma-
jor constituents: (i) fat which includes type
of fat (milk fat or vegetable oil), melting
point, load and surface-active molecules
such as phospholipids; (ii) proteins, mostly
casein or caseinate and whey proteins, e.g.
WPI and WPC; and (iii) lactose or an-
other carbohydrate in their amorphous or
crystallized form. Each constituent is dra-
matically related to one another by physic-
ochemical conditions, which in turn influ-
ences their reactivity and morphology. The
process identifies four key-steps: homoge-
nization, pre-crystallization of lactose, dry-
ing and storage. The latter has a strong
impact on the behavior of lactose and fat.
Each step determines fat stability in subse-
quent ones. Finally, composition and pro-
cess are highly related but few studies fo-
cused on the interaction between both, or
only considered a little part of the process.
Hence, generalities cannot be extrapolated
on how composition and process parame-
ters influence free fat content and fat sta-
bility during the overall process, which in
turn, interfere in some of the applications
of dairy powders: off-flavors from oxida-
tion products, poor rehydration and flow-
ing properties. Moreover it gradually ap-
pears that the measure of surface fat by
means of XPS is a powerful tool to predict
and assess functional properties of dairy
powders.

Further research should focus on the
overall process, i.e. at least from the ho-
mogenization step to storage. It should also
increasingly consider composition consis-
tent with industrial requirements, the rela-
tionship between free and surface fat and
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their consequences on dairy powder prop-
erties. This knowledge will ultimately lead
to the appraisal of each factor influence, a
better understanding of fat migration dur-
ing drying and storage and finally a better
control of the functional properties of dairy
powders.
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