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ABSTRACT

Changes in fat properties were studied before, dur-
ing, and after the drying process (including during 
storage) to determine the consequences on powder 
physical properties. Several methods were combined 
to characterize changes in fat structure and thermal 
properties as well as the physical properties of powders. 
Emulsion droplet size and droplet aggregation depended 
on the homogenizing pressures and were also affected 
by spray atomization. Aggregation was usually greater 
after spray atomization, resulting in greater viscosities. 
These processes did not have the same consequences on 
the stability of fat in the powders. The quantification of 
free fat is a pertinent indicator of fat instability in the 
powders. Confocal laser scanning microscopy permitted 
the characterization of the structure of fat in situ in 
the powders. Powders from unhomogenized emulsions 
showed greater free fat content. Surface fat was always 
overrepresented, regardless of the composition and 
process parameters. Differential scanning calorimetry 
melting experiments showed that fat was partially crys-
tallized in situ in the powders stored at 20°C, and that 
it was unstable on a molecular scale. Thermal profiles 
were also related to the supramolecular structure of fat 
in the powder particle matrix. Powder physical proper-
ties depended on both composition and process condi-
tions. The free fat content seemed to have a greater 
influence than surface fat on powder physical proper-
ties, except for wettability. This study clearly showed 
that an understanding of fat behavior is essential for 
controlling and improving the physical properties of 
fat-filled dairy powders and their overall quality.
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INTRODUCTION

Fat-filled spray-dried dairy powders have achieved 
great economic importance. These include whole milk 
powder, cream powder, whey derivatives, and milk 
ingredients enriched with various types of fat, either 
milk fat or vegetable oils. Fat contents usually range 
from 100 to 700 g/kg of DM. World production and 
international trade have increased greatly in recent 
years (International Dairy Federation, 2007). The ma-
jor suppliers are New Zealand, the European Union, 
Argentina, Australia, and the United States (Interna-
tional Dairy Federation, 2007). In this context, it is of 
primary importance to increase the understanding of 
the parameters that affect the properties of fat-filled 
spray-dried dairy powders.

The drying process causes a range of structural and 
physicochemical modifications, which in turn influ-
ence the rehydration and handling properties of dairy 
powders and their shelf life (Westergaard, 1994). Fur-
thermore, increasing the fat content leads to additional 
quality implications, such as poor rehydration and flow 
properties, and off-flavors attributed to the presence 
of free and surface fat. However, controlling the dry-
ing operation and the powder properties is still rather 
empirical in this case, and to date, few studies have 
focused on the whole issue (Vignolles et al., 2007).

The changes in fat properties must be determined 
before, during, and after the overall drying process to 
understand their subsequent consequences on powder 
physical properties and to improve the quality of fat-
filled dairy powders. The objective of this study was 
to prepare well-controlled emulsions and to relate their 
characteristics to the properties of the powders. The 
originality of this work was that fat behavior was stud-
ied all along the drying process (i.e, from homogeniza-
tion to storage) and a set of methods was combined, 
including specific methods for fats. Emulsions with co-
conut oil were characterized through their particle size, 
viscosity, and crystallization profile. Powders obtained 
from these emulsions were studied through 1) their fat 
properties, including particle size, free fat, surface fat as 
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measured by x-ray photoelectron spectroscopy (XPS), 
thermal profiles, and in situ location by confocal laser 
scanning microscopy (CLSM), and 2) their physical 
properties.

MATERIALS AND METHODS

Materials

Hardened coconut oil (Ertilor C 32/34) was purchased 
from Fuji Oil Europe (Gent, Belgium). This vegetable 
oil is commonly used in fat-filled dairy powders. In its 
natural form, coconut oil includes 70% of short-chain 
fatty acids (C6:0 to C12:0), and only 6% of unsaturated 
fatty acids (Padley et al., 1986). High-heat skim milk 
powder from Epi Ingredients (Ancenis, France) was 
used to avoid proteolytic degradation during powder 
storage. Petroleum ether (40 to 60°C boiling point) of 
analytical grade, chloroform, and methanol of HPLC 
grade were obtained from Carlo Erba Reagents (Val de 
Reuil, France). Sodium dodecyl sulfate and EDTA were 
purchased from VWR-Prolabo (Fontenay-sous-Bois, 
France). Nile Red and PEG200 were obtained from Sig-
ma-Aldrich (St. Louis, MO, and St. Quentin-Fallavier, 
France, respectively), and the antifading glycerol-PBS 
solution was from Citifluor Ltd. (London, UK).

Preparation of Emulsions. First, skim milk pow-
der was dissolved in hot water (60°C) and left under 
stirring conditions for 2 h in a 300-L tank. The optimal 
dissolution of the skim milk powder was assessed by la-
ser light-scattering measurements (see method below); 
this powder had less than 3.50% (vol/vol) of insolubles. 
Melted hardened coconut oil (60°C) was then added at 
100, 260, and 400 g/kg of fat in DM to the skim milk 
solutions, which were at 390, 340, and 300 g/kg of skim 
milk powder in water, respectively. Final DM was 400 
g/kg in the 3 resulting mixes. The mixes were stirred 
gently for 15 min before processing and were maintained 
at 60°C throughout the experiment (approximately 
180 min). In a first series of trials, the 3 mixes were 
homogenized at 16 MPa in the first stage and 4 MPa 
in the second stage by means of an APV Rannie LAB 
12/51 H homogenizer (Assistance Techniques Spéciales, 
Moissy Cramayel, France). In a second series of trials, 
the 3 mixes were passed through the loosened heads 
of the homogenizer for each experiment. The flow rate 
was 100 L/h.

Spray-Drying of Emulsions and Storage of 
Powders. Emulsions were immediately dried in a pi-
lot-scale multistage spray dryer (GEA-PE, St Quentin 
en Yvelines, France) at Bionov (Rennes, France). The 
evaporation rate was 70 to 100 kg/h. A high-pressure 
pump fed the emulsion to the drying chamber at a 
flow rate of 100 L/h. The spray-dryer operated concur-
rently and had a spray nozzle with an orifice of 0.73 

mm in diameter. Inlet air humidity was controlled and 
adjusted by a dehumidifier (Munters, Sollentuna, Swe-
den) at 1 g/kg of water in dry air. Inlet and outlet gas 
temperatures were 190 and 90°C, respectively. Powders 
were granulated by recycling the fine particles from the 
cyclone (the so-called dusty) at the top of the drying 
chamber. They were collected in 25-kg paper bags at 
temperatures ranging from 20 to 30°C.

Powders were stored under a controlled temperature 
of 20°C, in sealed bags under low-vacuum conditions, 
and kept away from light. They were analyzed regularly 
for 12 mo. Hereafter, the terms low-fat, medium-fat, 
and high-fat refer to emulsions or powders with 100, 
260, or 400 g/kg of fat in DM, respectively.

Methods

Fat Droplet and Powder Particle Sizes. Fat 
droplet and powder particle sizes were measured by 
laser light scattering with a MasterSizer 2000 instru-
ment (Malvern Instruments, Malvern, UK) equipped 
with a 5-mW helium-neon laser (λ = 633 nm) and 
an electroluminescent diode (λ = 466 nm). A refrac-
tive index of 1.449 was used for coconut oil and 1.333 
was used for the aqueous phase; the absorption value 
was 0.01. For measurements after homogenization and 
atomization through the spray nozzle, the emulsion 
samples were diluted (1:5) in distilled water or in a 
solution of SDS at 1% (wt/vol). Sodium dodecyl sulfate 
allowed the dissociation of bridged-flocculated droplets 
(i.e., the so-called clusters) by displacing proteins from 
the interface. Then, 1 mL of 35 mM EDTA at pH 7 
was added directly to the diluted emulsion samples in 
the circulating cell (to both samples in distilled water 
and samples with SDS) to dissociate CN micelles. For 
the determination of fat droplet size in the powders, 
emulsions were obtained by rehydrating the powders at 
100 g/kg in distilled water at 60°C, for 30 min before 
measurements, and under gentle stirring conditions to 
avoid secondary emulsification. The emulsion samples 
were 1) directly introduced in the circulating cell or 2) 
previously diluted (1:5) in SDS at 1% (wt/vol). One 
milliliter of 35 mM EDTA at pH 7 was then added 
to the emulsion samples (both native and with SDS). 
Each result was the mean of 2 independent samplings 
and 3 successive measurements each time. The results 
were recorded as volume distributions, volume-weighted 
average diameters,

 d43 = Σinidi
4/Σinidi

3 [1]

(where ni is the particle number of average diameter di), 
modes, and specific surface areas, which were calculated 
by the software.
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Powder particle size distribution was determined by 
using a dry powder feeder attachment, and the stan-
dard optical model presentation for particles dispersed 
in air was used. The results were recorded as surface-
weighted average diameters,

 d32 = Σinidi
3/Σinidi

2 [2]

(where ni is the particle number of average diameter 
di).

Viscosity Measurements. Rheological measure-
ments were carried out with an AR1000 viscometer 
(TA Instruments France, Guyancourt, France) with an 
aluminum concentric cylinder (stator outer radius: 25 
mm; rotor inner radius: 23.05 mm; cylinder immersed 
height: 30 mm; and bottom gap: 4 mm). Samples were 
equilibrated at the measurement temperature (20°C) 
for 3 min by using a Peltier temperature control sys-
tem. Samples were then sheared at continuous shear 
rates from 1 to 300 s−1 for 4 min 20 s and from 300 to 1 
s−1 for 4 min 20 s. Each step lasted 10 s and the result 
was the mean of the last 2 s for each step. Samples were 
either Newtonian, or shear-thinning. Apparent viscosi-
ties were calculated at high shear rates (300 s−1) from 
the Herschel-Bulkley mathematical model taking the 
following form:

 0
na � ,  [3]

where is the shear stress (Pa), 0 is the yield stress 

(Pa), a is the viscosity at 1 s−1 (Pa·s), �  is the shear 
rate (s−1), and n is the rate index. Only emulsions with 
260 g/kg of fat in DM were analyzed in duplicate.

Thermal Properties. Thermal properties of emul-
sions and powders were investigated by differential 
scanning calorimetry (DSC) with a TA Q-1000 calo-
rimeter (TA Instruments France), using aluminum her-
metic pans. Cell calibration was achieved with indium. 
The crystallization properties of fat in emulsions were 
recorded from 60 to −5°C at 2°C/min (sample size of 15 
to 20 mg). The overall thermal profiles of fat in powders 
were recorded from 60 to −40°C and from −40 to 60°C 
at 2°C/min. Melting profiles of fat and the glass transi-
tion of lactose (Tg) in powders that had been stored at 
20°C for various times were successively recorded from 
20 to 70°C at 2°C/min (sample size of 7 to 10 mg). 
Each sample was analyzed in duplicate. The instrument 
software, TA Instruments Universal Analysis 2000 4.1, 
was used to calculate thermal characteristics such as 
the initial temperature of fat crystallization (Tonset), 
the Tg, and enthalpies of phase transitions (ΔH).

Microstructure Observations. Emulsions were 
observed by phase-contrast light microscopy with an 
Olympus BX 51, TF instrument (Olympus France, 

Rungis, France) by using a 100× oil immersion objective 
and an Olympus DP11 camera to record characteristic 
micrographs of each sample. In situ microstructural 
analysis of powder particles was performed by CLSM 
with a Nikon TE2000 Eclipse C1si (Nikon, Champigny-
sur-Marne, France). Nile Red fluorescent dye was used 
to label fat. The powder of the fluorescent dye was 
dissolved in acetone (50 μg in 1 mL). The preparation 
was added to a PEG200-Citifluor mix (1:1) onto a glass 
microscope coverslip. The solvent was able to evaporate. 
Powder particles were then added to the probe mixture 
and left for 30 min at 4°C to ensure a good diffusion of 
the fluorescent dye. Observations were performed with 
a 60× oil immersion objective and a helium-neon laser 
operating at an excitation wavelength of 543 nm (2 
mW; intensity: 30%), which was close to the excitation 
maximum of Nile red. Each micrograph corresponded to 
the average of 5 pictures of the sample. Characteristic 
micrographs were selected among the 10 micrographs 
taken for each sample, including a complete z-depth 
observation of a powder particle.

Free Fat Extraction. The amount of free fat was 
evaluated by mixing 10 g of powder with 50 mL of 
petroleum ether. Extraction number varied between 2 
and 3, until the solvent phase was limpid. A first evapo-
ration of petroleum ether was performed at 40°C under 
vacuum with a rotary evaporator (Rotavapor, Büchi, 
Flawil, Switzerland). Fat extracted from the powder 
was removed into 12-mL glass flasks with a blend 
(chloroform:methanol, 2:1) according to the method of 
Folch et al. (1957), and a second evaporation under ni-
trogen was conducted with an N-Evap 111 instrument 
(Organomation Associates Inc., Berlin, MA). Samples 
were stored at −20°C and kept away from light. Each 
sample was analyzed in duplicate.

Elemental Surface Composition Determina-
tion. The elemental surface composition of the pow-
ders (analysis depth <10 nm) was measured by XPS 
with a Kratos Axis Ultra instrument (Kratos Analyti-
cal, Manchester, UK) to determine the percentage of 
powder particle surface covered by fat. The instrument 
was equipped with a monochromatic Al Kα source 
and a delay-line detector, which allowed a high count 
rate. The instrument and the parameters used here for 
analysis and processing were described previously by 
Gaiani et al. (2006). The elemental composition in the 
sample was assumed to be a linear combination of the 
elemental composition of the pure components making 
up the samples. The relative atomic concentrations of 
carbon, oxygen, and nitrogen were quantified and used 
in a matrix formula related to the surface content of the 
different compounds making up the sample (i.e., pro-
tein, lactose, and fat), in agreement with the method 
presented by Fäldt et al. (1993):
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 IC = αPICP + α´LICL + α˝FICF,  [4]

 IO = αPIOP + α´LIOL + α˝FIOF,  [5]

 IN = αPINP + α´LINL + α˝FINF,  [6]

where IC, IO, and IN were the molar fractions of carbon, 
oxygen, and nitrogen at the sample surface (values 
obtained from the areas of the carbon 1s, oxygen 1s, 
and nitrogen 1s XPS peaks); ICP, ICL, and ICF were the 
molar fractions of carbon in protein, lactose, and fat; 
IOP, IOL, and IOF were the molar fractions of oxygen 
in protein, lactose, and fat; and INP, INL, and INF were 
the molar fractions of nitrogen in protein, lactose, and 
fat. Experimental values obtained from the reference 
samples (micellar CN, whey proteins, hardened coconut 
oil, and α-monohydrated lactose) were used to carry 
out these calculations. The relative occupied surfaces 
were determined for protein, lactose, and fat [i.e., (αP), 
(α´L), (α˝F), respectively] by solving the matrix. In 
this model, the different powder components were as-
sumed to be present at the surface in patches, which 
were thicker than the analysis depth of the XPS (2 to 
10 nm). The relative coverage calculated here was ex-
pected to be close to the mass-based one because there 
are small differences between the relative atomic mass 
of carbon (12), oxygen (16), and nitrogen (14). For di-
rect comparison with the bulk composition of powders, 
the relative coverage in this paper was assumed to be 
mass based.

The survey scan revealed the presence of carbon, oxy-
gen, and nitrogen, and traces of calcium, phosphorus, 
chloride, potassium, and sulfur. The elemental concen-
trations of carbon, oxygen, and nitrogen amounted to 
at least 99% of all the elements registered; thus, the 
remaining elements were ignored in the analysis.

The high-resolution carbon 1s, oxygen 1s, and nitro-
gen 1s peaks were decomposed according to the model 
of Gerin et al. (1995) for biochemical compounds. 
Deconvolution of the carbon 1s peak led to 4 peaks 
attributed to the C-(C,H), C-(O,N), O-C-O, and O-
C=O functions. The oxygen 1s peak was decomposed 
in 3 peaks corresponding to the O=C, C-OH, and H2O 
functions. The nitrogen 1s peak was deconvoluted in 
the C-(NH, NH2) and C-(NH3

+) functions.
Surface fat was calculated from the carbon, oxygen, 

and nitrogen percentages in the samples by using the 
surface elemental composition of the references (Table 
1) and equations [4] to [6]. The experimental composi-
tions of the references were in agreement with theoreti-
cal values (Fäldt et al., 1993; Kim et al., 2005b).

Two independent samplings and the subsequent mea-
surements on the same powder allowed for the estima-

tion of standard errors, which were 0.000% for carbon, 
0.002% for oxygen, and 0.019% for nitrogen (df = 1). 
Given the small standard errors, powder samples were 
analyzed once.

Physical and Sensorial Properties of Powders. 
Wettability and dispersibility indexes were obtained 
according to the Niro Atomizer standards (Sørensen 
et al., 1978); the solubility index was obtained accord-
ing to International Dairy Federation (1988) standards. 
Water activity (aW) was assessed with a Novasina RTD 
200/0 aW meter (Novasina AG, Pfäfficon, Switzerland) 
at 25°C. Flowability, floodability, aerated density, and 
tapped density were measured with a PT-N powder 
characteristics tester (Hosokawa Micron, Evry, France). 
In the standards given by the powder tester, a high 
flowability is a good powder property: from 60 to 100 
the index is normal to very good. Conversely, a high 
floodability is considered as a poor property: an in-
dex above 40 means that the powder tends to flush or 
flushes. Each sample was analyzed in duplicate. True 
density of the powder particles was determined by gas 
pycnometry with both helium and nitrogen on a Py-
cnomatic ATC instrument (Thermo Fisher Scientific, 
Courtabœuf, France). Each sample was analyzed in 
triplicate. Densities were calculated for the nonfat mat-
ter fraction to avoid any influence of the total fat con-
tent. Interstitial air and occluded air were determined 
from density measurements as follows (Westergaard, 
1994):

61FAT AND POWDER PHYSICAL PROPERTIES

Journal of Dairy Science Vol. 92 No. 1, 2009

Table 1. Relative elemental composition of the reference samples 
measured by x-ray photoelectron spectroscopy for extrapolation of the 
surface composition 

Reference sample

Relative atomic concentration, %

Carbon, % Oxygen, % Nitrogen, %

Protein
 Native phosphocaseinate
  Experimental value 71.12 17.53 11.36
  Theoretical value1 65.00 19.00 16.00
  Error2 9.42 7.74 29.00
 Whey proteins
  Experimental value 70.64 15.95 13.41
  Theoretical value1 65.00 19.00 16.00
  Error2 8.68 16.05 16.19
Fat (hardened coconut oil)
 Experimental value 89.38 10.62 —
 Theoretical value1 86.00 14.00 —
 Error2 3.93 24.14 —
α-Monohydrated lactose
 Experimental value 54.61 45.39 —
 Theoretical value1 52.17 47.83 —
 Error2 4.67 5.09 —

1Theoretical values: lactose, sodium caseinate for protein from Fäldt et 
al. (1993) and Kim et al. (2005b), and coconut oil for fat from Fäldt 
and Bergenståhl (1993).
2Error (%) = [(experimental value − theoretical value)/theoretical 
value] × 100.



Interstitial air content = (1,000/aerated density)  

 − (1,000/tapped density) (mm3/g)  [7]

Occluded air content = (1,000/true density)  

 − interstitial air content (mm3/g)  [8]

To detect off-flavors, sensorial assessments on the re-
hydrated powders at 100 g/kg of powder in water were 
performed by 3 independent trained panels of 5 to 10 
tasters each.

RESULTS AND DISCUSSION

Properties of Fat After Homogenizing  
and After Spray Atomization

Emulsion Droplet Size and Aggregation De-
pend on Both Homogenizing Pressures and 
Spray Atomization. After homogenizing the liquid 
preparations, tiny and coarse emulsions were obtained 
by applying a pressure of 20 and 0 MPa, respectively, as 
assessed by laser light-scattering measurements (Table 
2). In the tiny emulsions, the size fraction from 2 to 40 
μm was easily removed after the addition of EDTA, 
SDS, or both (results not shown). In the coarse emul-
sions, SDS reduced the maximal size class in the range 
of 15 to 20 μm instead of 40 to 50 μm (Figure 1A). 
In both cases, clustering (i.e., aggregation) appeared 
between fat droplets. Walstra and Jenness (1984) previ-
ously attributed clustering to aggregation between the 
CN micelles adsorbed at the surface of fat droplets. 
Hence, both EDTA and SDS were used to approach 
the size of individualized fat droplets, for the direct 
comparison of the various emulsions. After the addition 
of EDTA and SDS in the various tiny emulsions, the 
mean diameter (d43) ranged from 0.4 to 0.7 μm (Table 
2) which corresponded to specific surface areas in the 
range of 17.2 to 21.5 m2/g of fat. This was observed 
regardless of the initial fat content. The overall size 

distribution was mainly monomodal (Figure 1B); the 
maximal fat droplet size was 2.0 μm. In the various 
unhomogenized emulsions, the d43 ranged from 3.1 to 
5.6 μm and the specific surface area ranged from 3.5 
to 5.6 m2/g of fat. Their overall size distributions were 
mainly bimodal with 2 modes: 0.18 and 5.5 μm (Figure 
1C); the maximal fat droplet size was 18 μm.

After spray atomization of the emulsions through 
the spray nozzle, the clustering phenomenon was more 
pronounced for previously homogenized emulsions with 
260 and 400 g/kg of fat in DM. It was also observed 
with previously unhomogenized emulsions with 100 g/
kg of fat in DM.

After the addition of EDTA and SDS, the smallest 
particles (d43 < 0.5 μm) did not undergo a significant 
modification of their size after atomization through the 
spray nozzle (Table 2). They were slightly reduced and 
the surface area was thus increased to a small extent. 
Conversely, particles with mean diameters (d43) above 
3 μm were further reduced from 4.5 to 6 times, with a 
subsequent increase in the surface area from 2.5 to 3.5 
times. Indeed, fat droplets can be disrupted as they 
undergo a shear rate during the atomization step (Wal-
stra and Jenness, 1984). Ye et al. (2007) also observed 
smaller fat droplets after spray-drying and found some 
very large fat droplets (up to 80 μm) that they attrib-
uted to coalescence.

However, the proper influence of the spray nozzle on 
fat droplet size cannot be evaluated separately because 
the emulsions additionally passed through a high-
pressure pump that fed the spray nozzle and drying 
chamber. Shear rate attributable to flowing through 
pipes should also be considered because it may lead to 
fat droplet disruption (Walstra and Jenness, 1984).

Emulsion Viscosity Is Greater After Spray 
Atomization Than After Homogenizing. Spray 
atomization of the unhomogenized emulsion had the 
same increasing effect on viscosity as homogenizing, 
excluding the high atypical value of 270 mPa·s (Table 
2). The increase in viscosity was mainly due to the 
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Table 2. Fat content and homogenizing conditions affecting fat droplet mean diameters (d43) and viscosities in emulsions 

Fat content, g 
per kg of DM

Homogenization 
pressure, MPa

d43,
1 μm Viscosity,2 mPa·s

After homogenizing After spraying After drying After homogenizing After spraying

100 20 0.44 0.38 0.57  70 117
260 20 0.59 0.44 0.65 68 ± 1 78 ± 2
400 20 0.45 0.41 0.68 270 165
100 0 5.02 0.80 1.40  45 101
260 0 3.09 0.65 2.41 42 ± 14 168 ± 43
400 0 5.55 1.21 5.20  19 235

1Samples dispersed in SDS and EDTA. Data are means ± sample standard errors. Sample standard errors were <0.001 for the modality 20 MPa 
and <0.2 for the modality 0 MPa (df = 5).
2Apparent viscosities at 300 s−1. Data are means ± sample standard errors when available (df = 1).



decrease in fat droplet size, with subsequent increases 
in fat droplet numbers and interfacial area (Prentice, 
1992). However, for similar fat droplet sizes, viscosities 
were significantly greater after spray atomization than 
after homogenizing, and could no longer be correlated 
with the d43. These 2 processing steps would implicate 
different mechanisms of protein adsorption and subse-
quent aggregation between fat droplets, as mentioned 
above. Here, the greater viscosity was related to a 
slightly larger proportion of clusters above 10 μm after 
spray atomization: 2.4 to 7.8% vs. 0.6 to 1.5% in ho-
mogenized emulsions, and 14.0 vs. 8.7% in the low-fat 
unhomogenized emulsion. Large clusters are known to 
increase viscosity (Prentice, 1992), which further accel-
erates fat droplet aggregation and coalescence (Walstra 
and Jenness, 1984). Hence, fat droplet stability would 
be affected in subsequent manufacturing stages.

It should be noted that the shear rates used for the 
viscosity measurements were much lower than the shear 
rates actually implied during the process. For instance, 
they were assumed to be 10 to 103 s−1 for mixing and 
stirring, and 103 to 104 s−1 for spray-drying (Macosko, 
1994).

Crystallization Properties of Fat in the Emul-
sions Are Related to the Supramolecular Struc-
ture of the Fat. The crystallization profile of anhy-
drous coconut oil in bulk recorded by DSC on cooling 
showed the formation of 2 successive exothermic events 
(Figure 2). The first event was minor and corresponded 
to the crystallization of the first crystals of anhydrous 
coconut oil in bulk, with a initial crystallization tem-
perature (Tonset) of 20.1 ± 0.0°C (df = 2). The second 
event was a marked and narrow peak (temperature: 
16.1 ± 0.1°C; df = 2). The total enthalpy of crystal-
lization of anhydrous coconut oil in bulk was 119.0 ± 
0.1 J/g of fat (df = 2). The crystallization profile of fat 
dispersed in emulsion droplets homogenized at 20 MPa 
showed a larger exothermic peak. The Tonset was moved 
toward the lower temperatures (i.e., 11.9 ± 0.0; df = 
1) compared with anhydrous coconut oil in bulk. The 
crystallization profile of fat dispersed in unhomogenized 
emulsion droplets showed a first exothermic peak that 
was marked and narrow (Tonset = 12.8 ± 0.0°C; df = 
1). The second exothermic peak was large and barely 
noticeable. The discrepancy toward the lower tempera-
tures was observed, regardless of the fat droplet size and 
fat content. A nucleus in each droplet, instead of one 
in the bulk fat, is needed to initiate crystallization, for 
instance in milk fat (Walstra and Jenness, 1984). This 
assessment has 2 consequences. First, the discrepancy 
in the Tonset can be attributed to the organization of fat 
as small droplets within the emulsions, which was con-
firmed by laser light-scattering measurements and light 
microscopy. The crystallization kinetics of fat was then 

63FAT AND POWDER PHYSICAL PROPERTIES

Journal of Dairy Science Vol. 92 No. 1, 2009

Figure 1. Size distributions are characteristic of the processing 
steps the product underwent. Examples of high-fat emulsions and the 
corresponding rehydrated powders. (A) Unhomogenized emulsion in 
its native state (solid line), with addition of EDTA (�), and with SDS 
(×). Emulsions and rehydrated powders (B) with a 20-MPa homog-
enization and (C) without homogenization pressure. Symbols: after 
homogenizing (◊), after spray atomization (□), and after drying (�). 
The phase-contrast micrographs were taken in the rehydrated powders 
(scale bar: 10 μm).



faster in unhomogenized emulsions: unless the Tonset 
was equivalent, the slope of the first peak was greater 
than in homogenized emulsions and was more similar 
to the slope of the anhydrous coconut oil in bulk. In 
unhomogenized emulsions, the crystallization profile of 
fat showed 2 exothermic events that may correspond to 
the bimodal distribution of fat droplet size. The trends 
in fat crystallization described after homogenizing were 
also observed after spray atomization of the emulsions 
(results not shown).

Properties of Fat After Drying

Emulsion Droplet Size in Powders Is Signifi-
cantly Increased After Drying. Fat droplet size 
was significantly affected during drying, regardless of 
the composition, homogenization pressure, and drying 
conditions (P < 0.01; Table 2). Powders obtained from 
tiny emulsions showed a bimodal size distribution with 
little polydispersity after their rehydration (Figure 1B). 
The main size classes were 0.08 to 2.5 μm and 2.5 to 
10 μm.

Powders obtained from coarse emulsions had a 
greater increase in their d43, which resulted in a highly 
polydisperse size distribution with 3 main size classes 
after their rehydration: 0.1 to 0.3 μm, 0.3 to 2.5 μm, 
and 2.5 to 45 μm (Figure 1C). The d43 after spray at-
omization was then similar or even greater than the d43 
after homogenizing, except for the low-fat powder.

The fat droplet size after drying was strongly cor-
related with the fat droplet size after homogenizing: 

R2 was 0.96, excluding data from the unhomogenized 
low-fat emulsion. However, it was not correlated with 
the fat droplet size after spray atomization: similar size 
distribution patterns after spray atomization led to 2 
size distribution patterns after drying, depending on the 
homogenizing conditions. Rosenberg and Young (1993) 
reported that the size of fat droplets did not vary from 
the original emulsion to the powder, in contrast with 
our results. However, the authors dried very tiny emul-
sions dedicated to microencapsulation. In addition, Ye 
et al. (2007) stated that the size distribution of fat 
droplets in powders was independent of fat droplet size 
after homogenizing, regardless of the experiment; how-
ever, they studied tiny emulsions.

In situ qualitative CLSM observations were consis-
tent with the droplet size measurements performed by 
laser light scattering. Powders from homogenized emul-
sions showed a homogeneous distribution of very small 
fat droplets within the powder particles (Figure 3A). 
Conversely, powders from unhomogenized emulsions 
revealed the presence of very large fat droplets (Fig-
ure 3B). Actually, these large droplets were measured 
by laser light scattering; hence, they would not be an 
artifact attributable to powder rehydration before mea-
surements.

These results indicate that spray atomization did 
not have the same stabilization effect as homogeniz-
ing, as already stated with the emulsion viscosity mea-
surements. Both processing steps led to a reduction 
in fat droplet size, which involved an increase in the 
specific surface area. Adsorption of surface-active ele-
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Figure 2. Thermal profiles of the emulsions reflecting fat organization. Example of crystallization profiles of fat in the high-fat emulsions 
and in anhydrous coconut oil in bulk. a.u. = arbitrary units.



ments (here, milk proteins) is necessary to reconstitute 
the interface between lipids and the aqueous phase 
(Walstra and Jenness, 1984). Our hypotheses were that 
1) milk proteins or protein conformation involved dur-
ing homogenizing and spray atomization were not the 
same, 2) kinetics during spray atomization were too 
fast for protein adsorption, 3) the maximal shear rate 
was different at the inner wall of the homogenization 
heads and the spray nozzle orifice for equivalent pres-
sure and because of different gap sizes, or 4) there was 
a combined effect of 2 or 3 of these hypotheses. The 
emulsion retention time was much greater in the ho-
mogenizer compared with the instantaneous drying of 
the droplet after spray atomization (i.e., less than 10−3 
s; Masters, 2002), whereas the adsorption time of CN 
micelles was assumed to be generally less than 10 μs 
(Walstra and Jenness, 1984). Size distributions did not 
change significantly during the 12-mo storage period, 
except for the high-fat powder from an unhomogenized 
emulsion, for which the d43 increased from 5.2 ± 0.2 μm 
to 6.8 ± 0.02 μm (df = 5).

Free Fat Is a Pertinent Indicator of Fat In-
stability in the Powders. Free fat in powders is not 
entirely protected by surface-active elements or by a 
matrix of proteins and amorphous lactose, as stated 
by Vignolles et al. (2007). Size measurements were ap-
plied to rehydrated powders both before and after free 
fat extraction with petroleum ether. These indicated 

a significant decrease in the d43 after the extraction 
(P < 0.01). The polynomial coefficient of determina-
tion (R2) was 0.75 between the free fat content and the 
proportion of fat droplets with diameters greater than 
2 μm. Free fat was thus related to larger fat droplets in 
addition to nonglobular fat.

In a previous study (results not shown), no influ-
ence of the free fat extraction method was found on 
powder particle integrity, but it had an influence on 
powder particle aggregates. When the free fat content 
was great enough (i.e., above 7 g per 100 g of total fat), 
the number of individualized powder particles increased 
after the extraction with petroleum ether because the 
interstitial free fat was removed.

Results showed that the greater the initial fat con-
tent, the greater the free fat content in the powders 
(Figure 4), in agreement with previous studies (Buma, 
1971; Young et al., 1993). The polynomial coefficient 
of determination (R2) was 0.99 between the free fat 
content and the total fat content.

For the same initial fat load, free fat was greater 
in powders from unhomogenized emulsions. This was 
consistent with laser light-scattering measurements and 
in situ CLSM observations (Figure 3A and 3B): the 
presence of very large fat droplets (i.e., unstable fat 
droplets) could lead to the formation of free fat. Indeed, 
the free fat content has already been correlated with 
greater fat droplet diameters (Fink and Kessler, 1985), 
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Figures 3. Confocal laser scanning micrographs of high-fat powders after a 6-mo storage period (A) with a 20-MPa homogenization, and 
(B) without homogenization pressure. Fat appears in the gray level. The solid arrow indicates free fat and the open arrow indicates coalesced 
fat. V stands for vacuole. Scale bar: 20 μm.



and small fat droplets (less than 1 μm) are known to 
favor emulsion stability and enhance fat retention (Ho-
gan et al., 2001). However, the presence of free fat was 
confirmed just after drying, regardless of the fat droplet 
size.

No correlation was found between the free fat content 
and the moisture content, in contrast to the studies by 
De Vilder et al. (1979) and Kelly et al. (2002). The free 
fat content was increased only in high-fat powders from 
unhomogenized emulsions, which is consistent with 
their high content in unstable large fat droplets. The 
presence of free fat was observed both at the surface 
and within the powder particles (Figure 3B), in agree-
ment with previous studies (Westergaard, 1994; Kim et 
al., 2005a,b).

Thermal Profiles Measured in Situ in Powders 
Are Related to Fat Supramolecular Structure 
and Lactose State. On heating the powders that had 
been stored at 20°C for various times, the recording 
of at least 1 endotherm by DSC, corresponding to the 
melting of fat (mainly constituted by triacylglycerols), 
demonstrated the presence of crystallized fat in all the 
powders (Figure 5). A second endotherm was also re-
corded at higher melting points during storage (solid 
arrow, Figure 5). The temperature determined at the 
maximum of the first endothermic peak decreased sig-
nificantly during the 12-mo storage period. The peak 
temperature was 27.6 ± 0.2°C at time 0, 24.2 ± 0.1°C 
after 6 mo, and 22.8 ± 0.0°C after 12 mo (df = 1). 
The same trend was observed for the temperature de-
termined at the maximum of the second endothermic 
peak: it decreased significantly from 38.9 ± 0.2°C at 
time 0, to 33.1 ± 0.1°C after 6 mo, and to 28.1 ± 0.1°C 
after 12 mo (df = 1; solid arrow, Figure 5). The final 
melting temperature of fat (Toffset) decreased slightly 

from 42.6 ± 0.2°C at time 0, to 41.8 ± 0.1°C after 6 mo, 
and to 41.1 ± 0.0°C after 12 mo (df = 1). The enthalpy 
of the first endotherm decreased significantly during 
the 12-mo storage period: it was 36.7 ± 2.4 J/g of fat 
at time 0, 20.1 ± 0.2 J/g of fat after 6 mo, and 8.1 ± 
0.1 J/g of fat after 12 mo (df = 1). Conversely, the en-
thalpy of the second endotherm significantly increased: 
it was 5.2 ± 0.6 J/g of fat at time 0, 12.6 ± 1.1 J/g of 
fat after 6 mo, and 35.5 ± 0.1 J/g of fat after 12 mo 
(df = 1). These changes in the thermal profiles of the 
powders correspond to the structural reorganization 
of fat at a molecular level. The increase in enthalpy 
associated with the second endotherm was attributed 
to the formation of more compact polymorphic forms 
corresponding to more stable fat crystal structures, 
as was observed previously for milk fat (Lopez et al., 
2007). Identification of the various polymorphic forms 
of fat crystals that have been formed in the powders 
requires the use of techniques such as x-ray diffraction. 
These changes in the DSC melting curves showed that 
the fat phase dispersed in the powder particle matrix 
was unstable on a molecular scale. This was due to the 
polymorphism of triacylglycerols (i.e., their ability to 
adopt several organizations and evolve from the most 
unstable to more stable states; Lopez et al., 2007). 
Further studies are required to relate the changes in 
fat structure observed on a molecular level by using 
DSC and the formation of free fat characterized on a 
microscopic scale.

The DSC curves recorded on heating of the powders 
and the anhydrous coconut oil allowed the solid fat con-
tent (SFC) in the powders to be determined at 21°C 
over a 12-mo storage period, according to the method 
developed by Lopez et al. (2006). The partial enthalpy 
of the melting of powders (ΔHpartial) was combined with 
the total enthalpy of melting of anhydrous coconut oil 
(ΔHtotal = 118.9 ± 0.7 J/g of fat; df = 1), and the SFC 
was calculated as follows:

Solid fat content at 21°C (%) = (ΔHpartial coconut 

oil in powder/ΔHtotal anhydrous coconut oil) × 100.

A first group of powders had an SFC in the range 
of 75 to 95 ± 3.2% (df = 1); this corresponds to the 
low free-fat powders, with a free fat content between 1 
and 13% of the total fat. A second group had an SFC 
in the range of 63 to 73 ± 1.5% (df = 1); this corre-
sponds to the high-fat powder from an unhomogenized 
emulsion, with a free fat content between 55 and 64% 
of the total. The hypothesis that a greater SFC may 
lead to a greater free fat content was not validated. 
Fat crystals were supposed to disrupt the fat droplets 
and then contribute to the formation of free fat in the 
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Figure 4. Homogenization conditions (i.e., fat droplet size) and 
total fat content were the parameters having the most influence on 
the free fat content. a–dDifferent letters above the bar plots indicate 
significant differences at P < 0.01.



powders. Differential scanning calorimetry allowed the 
determination of SFC in the powders, but did not give 
information on the size and location of fat crystals 
within small fat droplets (powders from homogenized 
emulsion) or in free fat inclusions (powders from un-
homogenized emulsions). According to the larger size 
of free fat inclusions, fat crystals may grow more easily 
in the high-fat powder from an unhomogenized emul-
sion. Fat crystals could create prominent angles within 
fat droplets and could even lead to their disruption 
(Walstra and Jenness, 1984), all the more if they can 
move partially within the fat globules or in their sur-
roundings, as in the case of free fat. Fat crystals may 
then act as a destabilizing factor when the powder is 
subjected to a physical stress (e.g., handling).

The Tg in powders was also determined from the 
DSC curves recorded on heating (Figure 5). The Tg 
always remained far above the storage temperature of 
20°C, mainly in the range of 45 to 60°C. This means 
that lactose did not crystallize and that it could not 
be responsible for fat droplet damage and the subse-
quent coalescence or release of fat, as mentioned in the 
literature (Labrousse et al., 1992; Fäldt and Bergen-
ståhl, 1996). The decrease of Tg could be attributed to 
a water uptake because the aW increased over storage 
(Table 3).

Figure 6 shows the DSC profiles of the powders. Crys-
tallization profiles of fat in the powders were similar to 

those obtained for the emulsions. This also shows that 
fat in the high-fat powder crystallized at a lower tem-
perature after removing the free fat. Indeed, only small 
fat droplets remained within the powder particles, as 
mentioned above. However specific, the overall thermal 
profiles of fat in the powders were not sensitive enough 
to show and indirectly quantify free fat. Indeed, melting 
profiles were identical before and after free fat extrac-
tion in all powders (Figure 6). In fact, 1) the melting 
range of hardened coconut oil was too tight to show 
any difference, or 2) free fat would not have a differ-
ent composition than the hardened coconut oil used for 
the manufacture of the powders. The latter hypothesis 
contradicts previous statements; however, the authors 
used milk fat, and the process of powder manufacture 
was not specified (Kim et al., 2005a).

Surface Fat Is Overrepresented, Regardless of 
the Composition and Process Parameters. Surface 
fat was detected just after drying and increased with the 
initial fat content (R2 = 0.78). It reached a maximum 
of 86% in the high-fat powder from an unhomogenized 
emulsion (Table 3). There was an overrepresentation 
of fat at the particle surface, regardless of the initial 
fat content in the powder, which was consistent with 
previous studies (Fäldt et al., 1993; Kim et al., 2005b; 
Gaiani et al., 2006). This overrepresentation concerned 
both total and free fat in low-fat powders. In high-fat 
powders, the powder particle aggregates were modified 
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Figure 5. Melting profiles of the powders reflecting the structure of fat crystals and the lactose state: melting profiles of fat and glass transi-
tion of lactose within the high-fat unhomogenized powder during storage. The solid arrow indicates the second melting peak of fat and the open 
arrow indicates the signal of the glass transition of lactose. Tg stands for the glass transition temperature of lactose. a.u. = arbitrary units.



after the removal of free fat with petroleum ether. As 
mentioned above, there were more individualized pow-
der particles, so we could not draw conclusions about 
the overrepresentation of free fat at the surface of the 
high-fat powder particles.

Surface fat increased during storage of most of the 
powders, although fat migration was not expected in an 
amorphous matrix. Indeed, the storage temperature was 
always below the Tg, as measured by DSC. Conversely, 
surface fat tended to decrease in the medium-fat and 
high-fat powders from unhomogenized emulsions. This 
was previously attributed to 1) a decrease in the free fat 
content (Celestino et al., 1997), which was not observed 
here, and 2) the formation of VFA at the outermost 
surface because of lipolysis and the oxidation of surface 
fat.

The presence of surface fat was confirmed by in situ 
CLSM observations (Figure 3B). It was present both 
as fat droplets and as free fat. Nonetheless, to date, 
low-resolution CLSM has not allowed for the semiquan-
titative determination of fat at the extreme surface and 
the correlation with XPS measurements.

Powder Physical Properties

Powder physical properties are presented in Table 3. 
Powders with high levels of total fat and surface fat 
(as measured by XPS) had poor wettability properties. 
This corroborates studies mentioning the importance 
of surface fat to predict powder wettability (Fäldt and 
Bergenståhl, 1996; Kim et al., 2005a). Nevertheless, 
wettability was not improved here after the removal 
of free fat in high-fat powders. This would implicate 
elements other than surface fat, such as surface amor-
phous lactose, powder particle size, and porosity.

The size of emulsion droplets (which can be modu-
lated by using homogenizing conditions) as well as 
total fat, free fat, and surface fat contents affected the 
flowability and floodability properties of the powders 
(Table 3). Small fat droplets dispersed in low free-fat 
powders improved both the flowability and the flood-
ability. However, all powders showed indexes in a narrow 
range of values. Kim et al. (2005b) reported that free 
surface fat would be responsible for poorer flowability 
in the powders. Both the structure of fat and, more par-
ticularly, the free fat content and its thermal properties 
(solid fat content at a given temperature) may affect 
the flowability of the powders. The partial melting of 
fat, which may occur when recycling the fine particles, 
could be responsible for the formation of liquid bridges 
between particles (interstitial fat), and subsequent 
cooling could enhance the cohesion through crystallized 
fat, which strengthened the bridges (Fitzpatrick et al., 
2007).
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Powder porosity changed with the fat supramolecular 
structure, mainly the formation of free fat. Over the 
12-mo storage period, the interstitial air content tended 
to decrease, whereas the occluded air content tended 
to increase. Baechler et al. (2005) previously observed 
the presence of empty cavities that were formerly oc-
cupied by globular fat after a fat release induced by a 
heat treatment on whole milk powders. Here, the free 
fat content increased only in the high-fat unhomog-
enized powder, but it is likely that pycnometry is more 
sensitive to changes in fat organization (including fat 
release) than is solvent extraction of free fat.

The sensorial characterization of the powders showed 
that the high-fat powder, which had been manufactured 
from an unhomogenized emulsion, exhibited more off-
flavors during sensorial assessments. This default could 
be related to its high free-fat content: a good disper-
sion of fat droplets within the solid matrix is known 
to avoid the propagation of oxidation to the overall 
powder (Turchiuli et al., 2005).

CONCLUSIONS

An understanding of fat behavior after homogeniz-
ing and spray-drying and during storage is essential 
for controlling the physical properties of fat-filled dairy 
powders. The spray atomization of unhomogenized 
emulsions decreased the fat droplet size but did not 
strengthen the fat droplet supramolecular structure; 

only small fat droplets obtained after homogenizing 
preserved their size through the subsequent drying step 
and during storage. However, drying always increased 
the fat droplet size, regardless of the conditions; even 
in homogenized emulsions, a small proportion of fat 
droplets underwent coalescence. Free and surface fat 
were detected in all powders and mainly depended on 
the total fat content and the homogenizing conditions. 
It is worth noting than surface fat was always over-
represented, regardless of the composition and process 
parameters. Free fat was also related to the presence of 
fat crystals that could damage their integrity. Powder 
physical properties depended on the composition and 
process conditions. They were already specific just after 
the drying process, even though they tended to become 
poorer during storage. The free fat content seemed to 
have a greater influence on powder physical properties 
than did surface fat, except for wettability.
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Figure 6. Thermal profiles of the powders reflecting the fat supramolecular structure: crystallization and melting profiles of fat within the 
high-fat unhomogenized powder before (solid line) and after (dashed line) free fat extraction. a.u. = arbitrary units.
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