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a b s t r a c t

Surface composition of dairy powders influences significantly a quantity of functional properties such as
rehydration, caking, agglomeration. Nevertheless, the kinetic of water uptake by the powders was never
directly related to the structure and the composition of the surface. In this work, the effect of relative
humidity on the structural reorganization of two types of dairy powder was studied. The water–powder
interaction for industrial whole milk powder, and skim milk powder was studied using dynamic vapor
sorption. The water sorption isotherms were fitted with a Brunner–Emmet–Teller model and each stage of
the sorption curve was analyzed with a Fickian diffusion. The water content in the monolayer predicted
for each powder and the moisture diffusivity calculated were discussed and compared. Concurrently,
powders microstructure and powders surface under variable relative humidity were assessed by X-ray
photoelectron spectroscopy, scanning electron microscopy coupled with energy dispersive X-ray and
atomic force microscopy. A correlation between the data obtained from the sorption isotherms and the
modifications of structure allowed us to conclude that powder microstructure and chemical state of the
components could play an important role in determining the water diffusivity.
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1. Introduction

One of the most important physical phenomena occurring in
dairy powder during milk reconstitution [1,2] or humid storage
[3–6] is water transfer. During reconstitution, water transfer opti-
mization is fundamental to obtain a quick process. This depends
on the succession of different steps: the wettability, the sinkabil-
ity, the dispersibility; and finally the solubility, which is the ability
of components to dissolve in water [7–11]. During storage, diffu-
sion of water inside the powder particles was often studied with
the determination of the water sorption isotherms. The case of a
complex matrix (e.g. dairy powders) in which the structure is het-
erogeneous was often investigated [3,12–15]. Water diffusivity was
already studied in detail for complex food structures such as cakes
[16], bread crust [17,18], or starches [19–21]. Model food systems
were also investigated [22,23]. Furthermore, little is known about
how the dairy powder structure is modified when the moisture
content of the material increases. Microstructure and diffusivity
relationships in a porous food system were investigated [16]. It
was observed that the level of porosity in the structure was directly
related to the water diffusion. Nevertheless, deep studies coupling
sorption isotherms and water diffusivity are lacking in the dairy
powder field.

Recently, some authors have demonstrated that dairy powder
surface influences some functional properties [3,24–31]. The appli-
cation of X-ray photoelectron spectroscopy (XPS) was extensively
developed by these authors. From the C, O and N percentages, sur-
face contents in protein, lactose and fat were calculated. These
surface contents are representative of the extreme surface of the
particle (around 5 nm) [32]. Another approach is also possible with
the development of scanning electron microscopy (SEM) coupled
with energy dispersive X-ray (EDX). This complementary technique
rends possible the surface analysis at a different depth (up to few
micrometers for EDX) [33]. Nevertheless, this technique was never
applied to food powders.

Applicable conclusions on the influence of processes or storage
parameters on dairy powder structures can only be evaluated while
considering the supra-molecular structure of the material build-
ing the particle [34]. For this purpose, industrial skim and whole
milk powders (containing 1% and 28% of lipids respectively) were
used as different materials. Weights changes at different equili-
brating relative humidities (RH) were followed in continue with a
dynamic vapor sorption (DVS) equipment. For each relative humid-
ity, diffusivity value was determined using the second Fick’s law.
Concurrently, the structure was characterized by SEM, XPS, EDX
and Atomic Force Microscopy (AFM). Finally, the variations in water
sorption and diffusivity were related to milk powders surface and
microstructure modifications.

The aim of this paper was to study milk powder/water inter-
actions considering sorption and diffusion in humid air and
integrating swelling and crystallization occurring during powder
water vapor hydration.

2. Materials and methods

2.1. Materials

Two industrial milk powders obtained from Lactalis (Laval,
France) were studied. The following compositions (% w/w) were

measured respectively for skim milk powder (SMP): water (3.8),
proteins (37.1), lactose (52.0), lipids (1.4) and ashes (5.7) and
whole milk powder (WMP): water (3.9), proteins (26.2), lac-
tose (36.7), lipids (27.3) and ashes (5.9). These powders were
sieved at 75 !m to present a similar particle size. The sieving
did not affect the chemical composition of the powders (data not
shown).

Samples were equilibrated at 25 ◦C during 3 days at various
water activities in hermetic vessels containing saturated salt solu-
tions (Sigma–Aldrich) of known RH: 0.11 (LiCl); 0.22 (CH3COOK);
0.33 (MgCl2); 0.43 (K2CO3); 0.54 (Mg(NO3)2); 0.69 (KI); 0.75 (NaCl);
0.79 (NH4Cl); 0.85 (KCl); 0.94 (KNO3) and 0.97 (K2SO4).

2.2. Microscopy techniques

2.2.1. Atomic force microscopy (AFM)

Images were recorded using an MFP3D-BIO instrument (Asy-
lum Research Technology, Atomic Force F&E GmbH, Mannheim,
Germany). Silicon nitride cantilevers of conical shape were
purchased from Veeco (MLCT-AUNM, Veeco Instruments SAS,
Dourdan, France), and their spring constants were determined
using the thermal calibration method [35], providing values of
∼10.4 ± 1.7 pN nm−1. Prior to experiment, the geometry of the tip
was systematically controlled using a commercial grid for 3-D visu-
alization (TGT1, NT-MTD Compagny, Moscow, Russia). Curvature of
the tip in its extremity was found to lay in the range ∼20–50 nm.
Experiments were performed in air at room temperature. For pow-
der immobilization a piece of wax (Tempfix mounting adhesive, Spi
Supplies, USA) was placed on a metal disk support and was warmed
up until the wax softens (around 70 ◦C). After the wax softens, the
metal was removed from the heater. The powder was gently spread
when the surface of the wax just starts to solidify. Finally, the sam-
ple was ready for imaging when the thermal wax becomes totally
solid

To evaluate the surface topology, the mean roughness (Ra) of
the powders was calculated according to Eq. (1):

R =
1

Nx Ny

∑Ny

i=1

∑Ny

j=1

∣

∣zij − zmean

∣

∣ (1)

where zij is the height of a given pixel, zmean is the average height
of the pixel, and Nx and Ny are the numbers of pixels in the x and y

directions.

2.2.2. Scanning electron microscopy (SEM)

The powders were examined with a Hitachi SEM S2500 instru-
ment operating at 10 kV. They were spread at the surface of a sticky
plastic circle fixed on a support. Then the samples were covered
with gold particles by sputtering (Bio-Rad type SC 502).

2.3. Particles size

Analyses were performed using a laser light diffusion gran-
ulometer at a wavelength of 632.8 nm (Mastersizer S, Malvern
instruments, UK). The Malvern apparatus is equipped with a sam-
ple dispersion module which is suited for powders in suspension.
For each measure, 0.25 g of the powder was dispersed in 75 ml of
ethanol (to obtain a good obscuration and to avoid particles super-



position). A monomodal Gaussian distribution was obtained. As a
consequence, three measurements of the d50 were conducted with
each powder sample.

2.4. Surface composition

2.4.1. X-ray photoelectron spectroscopy

XPS is a quantitative spectroscopic technique that measures the
elemental composition up to 5 nm depth [36]. It provides elemen-
tal and chemical state data in solid samples. XPS is performed in
ultra high vacuum (10−8 kPa) which may limit the technique in the
food fields (liquids). Nevertheless, it is not an inconvenient in the
case of food powders. [37] The use of XPS was extended for the last
10 years to the surface composition of dairy powders [25,38]. From
the C, O and N percentages, the contents in protein, lactose and
fat at surface were calculated with a matrix formula, the elemental
composition in the sample is assumed to be a linear combination of
pure components conforming the sample. Milk powders are gen-
erally composed of fat, proteins and lactose but also vitamins and
traces of mineral elements. By using the precedent matrix, only lac-
tose, fat and protein are take into account; others components are
neglected [38,39]

The XPS analyses were carried out with a Kratos Axis Ultra
(Kratos Analytical, Manchester, UK) photoelectron spectrometer.
The instrument uses a monochromatic Al K" X-ray source. The
powder samples were attached to the sample holder with a dou-
ble side conductive tape. The analyzed area was currently about
700 × 300 !m. Spectra were analyzed using the Vision software
from Kratos (Vision 2.2.0). Quantification was performed using
the photoemission cross-sections and the transmission coefficients
given in the Vision package.

2.4.2. Energy dispersive X-ray analysis

EDX was carried out on a Philips CM20 microscope. This micro-
scope works at 200 kV and has an Oxford EDX detector with an
atmospheric thin window and a link analytical system. An aver-
age elemental composition of the samples was obtained by a data
collection at 3 different mm2 sized windows on the powder surface

2.5. Dynamic vapor sorption

Sorption isotherms of powders were obtained with a dynamic
vapor sorption analyzer DVS (Surface Measurement Systems Ltd.,
London, UK) equipped with a Cahn microbalance. The experiments
were carried out at a constant temperature (20 ◦C) and different
relative humidity values ranging between 0% and 98%. Approxi-
mately 15 mg of powder was loaded onto the quartz sample pan.
First, the samples were dehydrated in the DVS chamber (RH = 0%)
for 200 min. Then, the samples were submitted to a program allow-
ing hydration with 10% RH steps. The samples were considered to
be at equilibrium when the value dm/dt (slope of the changing in
mass with time) was set to be <0.002 mg min−1 or equilibration
time exceeded 1000 min. Experiments were performed in triplicate
for each sample.

The Brunauer–Emmett–Tellet (BET) equation has been often
used to model water sorption data from 0% to 50% RH [3,15,40–42].
The BET isotherm model is given by:

X = Xm
CBET aw

(1 − aw) (1 − aw + CBET aw)
(2)

In Eq. (2), aw is the water activity, X is the moisture content
(g 100 g−1), Xm is the monolayer moisture capacity (g 100 g−1) and
CBET is a constant related to the water binding energy. The fitting

Fig. 1. Scanning electron microscopy of skim milk powder (1) and whole milk powder (2). A: ×50, B: ×1000, C: ×2500.



Fig. 2. Atomic force microscopy images (10 × 10 !m) of skim milk powder (1) and whole milk powder (2) at high resolution (A) and the 3D projection (B).

of BET model was checked by calculating the R2 with the Origin 6.1
software (OriginLab Corporation, Northampton, USA).

3. Results and discussion

3.1. Surface and size characterization of powders freshly

manufactured

Whole milk and skim milk powders were observed by SEM. Due
to the particle sieving, the particle size was relatively homogeneous
(Figs. 1A and 2A). As observed in Figs. 1B and 2B the average size
of each sample was 50 !m. Nevertheless, the surface microstruc-
ture of the powders was totally different depending on the powder
composition (Figs. 1C and 2C). WMP particles presented a regu-
lar surface whereas SMP particles were characterized by a “brain
type” surface with some deep and shallow folds. The lactose was
in an amorphous state as no sharp crystals were noticed for each
powder (and confirmed by DSC, data not shown). All these features
were typical for fresh whole and skim milk powders [28].

Concurrently, AFM was performed on the same powders to bet-
ter analyze the particles surfaces (Fig. 2). Up to now, AFM imaging
in tap-mode has never been realized on dairy powders. The AFM
images obtained by 3-D projection were in total agreement with
those obtained by SEM. In addition, the average surface rough-

ness (Ra) was determined and was respectively found around
306 nm for SMP and 146 nm for WMP for a definite surface area
(10 × 10 !m). The smoother visual aspect of WMP surface in com-
parison with SMP surface (a “brain” type surface) was associated
with the lower Ra value. The surface composition was determined
by XPS with the matrix formula develop in detail for milk powders
[25,26,28,43–45]. It was measured that the surface of WMP was
composed at 91.8% of fat, 7.2% of proteins and 0.8% of lactose. The
SMP surface presented more proteins and lactose at the surface
(45.8% and 30.8% respectively) and less fat (22.3%). Trace miner-
als were measured at the surface of each powder. These surface
compositions were in total agreement with others studies done by
XPS on milk powders [28,46]. The over-representation of fat at the
surface in comparison with the bulk composition of the powders
is now generally accepted and well understood [3,26,47,48]. It is
postulated that, during the spray drying of fat-containing materi-
als (e.g. whole milk) larger fat globules are preferentially present
at the surface of droplets and so fat appears in high concentra-
tion on the powder surface [48]. In addition, during spray-drying,
there is a further increase in the amount of fat probably due to
segregation of components within the drying [26]. It is assumed
that, even when fat is present at low concentrations (e.g. skim
milk) in the milk droplet, residual fat may be preferentially present
at the air/droplet interface, and thus may appears at relatively

Table 1

Composition (%) of milk powders: bulk composition, surface composition calculated from XPS analyses (≈5 nm) and surface composition calculated from EDX (≈1 !m). Mean
of at least two independent analyses.

Proteins Lactose Lipids Minerals Water

Bulk composition (%)
Skim milk powder 34.1 ± 0.2 53.9 ± 0.3 1.5 ± 0.0 6.5 ± 0.0 4.0 ± 0.1
Whole milk powder 25.2 ± 0.3 38.8 ± 0.1 26.2 ± 0.1 5.0 ± 0.5 3.8 ± 0.1
First 5 nm composition from XPS (%)
Skim milk powder 45.8 ± 1.4 30.8 ± 1.2 22.3 ± 1.1 1.1 ± 0.1 –
Whole milk powder 7.2 ± 0.5 0.8 ± 0.1 91.8 ± 2.1 0.2 ± 0.0 –
First 1 !m composition from EDX (%)
Skim milk powder 34.0 ± 1.8 16.8 ± 0.8 46.4 ± 2.3 2.8 ± 0.6 –
Whole milk powder 25.8 ± 0.9 13.7 ± 1.3 58.6 ± 2.8 1.9 ± 0.4 –



Fig. 3. Surface characterization of whole milk particles observed by scanning electron microscopy at variable relative humidity (from 0.11 to 0.97).

high concentration on the powder surface after complete drying
[3,30,49]. This phenomenon may explain the presence of 22% fat at
the surface of SMP whereas the particle bulk was composed of only
1.5%. In the presence of surface active components (such as pro-
teins), it appears that this component accumulates at the surface
of a milk droplet/particle at the expense of lactose during drying
[28,44,45,50]. Indeed, only 30% of lactose was observed at the sur-
face of SMP instead of 54% in the bulk. In complement to XPS, EDX
analyses were performed. These two techniques were for the first
time coupled to analyze the surface of dairy powders at differ-
ent deepness. Therefore, EDX analyses were performed to evaluate
the surface at 1 !m depth whereas XPS was operating at 5–10 nm
depth. It was observed in Table 1 that under the surface established
by XPS, the WMP presented proteins (25.8%), lactose (13.7%), lipids
(58.6%) and minerals (1.9%). In comparison with the first 5 nm, EDX
measurements suggested that the surface of WMP may be exter-
nally covered by a thin layer of fat (observed by XPS) with a matrix
of proteins, lactose and minerals under this layer. For SMP, EDX
measures gave the following percentages: proteins (34.0%), lactose
(16.8%), lipids (46.6%) and minerals (2.8%). Contrary to WMP, the
lipids were more present in the first micrometer layer in compari-
son with the five first nanometers. These results may be explained
by the dominance of proteins at the surface (more tensioactive);
more fat being located just under. For each powder, minerals were
more located in the first 5 nm.

3.2. Effect of water uptake on powder structure and particle size

3.2.1. Powder structure

Each powder was introduced in saturated atmospheres during 4
days allowing water exchanges between the powder of low water

activity (aw) and the relative humidity of the surrounding air. SEM
was performed on powders equilibrated at 11 aw ranging between
0.11 and 0.97. For WMP, Fig. 3 indicates that some changes in sur-
face structure with relative humidity occurred. Between aw = 0.11
and 0.33, the surface was relatively smooth and regular. From
aw = 0.43, an irregular surface appears corresponding to lactose
crystals formation. These crystals were assumed to be localized just
under the surface. As reported previously [50,51] and in agreement
with the XPS results (Table 1), it was not possible to observe sharp
lactose crystals at the surface of WMP certainly due to the fact that
the surface was mainly covered with a layer of fat. At higher aw

values, lactose crystals were more present but still localized under
the surface. Surface evolution of SMP with the relative humidity
was totally different (Fig. 4). A substantial amount of needle like
lactose crystals was observed on the surface, which confirmed that
the lactose was transformed from the rubbery state to the crys-
talline state around a relative humidity of 54%. Then, the number of
dents at the particle surface increased regularly from aw = 0.54 until
0.75. The relationship between the extent of crystallization and
relative humidity was found parabolic with the maximum crystal-
lization at a relative humidity around 0.7 [52]. Nevertheless, these
assumptions are not obvious on our SEM images.

In freshly spray-dried milk powders (Fig. 1) and at low relative
humidity (Figs. 3 and 4) lactose was in the metastable amorphous
state. In this state, lactose is hygroscopic and forms a continu-
ous matrix containing embedded fat globules, protein, minerals
and air vacuoles. In contact to a high relative humidity and/or an
increased temperature, the amorphous state present in the pow-
der may progress into a stable crystalline state. Moreover, previous
research has shown that crystallization of lactose may be delayed
in the presence of proteins [13,53]. Indeed, preferential sorption of



Fig. 4. Surface characterization of skim milk particles observed by scanning electron microscopy at variable relative humidity (from 0.11 to 0.97).

water by non-amorphous constituents was found to delay the rate
at which lactose endured a change from the glassy to the rubbery
form [13]. It may also be the case with WMP and SMP (Figs. 3 and
4). In SMP, the total protein content was higher (Table 1) and the

presence of crystal was observed for slightly higher relative humid-
ity than WMP. Hypothesis for this delay was also supported by the
fact that proteins may significantly lower the availability of water
for plasticization and crystallization of lactose [13,45].

Fig. 5. Evolution of particle size (d50 , !m) at 11 different aw (from 0.11 to 0.97) for skim and whole milk powders determined with a Malvern apparatus. Mean of three
independent analyses.



Fig. 6. Example of kinetic data obtained during water adsorption of milk powders at 20 ◦C and measured by DVS automatic sorption analyzer (powders sieved at 50 !m).

3.2.2. Particle size

Particle size was followed during water uptake for WMP and
SMP (Fig. 5). First, a significant size increase was observed for each
powder between 11% and 43% RH (Fig. 5). Up to 43% RH, the d50

increases may be attributed to particle swelling due to water migra-
tion into the amorphous molecular matrix. Then, a particle size
decrease was found around 54% RH and may be explain by the col-
lapse of the amorphous matrix (lactose/proteins/lipids) triggered
by crystallization of lactose. This relative humidity was well corre-
lated with the apparition of crystals on microscopy images (Figs. 3
and 4). Finally, the particle size increases strongly from 54% RH. This
phase, related to powder caking was already strongly documented
[6,12,13,15,30,54]. For WMP, the caking may be mainly attributed
to the presence of fat at the surface even if significant caking has

been observed principally in powders containing a total fat con-
tent of at least 40% [55]. For SMP, lactose may be responsible of the
caking phenomena even if lactose under its crystalline form is less
sensitive to caking than amorphous lactose [34].

3.3. Water sorption isotherms

Kinetic data obtained during water adsorption of SMP and WMP
at 20 ◦C are given in Fig. 6. Extend of hydration was the lowest for
whole milk powder particularly at high RH. Indeed, fat in whole
milk powder is not a water-absorbing component, consequently fat
containing samples exhibit little moisture sorption [34]. If the mois-
ture content was calculated on a non-fat basis, the isotherms of SMP
and WMP are almost similar which was also observed by others

Fig. 7. Experimental and predicted water vapor sorption isotherms (mean of three independent analyses). Determination of the monolayer moisture content (Xm) and
constant C with the BET model for relative humidity ranging between 0% and 50%.



Fig. 8. Moisture diffusivity of skim milk and whole milk powders as a function of aw . Mean of three independent analyses.

studies [2,56,57]. In agreement with electron microscopy images,
lactose crystallization was observed. As crystalline form has a lower
water capacity than amorphous form [34], water is liberated and is
characterized by a decrease in the sorption curve at around 50% RH.
The BET monolayer moisture contents for SMP and WMP was calcu-
lated at 4.45 and 2.44 g 100 g−1 dry solid respectively (Fig. 7). These
values were in agreement with the literature and are dependent of
the powder chemical, composition, the temperature [34].

3.4. Relationships between moisture diffusivity, powder structure

and surfaces

Apparent moisture diffusion (called diffusivity in the continu-
ation of the paper) as a function of relative humidity at 20 ◦C is
presented Fig. 8. This representation is based on the assumption
that moisture sorption kinetic is limited by the diffusion. Water
diffusivity in whole milk and skim milk powders was calculated for
each RH level from the water sorption kinetic curve (Fig. 6) mea-
sured using the DVS and the slope method developed by others
[20]. For this purpose, different hypothesis were formulated. First,
the diffusivity was assumed to be constant for each RH level and
could change from one stage to another. Second, particles size is
assumed to be homogeneous (average diameter apply to all parti-
cles) when placed in the DVS pan. Third, in this work, to improve the
method, swelling during adsorption was considered. As indicated
by Fig. 5, the powder size was variable upon water sorption and
has been taken into account for a more accurate diffusivity deter-
mination [19]. The resultant diffusivity values were plotted as a
function of the average water activity of level for all the successive
RH levels investigated (Fig. 8). A bell like curve was obtained for
each powder in agreement with a great number of studies [19–23].
The maximum diffusivity value was observed at aw = 0.41 for skim
milk powder and aw between 0.41 and 0.53 for whole milk pow-
der. Dmax was respectively at 3.1 × 10−9 and 1.7 × 10−9 m2 s−1 for
SMP and WMP. These calculated values were in the range of those
reported in literature for food products [16,58]. Comparison with
dairy powders was impossible due to lack of data in this field up to
now. As observed by others [16], Dmax values were not related to
the moisture content corresponding to the monolayer value (4.45
and 2.44 g 100 g−1 for SMP and WMP respectively) but were slightly
higher. Nevertheless, the amorphous-crystallized transition of lac-

tose was estimated to be at about aw = 0.43 for WMP and 0.54 for
SMP from MEB observation. This corresponds well to the point
where the maximum in diffusion rate is observed in Fig. 8. The Dmax

was dependent on the state of the sample [18] and also on differ-
ences in the method used to determined the moisture diffusivity
[16,58].

The bell like curves obtained may be explained by different pro-
cesses occurring during water uptake. Comparison between curves
obtained for WMP and SMP (Fig. 8) reveals that at low aw, the mois-
ture diffusivity was lower for WMP. During this first phase, water
adsorbs to the surface of the particles. As expected, powders pre-
senting important surface fat coverage (WMP) were less prone to
adsorb water and the rate of sorption was lower than lactose con-
taining powders (SMP). Water diffusion is known to be accelerated
in polar hydrophilic matrices [34]. In addition, the average surface
roughness of SMP particles was significantly higher (Figs. 1 and
2) increasing the effective area. Next to the maximum, the diffu-
sivity decrease may be attributed to change in lactose state. It is
well established that the permeability of crystalline and amorphous
substance differs significantly. As a consequence, crystalline lactose
has a lower water capacity and a lower water diffusion than amor-
phous lactose [34]. This can be explained by differences in the free
volume of these two types of matrices. The low free volume and
the small hole size in crystalline structure may be responsible of a
lower diffusion. As a consequence, when the quantity of crystallized
lactose increases, the diffusivity decreases. Others incriminated the
caking of the macroscopic structure [59] which in turn reduce the
effective area exposed to the solvent and therefore decrease the
sorption rate or changes in particle porosity [16]. Nevertheless, in
this work, the evolution of particle size (swelling, collapse and cak-
ing) was taken into account in the mathematical calculation of the
moisture diffusivity. Another possible phenomenon may be that at
these humidities the transport of water vapor through the air may
be a limiting factor. An important and unexpected decrease of the
diffusivity value was observed for high relative humidity. Indeed,
an additional phenomenon may occur and the Fickian model used
to obtain the diffusivity value may be not entirely appropriate to
represent this different diffusional mechanism. Indeed, water that
migrates into the dry matrix (low RH) will probably do that at
a different rate as compared to water migrating into the already
hydrated matrix [18].



4. Conclusion

Water diffusion in dairy powders was studied coupled with
structure and surface investigations. A relationship between lac-
tose state and water diffusivity was highlighted. The differences
observed were also related to the surface composition (more or
less lipids). In the future, knowledge of these factors can be used to
better control powder ageing and rehydration. Moreover, the com-
bination of XPS and EDX, to estimate the surface composition of
powders at different depth, with SEM and AFM, to investigate the
structure of the powder particles, may be a promising method to
better understand the repartition of components under the surface
and their structure. An in-depth study is actually under develop-
ment (with pure milk components) to validate the use of XPS and
EDX in the field of dairy powders.
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